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ABSTRACT 

Graphite is a porous material with a complex porous 

structure. It is used as a moderator in nuclear reactors 

and as such undergoes radiolytic oxidation in carbon dioxi)de. 

-The main objective of this study is to measure, quantitatively, 

the changes in the pore shapes and sizes which occur during 

this radiolytic oxidation. 

Methods of pore measurement are assessed. Quantitative 

methods include photogrammetry which is the analysis of 

stereopairs (in this study, stereo-micrographs) and stereology 

which is the development of three-dimensional space from two- 

dimensional sections made through a material. Microscopic 

methods including optical, scanning electron and high-resolution 

scanning electron microscopy are used to study pores of 

diameters from -500 Pm. to 5 nm. Optical and scanning electron 

microscopy coupled with the "Quantimet 720 Image Analysing 

Computer' proved to be the best techniques for the study. 

Optical microscopy coupled with the Quantimet 720 enables 

the size-distributions of macropores and their shape factors 

to be measured before and after oxidation. 



By studying the same area of polished surfaces of graphites, 

using optical microscopy and scanning electron microscopy, 

the optical texture can be correlated with the surface 

topography induced by gasification in carbon dioxide and air. 

Fizzures develop in directions parallel to the basal planes in 

flow-type anisotropy, but near-circular pores develop in 

positions of mozaics. However, similar forms of optical texture 

behave similarly when oxidised with molecular oxygen, carbon 

dioxide and atomic oxygen to comparable weight losses. 

A comparison of radiolytic oxidation and thermal oxidation, 

using scanning electron microscopy, of Lima graphite to about 

9% weight loss, shows that during radiolytic oxidation pores 

between 10 pm and 20 Um develop evenly over the surface whereas 

during thermal oxidation, pores between 50 pm and 150 pm in 

diameter develop in some areas, while other areas remain 

non-porous. 

I Progressive polishing of graphites is a new approach to 

the study of porosity in three-dimensions. This is carried 

out using scanning electron microscopy. The surface is 

polished and overlapping scanning electron micrographs are 



taken to bui ld-up a photo-montage of each polished section. The 

pore. -shapes of each section can be drawn out on transparent sheets 

and placed on top of each other so enabling the tortuosity and the 

interconnections of the pores in three-dimensions to be measured. 



ACKNOWLEDGMENTS 

I would like to acknowLedge the U. K. A. E. A. (Springfields) 

for financial support which enabled me to carry out this 

investigation and Professor D. H; Whiffen, Hon. Director of 

the Northern Carbon Research Laboratories for his support which 

enabled me to study in his Department. 

I would like to express my sincere. thanks to Dr. H. Marsh, 

who advised and encouraged me throughout my research at the 

University of Newcastle upon Tyne. 

For the preparation of this Thesis, my thanks go to 

Miss B. Clow and Mrs M. Poad for the typing and Mrs. P. Wooster 

for help with the diagrams. I thank the staff of the Electron 

Optical Unit for help with electron microscopy, my colleagues 

in the Northern Carbon Research Laboratories for helpful discussions 

and Mr. A. Stacey (B. C. R. A. Chesterfield) for his help with the 

Quantimet analyses. 



CONTENTS 

Page 

Abstract 

Acknowledgments 

CHAPTER 1. 

1.1. 

1.5. 

1.6. 

1.7. 

CHAPTER 

2.1. 

2.2. 

2.2.1. 

2.2.2. 

2.3. 

2.3.1. 

2.3.2. 

2.3.3. 

I 
The Mechanism of Formation 

and Structure of Polycrystalline 

Graphite. 

Crystallographic Structure of Graphite. 1 

Graphitizing and Non-Graphitizing 

Carbons. 4 
4 

Origins of Graphitizable Carbon. 7 

Origins of Optical Texture. 14 

Causes of Differences in optical 

Texture. 17 

Mechanisms of Graphitization. 21 

Manufacture of Graphite. 24 

Properties of Nuclear Graphites. 29 

Porosity in Carbons and Graphites. 32 

Introduction. 32 

Origins of Porosity. 33 

Origins of Porosity - Graphitizable 

Carbon, Pitch to Mesophase Transition. 36 

Origins of Porosity - Graphitizable 

Carbon, Mesophase to Graphite 

Transition. 39 

Methods of Characterization of Porosity. 42 

Gas-Adsorption Methods. 43 

Mercury Porosimetry. 47 

Metal Impregnation Methods. 49 



Page 

CHAPTER 3. Gasification Reactions of Carbon 

and Graphite. 51 

3.1. Gasification in Air (Molecular Oxygen) . 51 

3.2. Gasification in Carbon Dioxide. 57 

3.3. Gasification in Atomic Oxygen. 66 

3.4. Gasification in Atomic Hydrogen. 70 

3.5. Radiolytic Oxidation of Graphites. 71 

CHAPTER 4. Objectives of the Study. 80 

CHAPTER 5. Methods of Assessment of Porosity. 85 

5.1. Samples. 85 

5.2. Sample Preparation. 85 

5.2.1. Optical Microscopy. 85 

5.2.2. Scanning Electron Microscopy. 87 

5.2.3. High-Voltage Transmission Electron 

Microscopy. 87 

5.2.4. High-Resolution Scanning Electron 

Microscopy. 88 

5.2.5. Impregnation Methods. 88 

5.2.6. Oxidation Methods. 88 

. 5.3. Experimental Methods 89 

5.3.1. optical Microscopy 89 

5.3.1.1. Capability. 89 

5.3.1.2. Technique. 89 

5.3.1.3. Results. 90 

5.3.2. Scanning Electron Microscopy - (SEM). 92 



Page 

5.3.2.1. Capability. 92 

5.3.2.2. Technique. 92 

-5.3.2.3. Results. 94 

5.3.3. High-Voltage Electron Microscopy 

(HVEM). 98 

5.3.3.1. Capability. 98 

5.3.3.2. Technique. 99 

5.3.3.3. Results. 100 

5.3.4. High-Resolution Scanning Electron 

Microscopy JEM 10OC-ASID-4D. 102 

5.3.4.1. Capability. 102 

5.3.4.2. Technique. 102 

5.3.4.3. Results. 103 

-5.3.5. Metal Impregnation Methods. 105 

5.3.5.1. Capability. 105 

5.3.5.2. Technique. 106 

5.3.5.3. Results. 106 

5.3.5.3.1. Optical Microscopy. 106 

5.3.5.3.2. Scanning Electron 

Microscopy. 108 

5.3.6. Thermal Oxidation in Air. 110 

5.3.6.1. Capability. 110 

5.3.6.2. Technique. 110 

5.3.6.3. Results. 110 

5.3.6.3.1. Optical Microscopy. 111 

5.3.6.3.2. Scanning Electron 

Microscopy. 112 



Page 

5.3.7. Oxidation by Atomic Oxygen. 113 

5.3.7.1. Capabi lity. 113 

5.3.7.2. Technique. 113 

5.3.7.3. Results. 115 

5.3.7.3.1. "Plasmod" Oxidation. 115 

5.3.7.3.2. "Microtron 200" 

Oxidation. 117 

5.3.8. Photogrammetry. 120 

5.3.8.1. Capability. 120 

5.3.8.2. Teiahnique. 122 

5.3.8.3. Results. 123 

5.3.9. Stereology. 124 

5.3.9.1. Capability. 124 

5.3.9.2. Technique. 127 

5.3.9.3. Results. 129 

5.3.10. Progressive Polishing. 132 

5.4. Discussion of Results. 134 

5.4.1. Optical Microscopy. 134 

5.4.2. Scanning Electron Microscopy. 136 

5.4.3. High-Voltage Transmission Electron 

Microscopy. 137 

5.4.4. High-Resolution Scanning Electron 

Microscopy. 138 

5.4.5. Metal Impregnation Methods. 138 

5.4.5.1. Oxidation of Impregnated 

Graphites. 139 



'- CHAPTER 6. 

5.5. 

6.1. 

6.2. 

6.3. 

6.4. 

6.5. 

6.6. 

5.4.6. 

5.4.7. 

5.4.8. 

5.4.9. 

6.3.1. 

6.3.2. 

6.3.3. 

6.5.1. 

6.5.2. 

6.5.3. 

6.5.4. 

6.5.5. 

Page 

Thermal Oxidation in Air. 140 

Oxidation by Atomic Oxygen. 141 

Photogrammetry. 143 

Stereology. 144 

Diagrammatic Representation of Porosity-.. 145 

Experiments into the Use of 

Co-ordinated Optical and Scanning 

Electron Microscopy to Monitor the 

Gasification of Graphites. 146 

Introduction. 146 

Samples and Sample Preparation. 147 

Experimental Methods. 148 

Thermal Gasification. 149 

Atomic Gasification. 149 

Extended Studies of Gasifications 

in Carbon Dioxide. 149 

Results. 150 

Discussion of Results. 151 

Thermal Gasification in Air. 151 

Thermal Gasification in Carbon 

Dioxide. 156 

Gasification in Atomic Oxygen. 161 

Gasification in Atomic Hydrogen. 163 

Extended Studies of Gasifications 

in Carbon Dioxide. 164 

Conclusions. 191 



Page 

CHAPTER 7. Non-Destructive Testing of Graphites 

by Ultrasonic Pulse Velocity measure- 

menfs. 194 

7.1. Introduction. 194 

7.2. Samples and Sample Preparation. 196 

7.3. Experimental Methods. 197 

7.4. Results. 198 

7.5. Discussion of Results. 199 

7.6. Conclusions. 203 

CHAPTER 8. Analysis of Porosity changes 
in Radiolytically Oxidised Graphites. 204 

8.1. Introduction. 2o4 

8.2. Samples and Sample Preparation. 204 

8.2.1. Microscopy and Quantimet Analyses 

on Radiolytically Oxidised Graphites 

and their Controls. 204 

8.2.2. Microscopy of Radiolytically Oxidised 

Lima Graphites. 206 

8.3. Experimental Methods. 208 

8.3.1. Microscopy of Radiolytically Oxidised 

Graphites and their Controls. 208 

8.3.2. Quantim. et Analyses of Radiolytically 

Oxidised Graphites. 208 

8.3.3. Microscopy and EDAX studies of 

Radiolytically Oxidised Lima Graphites. 209 

8.4. Results. 210 

8.4.1. Microscopy of RadiolyticallyOxidised 

Graphites and their Controls. 210 

8.4.2. Quantimet Analyses of Radiolytically 

Oxidised Graphites. 211 



ýage 

8.4.3. Microscopy and EDAX studies on 

Radiolytically Oxidised Lima Graphite. - 212 

8.5. Discussion of Rcsults. 213 

8.5.1. Microscopy of Radiolytically Oxidised 

Graphites and their Controls. 21.3 

8.5.2. Quantimet Analyses of Radiolytically 

Oxidised Graphites. 221 

8.5.3. Microscopy and EDAX Studies on 

Radiolytically Oxidised Lima Graphite 

Samples. 227 

8.6. Conclusions. 236 

CHAPTER 9. Microscopic Examination of Neutron- 

Irradiated Graphite. 239 

9.1. Introduction. 239 

9.2. -Samples and Sample Preparation. 240 

9.3. Experimental Methods. 240 

9.4. Results. 241 

9.5. Discussion of Results. 242, 

9.5.1. Edax Spectra. VQMB Graphite. 242, 

9.5.2. VQMB Graphite. Non-polished Sux-f aces,. 242 

9.5.3. Edax Spectra. AGLMP Graphite. 244 

9.5.4. AGLMP Graphite. Non-polished Surfaces. 244 

9.5.5. VQMB Graphite. Polished Surfaces. 245 

9.5.6. AGLMP Graphite. Polished Surfaces. 248 

9.6. Conclusions. 250 

C11APTER 10. Further Studies of Porosity by 

Progressive Polishing of Virgin 

Graphites. 253 



10.1. Introduction. 

10.2. Samples and Sample Preparation. 

10. *3. Experimental Methods. 

10.3.1. Microscopy of Virgin Samples. 

10.3.2. Point-Counting on AGLMP Graphite. 

10.3.3. Progressive Polishing of Graphites. 

10.4. Results. 

10.5. Discussion of Results. 

10.5.1. Microscopy of Virgin Samples. 

10.5.2. Point-Counting on AGT14P Graphite. 

10.5.3. Progressive Polishing of Graphites. 

10.6. Conclusions. 

CHAPTER 11. Conclusions. 

REFERENCES 

TARLES 

FIGURES 

APPENDIX I. Raw Data from the Quantimet. 

APPENDIX II. Negative numbers of Micrographs. 

Page 

253 

253 

254 

254 

254 

255 

256 

. 257 

257 

260 

261 

265 

266 

. 269 



1. 

CHAPTER 1 

THE MECHANISM OF FORMATION AND STRUCTURE OF 

POLYCRYSTALLINE GRAPHITES. 

l. I. Crystallographic Structure of Graphite. 

The structure of single-crystal graphite was deduced by 

Bernal 1 from X-ray diffraction studies. The structure consists 

of flat parallel layers of regular hexagons made up of carbon 

atoms, in an ABABA... stacking sequence (Figure Al(a)). This 

gives to the graphite a hexagonal unit cell. The interatomic 

spacing within a graphite sheet is 0.142 nm. and the interlayer 

spacing is 0.335 nm. The bonds in the layer plane (or basal 

plane) are co-valent, a- and w- bonding, with the basal 

planes being held together by the relatively weak van der Waals 

bonding. 

Figure Al also shows a second structure found in graphite, 

I 

2 i. e. the rhombohedral structure In this configuration the 

carbon layers are arranged in an ABCABC... stacking sequence 

(Figure Al(b)). The rhombohedral structure accounts for extra 

diffractions found during electron diffraction studies of 

graphite 
3. 

Some natural graphites contain as much as 30% of 

the rhombohedral form. Mechanical treatment, e. g. grinding 
49 

can increase the proportion of the rbombohedral form in a well- 
5 

crystallized graphite. With continued grinding, Bacon found a 



2. 

steady deterioration in the crystalline perfection of both 

natural and artificial graphites. The rhombohedral form 

is thermodynamically unstable; above 1700 K it is converted 

to the stable hexagonal structure. This conversion may, 
6 however, not be complete until about 3000 K. This accounts 

for the fact that the rhombohedral structure is almost 

always completely absent in synthetic polycrystalline graphites. 

Chemical treatments can also alter the relative proportions 

of the rbombohedral to the hexagonal form. Treatment with a 

mixture of hot concentrated nitric and sulphuric acid 
7 

rearranges successive layers., and reduces the rhombohedral 

structure to the hexagonal form. This treatment involves 

no appreciable loss of carbon; therefore the layers of 

carbon must become mobile in strong acid and move to new 

positions with rýspect to neighbouring layers. 

Graphite is never obtained in a perfect defect-free 

8 form. . Dislocations, stacking faults, vacancy and interstitial 

defects 
9 

occur in graphitic materials. The structures of 

these defects have been reviewed in detail by Amelinckx et al. 
10. 

The presence of stacking faults can be deduced from X-ray 

studies2; the structure of these faults and their relation to 

dislocations has been studied by electron microscopyll, 
12. 

Simýle stacking faults can be classified according to the 

number of violations of the staiAing rulelO. More complicated 

ones are combinations of the simple types. 
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Type I can be represented by: 

ababacaca ... or ababcbcbc 

This contains one triplet of layers in the rhombobedral 

arrangement and is generated by removing part of a single 

sheet and closing the gap. 

Type II can be represented by: 

ababcacac ... or abacbcbc ... 

This contains two overlapping triplets of layers in the 

rbombohedral arrangement, and is generated if one crystal 

part is shifted with respect to the other part such that 

ab or an a layer is shifted into a c-position, i. e. it is 

a single slip motion. 

Type III can be represented by: 

ababcab. Ab ... or abacbabab 

This contains three overlapping triplets of layers in the 

rhombohedral arrangement'and is generated if a single sheet is 

inserted in the normal sequence, either between b and a or 

between a and b layers. 

Dislocations in graphite can be considered as two types; 

basal dislocations and non-basal dislocations. Basal 

dislocations are responsible for glide between successive layer 

planes in directions parallel to the layers. This type of 
10 dislocation usually includes stacking faults . Basal dislocations 
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do not involve breaking the strong covalent bonding, but only 

the weak van de Waals bonding between the layer planes. 

Non-basal dislocations, e. g. screw dislocations, edge dislocations, 

have very low mobility, since their movement would require the 

breaking and restoring of the covalent bonds. Optical surface 

studies13 suggest the existence of these dislocations intersecting 

the c-planes. 

1.2. Graphitizing and Non-graphitizing Carbons. 

Graphitizing and non-graphitizing carbons form two distinct, 

well-defined groups. If, upon heat-treatment to above 2000 K 

the structure of the carbon partially develops the three- 

dimensional structure of graphite as distinguishable by 

diffraction studies, then the carbon is a graphitizing carbon. 

Otherwise it is a non-graphitizing carbon. 

(Note: these non-graphitizing carboýs can develop graphitic 

'crystallites' (nm in size) at 3000 K, but these 'crystallites' 

do not give rise to three-dimensional diffractions14. 

The term 'crystallite' has been used quite generally in 

the literature and its meaning needs a few words of explanation. 

Many methods have been used to study the structure of 

carbonaceous materials, such as, optical microscopy to analyse 

optical texture, electron microscopy and phase-contrast electron 

microscopy to analyse the relative arrangements or positions of 

constituent molecules, electron and X-ray diffraction methods 

and the more theoretical methods', e. g. electrical resistivities 
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and magnetic susceptibilities. All these methods can be 

interpreted to derive models of structures of graphitic materials 

and measurements of the structural modules. When comparing 

various methods there are considerable discrepancies in the 

sizes of the structural modules in the structural model. 

These are often called 'crystallites', implying the smallest 

regular unit of structure in the system. In optical microscopy$ 

the 'crystallite' size of the optical texture is micrometres 

in size, whereas in X-ray diffraction the 'crystallitel size 

is in the nanometer range. In phase-contrast electron 

microscopy the 'crystallite' size can be smaller (hundreds of 

picometres) . liowever, the most powerful of the analytical 

tools, i. e. the phase-contrast electron microscope suggests 

that the term 'crystallite' has really no reality as such 

in carbonaceouS materials. It is not an identifiable 

constituent which is detected and measured by independent 

analytical methods. Dimensions giv. en to a 'crystallite' 

are dependent on the method of analyses and interpretation of 

data. The term 'crystallite' is perhaps a theoretical term, 

having no existence as envisaged by the model. 

Franklin 
15 investigated the structure of carbons of 

different origins treated at temperatures between 1300 K' 

and*3300 K, by X-ray'diffraction techniques. She classified 

graphitizing and non-graphitizing carbons on the basis of 
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the structural differences, apparent from the earliest stages 

of carbonization. Franklin attributed these structural 

differences mainly to the formation at low temperatures, in the 

non-graphitizing carbonsof a strong system of cross-linking 

uniting the 'crystallites', leading to a random orientation of 

the 'crystallites' into a rigid, finely porous material. In 

the graphitizing carbons the cross-linking was much weaker, the 

structure more compact and neighbouring 'crystallites' had a 

tendency to lie in nearly parallel orientations. It is now 

possible to be rather more precise about these original, 

basically correct ideas of Franklin (see Section 1.5). 

Mrozowski 
16 

also classified carbon into the two broadly 

equivalent groups; 'soft' carbons (graphitizable) and 'hard' 

carbons (non-graphitizable),. according to the high or low 

order in arrangements of'crystallites! on a microscopic scale, 

i. e. dimensions of, namometre*s fýTther than micrometres. 8oft carbons 

are usually formed frbm organic materials which melt on heating 

and solidify at temper. atures above 673 K whereas bard 

carbons are formed from organic materials which do not melt 

at all (polymers) or which solidify at low temperatures. 

Kipling et al. 
17,18 

extensively studied both graphitizable 

and non-graphitizable carbons prepared from a wide range of 
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polymeric materials. They found that fusion during carbonization 

was necessary for the formation of grapbitizable carbon. The 

fused stage allows mobility of constituent molecules which 

enables planar molecules to align in approximately parallel 

layers, giving an ordered structure which can readily be 

18 18 
graphitized at higher temperatures Kipling and Shooter 

carried out studies using polarized light microscopy and found 

that graphitizable carbons contain regions of anisotropy, 

whereas the non-graphitizable carbons do not contain regions 

of anisotropy. The presence and absence of anisotropy using 

optical microscopy provides a method of distinguishing between 

graphitizable and non-graphitizable carbons. 

1.3. Origins of Graphitizable Carbon. 

The suggestions of Franklin 15 
and Mrozowski 16 imply that 

the graphitizability of a carbon must be controlled by the 

processes occurring during the early stages of carbonization 

of the parent material. A graphitizing carbon is formed when 

the temperature range for the oýcurrence of pyrolysis (often 

dehydrogenative polymerization) (usually about 673 K to 773 K) 

coincides with the fluid range of the material undergoing 

pyrolysis. This often occurs during the carbonization of 

aromatic hydrocarbons 19 
and pitch materials derived from 

2o 
petroleum and coal-tar as well as other model compounds 
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During the carbonization of pitch the chemistry of pyrolysis 

provides for a continuous increase in molecular weight (size) 

within the pyrolyzing system. When such a carbonization is 

monitored using a hot-stage in conjunction with polarized light 

optical microscopy 
20 

, initially, the pitch possesses the 

properties of an isotropic liquid and its surface appears 

purple when the polarized light is used with parallel polars 

and a half-wave retarder plate placed in the reflected beam, 

At a heat-treatment temperature (HTT) between 670 K and 720 K 

400 to 4500C) a new phase appears from within the isotropic 

liquid. This phase is anisotropic, i. e. exhibits optical 

activity, and is coloured (yellow and blue) when viewed in 

the microscope (Section 1.4). This new phase, termed the 

mesophase, is plastic and must be considered the precursor 

to the anisotropic semi-coke. 

To explain the origins of this mes. ophase it is necessary 

to re-examine the chemistry of pyrolysis of the pitch system. 

It would appear that in this situation molecular weights increase 

by both inter-and intra-molecular reactions from about 200 to 

300 amu to 1000 to 2000 amu. Such large molecules would normally 

be considered 'insoluble' in the original solvent and a process 

of precipitation would be anticipated. This is essentially what 

happens in this pitch system except that the 'precipitate' has 

rather unusual properties. The increasing pyrolysis-(carbonization) 
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temperature promotes a continuous increase in molecular weight 

to produce large molecules with a planar shape. At a critical 

concentration these molecules interact, flat surface to flat 

surface, to form a stable phase quite different from the parent 

pitch material. This new phase grows at the expense of the 

surrounding isotropic material to form ultimately an anisotropic 

solid which is a graphitizing carbon. But, before reaching the 

stage of a solid carbon, this anisotropic mesophase can exhibit 

properties of considerable fluidity. 

The mesophase in its initial stages can be present as 

spheres with the constituent lamellae aligned perpendicular 

to the sphere surface 
21 (see Figure A2). But it must be stressed 

that spherical mesophase arises only because of the low viscosity 

of the carbonizing system. There is no other significance. 

In systems of high viscosity the mesophase is not spherical. 

The mesophase forms via a lamellar, nematic liquid-crystal 
22 

. 

This is a very important new concept and explains many of the 

20,22,23 
structural characteristics of the resultant anisotropic carbons 

These liquid crystals are physical in nature with no 

chemical bonds between the lamellar molecules as stacked into 

a parallel preferred orientation. Lewis 
20 

has demonstrated that 
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this phase is physical rather than chemical in composition. 

He grew anisotropic spheres from a petroleum pitch very slowly 

at minimum temperatures. These anisotropic spheres 'dissociated' 

following a rapid, but small increase in temperature (5 K) and 

reappeared on cooling. The initial step is therefore a purely 

physical "phase change". The formation of the lamellar nematic 

liquid-crystal probably originates with the high enthalpies of 

physical adsorption which are possible when two large lamellar 

molecules 'come together', flat surface to flat surface. 

It is considered that the development of this anisotropic, 

lamellar, nematic liquid-crystal is insensitive to the detail 

of chemical composition of molecular constituents, but is very 

sensitive to size and shape (i. e. essentially lamellar) of 

these constituent molecules. As the liquid-crystals are 

essentially a physical, rather than a chemical entity, a 

critical size/shape factor -is necessary to ensure sufficient 

"physical adhesion" between molecules resulting from van der Waalfs 

forces with some polar interactions to overcome the disruptive, 

dissociative effects of kinetic and vibrational energies of 

molecules resulting from the progressive increase in HTT of 

the system. 

The large planar molecules (formed during the pyrolysis of 

the pitch) associate with anisotropic parallel stacking (but with 

no vertical registry), to create a new phase, i. e. the lamellar, 
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nematic liquid-crystal, which contains the structural order 

which leads directly to a graphitizable carbon. But, once 

having been formed by an essentially physical process, then 

chemical processes within the liquid-crystals soon become 

dominant and dictate subsequent events. 

Those same processes which lead to the increased molecular 

weight and size in the pitch system, by being both time and 

temperature dependent, as are rates of chemical reactions, 

now promote bonding and chemical-linkage between the lamellar 

constituent molecules, either edge-on or across the planes. 

The extent of this 'cross-linkage' increases with time and 

temperature to produce a three-dimensional, aromatic polymer 

of increasing viscosity leading eventually to the non-plastic 

coke substance. This polymeric material is termed "THE MESOPHASE". 

Thus, a distinction can be made between the lamellar nematic 

liquid-crystal and mesophase. 

Mesobbase from different parent materials possess 

different viscosities and different dependencies'of viscosity 

with temperature. It is the viscosity, itself controlled by 

molecular size and reactivity which controls the ability of 

the growth units of mesophase (spherical or otherwise) to grow 

beyond a certain size and eventually, when they are large enough 
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to touch each other, to coalesce into each other such that the 

individual growth units lose their original identity. It is 

here that there are major differences in the properties of 

the mesophase from different pitches. The anisotropic structure 

referred to as the optical texture (Section 1.4) formed within 

the graphitizable carbon, depends on the type of growth of the 

mesophase and its subsequent coalescence characteristics. For 

instance, a Gilsonite pitch will produce small anisotropic 

units of mesophase (<5 pm diameter) which on contact only 

'adhere' together where they touch such that their original 

identity is not lost. (The mode of this adherence is not 

understood in detail). These growth units thus are the 

origins of the mozaic optical texture (Section 1.4) seen in polished 

surfaces of the carbon by optical microscopy and preserved 
P 

from the semi-coke stage of carbonization to the graphitic 

stage in Gilso-carbons. However, Ashland A200 petroleum 

pitch grows larger units of mesophase-(-25 pm diameter) which, 

on contact, coalesce into each other with total loss of 

original identity and create an optical texture of large, 

isochromatic domains, hundreds of micrometres in size. (In 

one sense, these mozaics or domains are a measure of the macro- 

crystallinity of the carbon). 

These growth characteristics of mesophase are influenced 

by properties of the parent material such as the size, ELtructure 
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and chemical reactivities of the molecules present in the 

starting materials, the rate of carbonization and the 'soak' 

temperature and time. Iiie plasticity of the mesophase being 

a function of temperature of carbonization as well as shape, 

size and reactivity of constituent molecules, also affects 

the coalescence characteristics, together with any additional 

physical parameters such as applied pressure, bubble percolation 

caused by evolution of volatile materials and thermal convection 

currents. 

' The study and understanding of the mesophase 
23,24 has 

widened our knowledge considerably of the formation of 

graphitizing carbons. Different relative degrees of chemical 

polymerization within the lamellar, nematic liquid-crystals 

account for variations observed in optical textures of carbons. 

Marsh et. al 
25,26,27,28 

carried out extensive studies of 

the origins in terms of liquid-crystalp, of the many different 

optical textur-es. of mesophase formed from coals, pitches 

and organic model compounds. It is emphasized that mesophase 

is the intermediate phase between the transitory liquid-crystal 

and the semi-coke. Also, when the anisotropic components of 

the carbonization system become visible in optical microscopy 

(about 0.5 pm in diameter) these components are essentially the 

polymeric mesophase material. They are, of course, present before 
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their detection by optical microscopy and can be detected 

(in size < 0.5 Vm) by electron microscopy. The experiments 

20 
of Lewis, who demonstrated the reversibility of formation 

of the anisotropic phase in heated pitch are of a very specific 

nature, being isothermal, as distinct from the progressive 

I heating of usual carbonization systems. 

1.4. Origins of Optical Texture. 

When carrying out studies on graphitic materials, a 

most useful piece of equipment to have is a reflecting 

polarized light optical microscope. When polarized light reflected 

from the polished surface passes through a crossed-polarizer, 

called an 'analyzer', then isotropic materials appear black and 

anisotropic carbonaceous materials exhibit dark bands running 

across light areas. These dark bands are called 'extinction 

contours' and move on rotation of the stage of the microscope. 

It is possible, by rotation-of the microscope stage and making a 

photographic record of the surface, to map out these contours 

. 
24,29 

so producing a lamelliform structure of the graphitic material 

If the microscope is fitted with a*half-wave retarder plate 

which is placed in the path of light reflected from the polished 

surface of the specimeft before the analyzer, then a series of 

interference colours- 
30 

. can be obtained across the surface. 
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Isotropic materials appear purple and anisotropic materials 

appear yellow, blue or purple depending on the orientation of 

the graphitic layers relative to the plane of the polarized 

31 
light With a parallel setting of the polarizer and 

analyzer of the microscope, and a known setting of the half- 

wave retarder plate, the colours of yellow and blue can be 

interpreted, (see Figure 1). This means, e. g. that within 

the areas coloured yellow the planes of the graphite structural 

unit are arranged East-West (E-W), prismatic edges only are 

projected at the surface, not basal planes. Within areas 

coloured blue the planes of the graphite structural unit 

are arranged North-South (N-S). Purple colours are also 

exhibited when basal planes compose the surface of the 

polished structural unit. 

The polished surface therefore appears as a series of 

coloured areas of varying shapes and sizes, merging into 

each other. These variations in shape and size are caused 

(or determined) primarily by the pyrolysis chemistry of the 

parent materials (as discussed above and below) and, to a 

less degree, by manufacturing procedures. These isochromatic areas, 

i. e. areas of a single colour, are referred to as the optical 

texture. The analysis and description of the optical texture 

is considered of major importance in assessing the properties 

of the material under bxamination. The size of the isochromatic 
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areas on the surface can range from <0.1 pm to 500 pm and 

different terms are used to describe different size ranges. 

Isochromatic areas of size 0.1 pm to 5 pm are termed 'mozaics' 

and areas of size 5 pm to 500 pm are termed 'domains'. These 

terms have divisions of fine, medium and coarse, within the 

size ranges. Some of the domains have elongated structures 

and are known as 'flow-type 'anisotropy'. 

Experience in the use of optical microscopy permits one to 

distinguish between two types of contact or relationship between 

isochromatic areas. One type, probably the most easy to detect, 

is essentially a boundary between two particles, i. e. the structure 

in non-continuous. The second type of boundary between contact 

areas is a contintious situation where the orientation of the 

lamellar of the graphite undergoes a significant change, relative 

to the optic axis of the microscope (a convenient reference 

standard). The change in orientation can be extensive over 

short distances and is to be associated with what are called 

disclinations 
32 

These defect structures have their origins 

in the growth process of anisotropic substance from the liquid 

phase of the parent pitch. 

Hence, optical microscopy in terms of optical texture reveals 

detailed information of the size, juxtapositioning, orientation 

and defect structure associated with the macro-crystalline components 
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of graphite. Macro-crystalline is a term to describe the 

isochromatic areas of optical texture which contain lamellae 

stacked in an approximately parallel orientation (tertiary 

structure). Within these isochromatic areas exist micro- 

crystallites (< 0.1 jim in size) or more discrete graphite 

crystals (secondary structure) such as are detected and measured 

(by line-broadening) by X-ray diffraction methods. Even within 

these micro-crystallites, there exists detail of molecular 

ordering and mis-alignment (primary structure). 

Hence, the measure of crystallinity of a graphite, is, in 

one important sense, determined by the experimental procedure 

used to measure the crystallinity. 

1.4.1. Causes of Differences in Optical Texture. 

Cokes which have an optical texture made up of small 

mozaics, as from a Gilsonite pitch, are considered to be formed 

from a pyrolysis system in which the growth units of mesophase 

have not been able to grow beyond a few micrometres or to 

coalesce on contact. It is probable that within such materials 

polymerization occurs within these units at a relatively early 

stage of the carbonization process to a significant extent 

across the planes of stacking (in the c-axis of the lattice). 

This type of cross-linkage in the c-axis is directly attributable 

to the chemical reactivity associated with the chemical composition 
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of such molecules. For example, pyrolyzed Gilsonite pitch is 

still essentially non-aromatic; the molecules will not be 

made up of in-plane, complete aromatic rings but of partially 

hydrogenated six-, seven- or eight- membered ring systems 

with methylene or other linkages and heteroatoms, and may 

adopt buckling or folding with projecting side-groups, e. g. 
33 

alkyl, hydroxyl 

This cross-linkage in the c-axis and other forms of 

polymerization of the mesophase from a Gilsonite pitch 

effectively restrict slip of plane over plane so that at an 

early stage of carbonization coalescence involving the 

plasticity and flow of the mesophase is not possible. 

The mesophase on growth from the pitch cannot adopt 

a spherical shape but hence adopts the observed irregular 

33 
shape (N. B. the surface energy available is not sufficient 

to create a spherical shape). Further, growth by adoption 

or squeezing-in of molecules from the liquid phase with the 

resultant yielding or growth of the mesophase to accommodate 

new molecules is not possible. The size of the growth units 

therefore remains small and a relatively high density of 

nucleation centres results (another characteristic of mesophase 

growth from a Gilsonite pitch). 
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Cokes which have an optical texture made up of large 

isochromatic domains are considered to be formed from a 

pyrolysis system, more homogeneous in chemical composition, 

in which the molecules are relatively more planar and aromatic. 

With e. g. Ashland A200 petroleum pitch, once the lamellar 

molecular products of pyrolysis are orientated by the 

formation of the liquid-crystal phase, then subsequent poly- 

merization within the nematic liquid-crystal appears to be 

predominantly between the edges (in-plane) of the molecules 

to establish. larger sheets, stacked above and below each other. 

This polymeric, plastic deformable mesophase, like the 

conventional liquid-crystals 34 
, has quite unique flow properties, 

quite different from liquid and other polymeric phases. These 

unique properties of flow are responsible for the structure 

seen in optical textural analyses of cokes made from such material. 

This structure is defective in terms of crystal perfection; 

the nature of the defects being characterized and recognizable 

in terms of the properties of conventional liquid-crystals. 

Thus, these flow properties allow the initially spherical 

growth units of mesophase to coalesce into larger spherical 

units without (unexpectedly) the serious disruption of the 

lamellar stacking sequences within the spheres. The original 

ordering of arrangement of molecules of the liquid-crystal 

is accordingly perpetuated. At the point of complete conversion 

of pitch substance to mesophase, the units of mesophase finally 
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coalesce to form the larger isochromatic domains-. Here, some 

distortions are introduced because of some loss of facility 

of movement to relax the distortions of coalescence. These 

distortions are again quite specific to liquid-crystal systems, 

and exhibit an identifiable series of bends, folds, twists, 

and flow patterns, to establish the disclinations, domains 

and flow-type anisotropy as seen in the optical textures 

of Ashland A200 petroleum pitch. 

Hence, the shape/size of molecular constituents of 

carbonizing systems are probably the important parameters 

controlling liquid-crystal formation. But, it is the 

detailed chemical composition and resultant chemical reactivity 

which then control subsequent growth and coalescence so 

establishing the optical texture which, in turn, influences 

the development of porosity in resultant graphitic material. 

The chemistry is quite specific and must allow two 

functions. One is the dehydrogenative polymerisation of some 

of the constituent compounds of the pitch to establish the 

liquid-crystals. The second is the stability of other 

constituents to maintain the solvent in which the lamellar 

molecules move in order to orientate themselves to form the 

liquid-crystals. 
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1.5. Mechanisms of Graphitization. 

The process of graphitization essentially is the development 

of an ordered crystallographic structure from an initially 

disordered carbonaceous substance. In general, the initial 

disordered carbon is not completely devoid of crystallographic 

order. The term 'amorphous carbon' is erroneous and should be 

avoided. There is significant organization of the carbon into 

graphitic-like sheets, (i. e. from the mesophase as discussed 

above) but the ordered stacking arrangement of the layersp-. as 

in graphite, is not present. I 

In one sense, graphitization t. e. the perfection of structure 

in carbon, takes place between 700 K (the temperature of its 

formation) and the highest of attainable temperatures, i. e. hbout 

3300 K. There are many variables which condition the transformation 

of carbon to graphite, the principal ones being the heat-treatment 

temperature, heating rate, duration at the maximum temperature, 

applied mechanical pressure, the presence of graphitization 

catalysts and the pressure of the gas surrounding the sample 

during heat-treatment 
35 

. 

Workers studying graphitization mechanisms have approached 

the problem from different view-points. Franklin 36 first described 

the structural transformations undergone by graphitizable carbons 

during graphitization. She stated that graphitized carbon is 
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formed from disordered stacks of graphitic atomic layers, graphitization 

being simply a form of annealing, leading to an ordered 

arrangement of the layers amongst themselves. This concept 

depended essentially on the assumption that the elementary 

layers were perfect and their structure did not change throughout 

the process of graphitization. This theory is now known not to 

be correct (see below). The movement of whole layers cannot 

be accepted. 

Maire and Mering 
37 

reconsidered Franklin's model when 

they carried out bromine sorption experiments on graphitizable 

carbons. These experiments suggested that the graphitization 

process takes place essentially through the perfection of 

the internal structure of each layer with the removal of 

interstitial carbon atoms; the rearrangement and the creation 

of three-dimensional spacing would be only a secondary 

consequence of this elementary transfofmation. 

Pacault and co-workers 
38 

studied the kinetics of graphiti- 

zation by measuring such parameters as the interplanar spacings, 

magnetic susceptibility, magnetic anisotropy and the degree of 

graphitization, and suggest that graphitization takes place by 

a step-wise process. This step-wise process is evident when 

one of the above parameters is plotted as a function of heat- 

treatment time. 
35 However, discussions with other workers in 
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this field of study casts doubt'upon the graphitization process 

being step-wise, that type of curve being an artefact of method 

and error in measurement. It is perhaps more logical to accept 

a continuous change. 

Fischbach 39 
reviewed the kinetics and mechanism of 

graphitization and statea that at temperatures above 2300 K, 

the graphitization process in graphitizable carbons is a 

thermally activated kinetic process which proceeds isothermally 

to conclusion, given sufficient time, without the aid of catalysts. 

He also states that there is available evidence which strongly 

suggests that a vacancy mechanism parallel to the layers plays 

a dominant role. However, some evidence suggests that diffusion 

normal to the layers occurs by an interstitial mechanism with 

an activation energy similar to that for the vacancy mechanism. 

Fischbach 39 does not rule out the fact that defects, which may 

be specific interstitial defects or interlayer and inter- 

crystallite defects 40 
may be eliminated during the graphitization 

process. This is quite feasible because the structure of 

graphitizing carbons is such that only a small proportion of 

the atoms in the disordered carbon must be rearranged to 

produce the parallel stacking of graphite. However, gross 

defects i. e. disclinations 34 
, which can be observed in the 

optical microscope in graphitizing carbons, cannot be removed 
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by heat-treatment. Graphitization does not produce single 

crystal graphite. Therefore, the optical texture of the carbon 

does not change on graphitization. Probably one observes only 

a sharpening of the intensity of the colours. The size of 

the optical texture and the analysis of the disclination 

structures are therefore important in governing the extent of 
23 

polycrystallinity of a carbon . Shrinkage takes place during 

graphitization, producing cracks which alter the pore structure 

of the graphite, this being another factor limiting the 

formation of single crystal graphite. 

The mechanisms of graphitization for a graphitizing and 

a non-graphitizing carbon (if possible) are quite different. 

With non-graphitizing carbons, a complete re-organisation of 

the entire matrix is required rather than just a rearrangement 

of carbon atoms in order to remove defects as in graphitizing 

carbons. This complete re-organisatioiý can only be brought 

about by catalysts. Most studies of catalytic graphitization 

have been carried out using non-graphitizing carbons. Marsh and 

Warburton 
41 

reported that the detailed mechanism of the catalytic 

graphitization varies with the catalyst and the carbon. 

1.6. Manufacture of Graphite. 

Synthetic graphites vary a great deal in their optical 

texture, density, electrical resistivity, mechanical strength 

and pore size distributions. This is because graphites have 
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many uses and the detail of their specification is controlled 

by the mode of manufacture and the source materials used for 

manufacture. Most manufactured graphites contain (among other 

components) a petroleunr-coke filler and a coal-tar pitch binder, 

and are then shaped by extrusion or moulding. It is difficult 

to define the compositions of graphites completely as the 

details of manufacture are of a proprietary nature. 

Petroleuiw-coke is used as a filler because, amongst other 

things, it is easily graphitized, has a low electrical 

resistivity and is responsible for low values of CTE. The 

shapes of the petroleunr-coke particles (the needle-cokes of 

electrode graphite) have a significant effect on the packing 

of the particles during manufacture. Since coke particles 

are irregular in shape they tend to become orientated in the 

extrusion process. This particle orientation leads to 

preferred crystallite orientation which creates a bulk 

anisotropy in the extruded unbaked carbons. The shapes of 
42,43,44 

these particles have been studied by several workers 

Rusinko and Parker 
42 

obtained a correlation between porosity 

and shape factors for ground petroleunr-coke, but stated 

that there were many factors, e. k. weight, orientation, 

packing density, which they had not studied but which should 

be taken into account. Although the particle shape determines, 

in part, the ability of particles to orientate, particles of 
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any given shape can be arranged in various orientations by 

differences in packing techniques. Amstein and Watson 
44 

showed 

a correlation between particle angularity and porosity of 

carbon grist particles, by measuring mean size, particle 

density and specific surface of the particles. The angularity 

is, the ratio between the specific surface determined experi- 

mentally and the specific surface calculated by assuming the 

particles to be spherical. The greater the angularity the 

more the particles depart from the spherical shape. 

Coal-tar pitch is the generally preferred material for 

45 
use as a binder . It softens at temperatures around 350 K, 

has a large temperature zone of plasticity, and it hardens 

again on cooling after the extrusion process. It has a high 

0 
carbon content of approximately 93 per cent, which makes it 

very suitable as a binder because of high-yields and the 

development of little porosity. 

Hence, the porosity developed in a graphite manufactured 

from pitch and coke is related to the size/shape of the coke- 
I 

grist particles, the binder properties and the mode of volatile 

evolution (see below for a more detailed discussion). 

In the actual manufacturing process the filler and binder 

are mixed together at a sufficiently high temperature (- 450 K) 
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to reduce the viscosity of the pitch to a level which allows 

it to flow freely around the petroleum7-coke and for the mix 

to be extruded. The primary function of the mixing operation 

is to obtain a uniform distribution of the pitch in the 

petroleum-coke filler. 

The mixture is then extruded or moulded, details of which 
46 have been presented . During the extrusion process of the 

pitch-grist. system, the coke-grist particles may become 

aligned with their long dimensions parallel to the direction 

of extrusion, so giving rise to a degree of pre-established 

bulk anisotropy (the coke-grist is already anisotropic in 

terms of molecular stacking). This bulk anisotropy originates 

from the predominant orientation of the crystallite layer 

planes parallel to the long dimensions of the particles (that 

is, in the needle-coke particles). Thus, physical properties 

will be affected by the alignment of pýrticles in the extrusion 

process. Properties measured in a direction parallel to the 

aligned particles will have different values when measured in 

a direction perpendicular to the aligned particles. But. some 

graphites are required with isotropic bulk properties. Hence 

more isometric particles are used or particles of coke with a more 

mozaic type of optical texture. 

The moulding technique consists of compressing the filler- 

binder ýnixture'in an enclosed area of the desired shape, fitted 
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at one, or both ends with moving plungers. In this operation, 

the elongated particles of filler coke align themselves with 

their long dimensions perpendicular to the moulding direction 

and orientated randomly about it (see Figure A3). 

The moulded or extruded blocks are then baked. This 

pyrolyzes the binder, distilling off about 9% of the weight of 

47 
the block, as volatile material . The firing process must be 

carried out very carefully and is of critical importance to 

manufacturers. The loss. of volatile material and the shrinkage 

of the binder takes place during this process. Baking is 

normally carried out at about 870 K with slow heating rates 

47 48 
varying from 2K to 10 K per hour . Pneumatic pressure 

used during the baking operation has been found to increase 
0 

the density of the baked material. The effect of this 

pressure is to raise the boiling point of some of the constit- 

uents of the binder and hence, increase the relative extent 

of polymerization; it also creates carbon from what would 

otherwise be volatile matter. 

After baking, an impregnation stage(s) may take place 

(using a pitch or resin) before the final. graphitization in 

order to increase the density. The blocks are sealed in an 

autoclave which is evacuated and filled with the molten pitch, 

etc.. The pitch is forced under pressure into the pores of 

the blocks. 
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Graphitization is carried out at temperatures in the 

range of 2700 K to 3300 K. The blocks are placed in electrical 

furnaces which are brought up to temperature over a few days 

and held at the maximum temperature for a few hours. The 

furnace is allowed to cool until the temperature is low enough 

for the blocks to be safely exposed to the air. 

The manufacture of graphite is a slow process. The baking 

stage in particular could benefit from conversion to a faster 

process. 

1.7. Properties of Nuclear Graphite. 

Nuclear graphites, used as moderators for the neutrons in 

nuclear reactors are polycrystalline with bulk isotropy (where possible) 

as distinct from single crystal material. This polycrystallinity 

associated with manufacturing methods gives rise to a porous 

system within the graphites. For use in nuclear reactors, in 

order to increase the density before graphitization, one or 

two pitch impregnations are made into the material. This material 

is frequently referred to as double-fired graphite, having a 
'-3 -3 49 

density ranging from 1610 to 1720 kg m (1.61 to 1.72 g cm ) 

During the manufacture of nuclear graphite, special care must be 

taken to exclude impurities, especially those with significant 

neutron capture cross-sections, i. e. neutrons absorbed in any 

reactor component are lost from the chain reaction e. g. boron. 

Careful selection of starting materials can eliminate the need 
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for purification. However, if purification is necessary, it 

can be carried out by treating the graphite with halogens at 

about 2800 K, either during graphitization, or at a later 

stage. 

In order to select a moderator material, several moderator 
5o 

parameters must be compared . These moderator parameters 

involve measurements of the loss in energy for each neutron 

collision in the moderator, the absorption cross-section and 

the scattering cross-section. The moderator parameters can 

be combined to give moderator properties such as the ability 

of a moderator to slow down neutrons (energy loss X scattering 

cross-section). These moderator parameters/properties are 
50 discussed in detail by Nichols and Woodruff 

. 50 
There are two main requisites of a moderator material 

Firstly, it must slow down high energy neutrons produced from 

fission, so that they are more readily captured by fissionable 

material and secondly, it muit have a small cross-section for 

neutron absorption. - 
Graphite is used as a moderator because of 

its low atomic number, its low neutron cross-section and 

because of its purity. The slowing down of neutrons results 

mainly from energy transfer during elastic collisions between 

the neutrons and the moderator nuclei. For a material to be an 

efficient moderator, the collision rate per unit volume must 

be relatively high. 
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During its life as a moderator, graphite undergoes irradiation 

damage. Fast neutrons move freely through the graphite lattice 

until they collide with an atom. The atom is then ejected from 

its lattice site, with high energy. Irradiation damage in 

graphite is a very complex phenomenon, which causes changes in all 

the physical properties i. e. dimensions, porosity, chemical 

reactivity, etc., as well as raising problems in the design and 

and operation of nuclear reactors. Hence, the effect of radiation 
51,52,53 

on graphite has been studied very extensively in 

elaborate research programmes of the U. K. A. E. A. and C. E. G. B. 
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rUA'DTT? D I 

POROSITY IN CARBONS AND GRAPHITES 

2.1. Introduction. 

The theoretical density of graphite is 2265 kg m-ý3 

(2.265 g cm-3)54. All manufactured graphites have a density 

which is lower than this, so indicating the presence of porosity 

or pore volume. 

The pore volume in graphite is distributed between pores 

ranging in diameter from about 1 nm to 500 Vm. The porosity 

present in graphite is of two types, i. e. open and closed porosity. 

Open porosity is accessible to penetrating gases and liquids and is 

interconnecting throughout the graphite, whereas closed pores are 

not accdssible to fluids and-are not co. nnected to the open pores. 

There are some pores, probably not a significant number, which are 

closed to gases at room temperature but which may progressively 

become open to gases at temperatures up to about 1300 K. 

Pore sizes fall into three categories; macro-, meso- and micro- 

pores of diameter above 50 nm, 50 nm to 2 nm and less than 2 nm 

respectively55. In this study, we are interested essentially in 

macro- and meso-porosity as micro-porosity is not involved with 

the problems encountered during radiolytic oxidation in a nuclear 

reactor. 
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Porosity in graphite is closely associated with the 

structural units comprising the graphite body, hence the pores 

vary a great deal in both shape and size. Porosity can be formed 

from trapped bubbles of volatile material (irregular or spherical- 

Ahaped pores) and from macro- and micro-fizzures or shrinkage 

cracks. These pores are more likely to be slit- or slot-shaped 

and may constitute part of the open pore volume, which are made 

up of wide pores with narrow entrance diameters. 

Extensive studies56,57 have provided interpretive measurements 

of porosity and use such methods as mercury porosimetry, surface 

area assessments, permeability and diffusivity, such that pore 

volumes and pore eritrance diameters can be calculated. However, 

little information has been obtained quantitatively of the more 

difficult descriptions of pore-shapes, sizes (and their distributions) 

and interconnections in such porous systems as those of graphite. 

This thesis describes microscopic techniques to provide quantitative 

descriptions of pore-shapes and sizes, and also describes the use 

of these techniques to describe changes in porosity induced in 

graphites by gasification treatments. 

2.2. Origins of Porosity. 

Porogity in carbons and graphites does not occur by a random 

process, but the shape, size and distribution0-of porosity are 
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closely associated with manufacturing methods and the intrinsic 

properties of parent metrials as exhibited during pyrolysis of 

the liquid phase, and by properties of resultant lamellar nematic 

liquid-crystals, mesophase, green semi-coke, coke-grist and graphite. 

Carbons as solids exhibit many forms (2---&-carbon blacks, 

chars, cokes etc). An approximate divisions' of carbons as solids 

is into non-graphitizable and graphitizable carbons, i. e. a measure 

of structural change on heat-treatment to 3300 K. These two forms 

of carbon have different structures. 

The non-graphitizable 'active' isotropic carbons and graphitized, 

graphitizable carbdns (i. e. the synthetic polycrystalline 

anisotropic graphites) are both structurally heterogeneous materials 

with considerable porosity. This porosity originates (in part) 

with the mode of 'packing' of the crystallites and constituent 

particles. The crystallites themselves contain structural 

distortions (defects) in association with which are voids or pores. 

The micro-porosity of isotropic carbons is associated with the 

basic structural units of such carbons, i. e. the sheet of carbon 

atoms (in an imperfect hexagonal arrangement). These sheets have 

various sizes, and shapes and degrees of deformity from planarity. 

Hence, the random packing arrangement of these sheets creates a 
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specific micro-porosity, i. e. voids between the sheets and the 

shapes and sizes of the voids is a function of the shape 

and size of the carbonaceous sheets. 

The anisotropic graphitizable carbons generally exhibit 

probably no micro-porosity but possess meso- and macro-porosity. 

Phase-contrast high-resolution electron microscopY58 reveals the 

size and shape of the imperfect graphite sheets which constitute 

the structural units of gtaphitizable and non-graphitizable 

carbons. Imperfections in shape and planarity of the constituent 

units prevent parallel stacking. This accounts for the relatively 

low bulk densities (-1500 kg M-3 (1.5 g =7ý) in graphitizable 

carbons and -900 kg m-3 (0.9 g cm-3) in non-graphitizable (micro- 

porous) carbons). Diagram2.1. (below) shows a-ýdiagrammatic representation 

of the structure of graphitizable and non-graphitizable carbons 

showing the micro-pores between the structural units in non- 

graphitizable carbons. Graphites can be produced with different 

densities (pore volumes) with the porosity in different ranges of 

size. 

(I 



36. 

.............. .... .......... 

(b) 

Diagram 2.1. Structure of a) graphitizable and b) non-graphitizable 

carbons. 

2.2.1. Origins of Porosity - Graphitizable Carbon, Pitch to Mes02hase Transition. 

Manufacturing procedures leading initially to the formation 

of coke via the mesophase undoubtedly influence the size and shape 

of resultant porosity in graphites. The baýing/carbonization 

process involves loss of volatile material (gases and vapours) 

which accumulates as bubbles within the fluid pitch. With the 

onset of mesophaqe growth within the pitch, two effects are observed: - 

(1) The movement of the bubble may exert a shearing force 

upon the mesophase (fluid, nematic liquid-. crystal, anisotropic 

precursor to graphitizable cokes which adjusts by adopting 
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a flow-type anisotropy, i. e. the optical texture is 

elongated to give needle-like 'crystallites'. It actually 

flows with the bubble and may encapsulate it. 

(2) This encapsulation at a late stage of formation of mesophase 

may trap the bubble such that it never reaches the outer 

surface as volatile material but remains within the system 

as a pore. Convection currents within the pitch influence 

the shape of these bubbles which ultimately become 

incorporated into the graphite. Bubble size is usually 

>5 pm. The chemistry of pyrolysis of the chemical constituents 

of the pitch influences the fluidity of the pitch and this 

fluidity infldences the size of the optical texture (macro- 

'crystallinity') which in turn influences the size of the 

porosity (within or at boundaries of Icrystallites') . Decreased 

fluidity implies a small size of optical texture or 

brystallinity, 59. 

It must not be overloooked that within graphites, made by 

extrusion processes from conventional pitch/grist systems, the 

mesophase to be found there is formed from two different 

materials. There is mesophase made from the pitch (usually 

coal-tar pitch) and f6rmed during ýhe actual baking of the 

extruded rod. The second material is the'coke grist. This 
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coke-grist (usually from petroleum pitch) is made in a delayed 

coker in which pre-heated pitch material is pumped into the 

coking unit. Here, the resultant anisotropy is dictated by the 

type of residue material being charged to the delayed coker 

and the mechanical processes of e. g. flow and volatile evolution 

within the coker. 

Some industrial manufacturing procedures appear to manipulate 

these processes to establish optical textures (and hence structure) 

in graphites which reflect desirable commercial properties. 

Many are proprietary and not fully documented. As an example, 

inspection of Figure 3 (a Gilso-carbon graphite) shows not only 

the small, individual mozaics of texture, but also that these are 

compounded in the manufacturing process into spherules (not to 

be confused with the spheres of mesophase) in such a way that 

super-mozaics are established. Here, each mozaic is not 

independently orientated but forms part of a larger unit of 

organization within the spherule. (Note the large areas of 

blue and yellow mozaics). 

Clearly, such porosity as is seen in a petroleum coke graphite 

(Figure 8) is quite different from that of theGilso-carbon system 

(Figure 3). With the Gilso-carbon, there is a larger irregular 

central pore in the centre of the spherule and there are small 
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a 

pores (< 5 pm) to be found within the mozaics. This illustrates 

the important point that shrinkage or other voids (i. e. porosity) 

have shapes and sizes which are not independent of the basic 

structural units of the graphites. These Gilso-carbon graphites 

will thus never exhibit porosity similar to the large acicular 

pores associated with isochromatic domains or disclinations as 

found in cokes from Ashland A200 petroleum pitch. 

2.2.2. Origins of Porosity-Graýhitizable Carbon- 11--sophase to Graphite Transition. 

The density of mesophase is quoted as 1460 kg m-3 (1.46g cm-3), 22 

so that considerable shrinkage occurs during its transformation to graphite 

of theoretical density 2265 kg m-3 (2.265 g. cm-3). This increase 

in density does not occur by a uniform shrinkage of the bulk 
I 

of the material - the structural anisotropy prevents this. Instead, 

shrinkage voids, or pores, appear within the particles, not entirely 

at random, but in positions s omewhat prýdictable from the optical 

texture. 

Consider the optical texture of cokes from Ashland A200 

petroleum pitch made up of isochromatic domains- Examination 

of the mesophase material itself (HTT 800 K, (5270C)) reveals 

that the shrinkage processes have already commenced at this low 

HTT; the optical micrograph reproduced below shows several 

shrinkage cracks passing through the mesophase/semi-coke material. 
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Optical micrograph of a semi-coke (HTT 800 K), from a mixture 

of 50% Gilsonite Pitch and 50% Ashland A200 Petroleum Pitch. 

These cracks are running in directions parallel to the planes 

which contain the lamellar constituent molecules. As these 

planes bend and dip as they follow the flow-pattern of the 

plastic mesophase, so these shrinkage pores bend and dip as 

they follow the flow-patterns. The situation is most marked 

when the plastic mesophase has been subject to considerable 

shearing forces (see above) to produce 'thick sheets or rods' 

of mesophase, flat, bent or twisted. Shrinkage of such material 

produces long, acicular cracks or voids. 
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Thus, the process of shrinkage introduces cracks, later 

recognized as porosity, the shape and size of which is a direct 

function of the shape and size (i. e. the macro-crystalline 

(tertiary) components) of the anisotropic, isochromatic 

constituent units of the graphite. These pores widen/develop 

with increasing HTT to the 3300 K of graphitization. 

Other types of shrinkage pores can occur, usually at 

temperatures higher than that required to form the slit-like 

pores associated with the flow-type anisotropy of the mesophase. 

These shrinkage pores occur at the positions of disclinations32 

within the semi-coke/graphitic substance. These disclinations 

are usually positions of extreme distortion and are created by 

the bending, folding or twisting of the plastic mesophase. 

Under-conditions of graphitization, the induced shrinkage forces 

are released at these disclination centres and pores appear 

within the fold of the disclination. 

Like the majority of all shrinakge cracks, the pore wall 

is composed, predominantly, of basal plane surfaces and not 

prismatic edges. This is of importance when considering the 

development of the pore by gasification when the end of a pore 

appears to be more reactive than the wall of the pore. The 

prismatic edge of the graphite crystal is more reactive than 

3 
the basal plane, to molecular oxygen, by a factor of about 10 
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Shrinkage cracks are to be found where coke from the 

binder pitch and coke-grist have not formed a bond and where, 

on graphitization, they have separated at the interfacial 

position. 

The porosity considered above is monitored by optical 

microscopy and hence its size is greater than about 0.5 um. 

Pores with dimensions 0.05 to 1 um. are associated with the 

secondary crystalline structure, i. e. within the isochromatic 

domains and mozaics. Unpublished studies of Crawford and Marsh60 

using phase-contrast electron microscopy'reveal 'crystallites' 

of graphite material within the 'macro-crysta'lline' 

isochromatic areas and that these grow separately and distinctly 

creating pores or voids, -: 0.01 Um wide and 0.1 pm in length. 

Pores are also to be found within these secondary crystallites 

but their dimensions are less than 0.01 Um and they probably 

constitute closed porosity. 

2.3. Methods of Characterization of Porosity. 

Methods based on microscopic techniques that are studied 

in this thesis are described in Chapter 5. This Section 

describes other methods which give information concerning 

pore structure. 



43. 

2.3.1. Gas-Adsorption Studies. 

The term adsorption is used to describe a higher 

concentration of gas (vapour) molecules at the surface of 

a solid or liquid than is present in the gas phase in 

equilibritim with the material. The term absorption describes 

a penetration of gas, vapour or liquid into the bulk of the 

material. In reality, with microporous materials a sensible 

differentiation between adsorption and absorption is 

not possible. Rates of adsorption, incorporating a knowledge 

of diffusion in porosity can be used to provide information 

about pore sizes6l. 

There are two types of adsorption, physical adsorption 

and chemical adsorption, (chemi-sorption). Physical adsorption 

is caused by molecular interaction forces (usually van de Waals), 

causing the formation of a physically adsorbed layer, and 

themi-sorption involves the transfer of electrons between 

the solid (adsorbent) and the gas (adsorbate) to form a chemical 

compound between the adsorbate and the outermost layer of the 

adsorbent molecules. 

The distinctions between physical adsorption and chemi- 

sorption in the majority of systems is quite clear. However, 

there are boundary systems where one is not sure if they should 
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be called physical adsorption or chemi-sorption. Criteria 

to distinguish between these two types of adsorption include62: 

(a) The extent of physical adsorption decreases with 

increased temperature at constant pressurep 

whereas the extent of chemi-sorption increases 

with increased temperature. 

(b) Physical adsorption processes are reversible, chemi- 

sorption processes are usually not reversible. 

(c) Physically adsorbed material can be removed by 

reduction of pressure, whereas removal of 

cbemically adsorbed material requires conditions 

of prolonged evacuation at elevated temperatures. 

(d) Heats of adsorption for physical adsorption are a 

11ý little greater than the enthalpies of vap 6ýr isation 

(-80 kJmol-1) whereas chemi-sorption processes can 

easily have heats of adsorption approaching 400 kJ mol-1 . 

Gas adsorption is a method widely used to measure surface 

areas which are determined by the amount and size of contained 

porosity. The surface area is measured in m2g-1 and, for carbon, 
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it varies from <1 m2g-1 for non-porous, glassy carbons to >1000 

m2g-1 for highly porous, active carbons. Adsorption studies 

can only be used to give pore size distributions of micro- 

and meso-porosity. In order to study distributions of macro- 

pores other methods must be used. 

The volume of a gas adsorbed on the surface of a given 

solid is a function of the temperature of the adsorbent and 

the gas pressure. As the temperature decreases (constant 

pressure) or the pressure increases (constant temperature) 

more gas is adsorbed. The adsorption isotherm of a porous 

solid is measured at a constant temperature, by determining 

the volume of gas adsorbed as the relative pressure (P/Po) 

increases. P is the pressure at which adsorption takes place, 

and PO is the vapour pressure of the gas at the temperature of 

the adsorbent. The most commonly used adsorbent is nitrogen. 
Z' 

A plot of the amount adsorbed against the relative pressure 

gives an adsorption isotherm. Adsorption isotherms vary a 

great deal over a very wide range of solids, but the majority 

can be classified into five types, 63,64 as shown in Figure A. 

The Type I isotherm indicates a monolayer of adsorbate on a 

microporous material; the volume of gas adsorbed reaching a 
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limiting value as the gas pressure increases. The Type II 

isotherm indicates a multilayer adsorption on a material 

with open surfaces, i. e. no internal porosity. The Type III 

isotherm indicates a rather unusual adsorbent with an 'inert' I 

type of surface where the adsorbate molecules are attracted 

to each other to a greater extent than to the adsorbent 

(f. R. water on graphite). The Type IV and V isotherms correspond 

to the Type II and III isotherms where there is a cut-off in 

the meso- and macro-porosity so causing the isotherms to flatten 

off. 

Langmuir65 described the Type I isotherm, and derived an 

equation (to cal-culate surface areas) based on a model of 

monomolecular layer of adsorbate on the surface of an adsorbent. 

He assumed that all sites were equivalent and that there was 

no interaction between the adsorbate 
. 
molecules. Dubinin66 

developed a semi-empirical adsorption equation (to calculate 

micropore volume) which has been used for studies of adsorption 

of many adsorbates in microporous adsorbentS67. A very 
a ý, 

comprehensive survey of the use of adsoption data in evaluating 

surface areas and pore size distributions of porous solids is 

given by Gregg and Sing68. 
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2.3.2. Mercury Porosimetry 

Mercury porosimetry69 provides a measurement of pore 

size distributions from a knowledge of mercury penetration 

by forcing mercury into the pores of the solid at successively 

increasing pressures. Washburn70 first suggested the use of 

penetration of liquids into porous solids in order to measure 

capillary volume. lie proposed that for a constant surface 

tension and contact angle, the diameter of a pore entered by a 

liquid is a direct funetion of the applied pressure. He developed 

the relation: 

4T cosO 
p 

(A 

where d is the smallest pore diameter impregnated, T is the 

surface tension of the pepetrating liquid, 0 is the contact angle 

between the liquid and the solid and P is the applied pressure. 

Ritter and Drake7l applied this method to the determination 

of the macropore size distribution in a porous solid. They 

used mercury as the penetrating liquid at pressures up to 

70 MN m-2 (700 atmosphere), filling pores down to 20 run diameter. 

Drake72 extended the lower diameter limit to 3.5 nm by using 

pressures up to 400 MN M-2. 
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Mercury porosimetry gives a pore size distribution 

by impregnation at increasing applied pressures. Each 

increment of applied pressure causes the next smaller set 

of pores to be filled, so gradually increasing the volume 

of mercury impregnated into the solid. 

Certain uncertainties and assumptions are made when 

using mercury porosimetry. The most important assumption is 

that the pore entrances are circular, and the open pore 

entrances only are measured. Other uncertainties include 

the value of the surface tension and the angle of contact of 

mercury. The precision of contact angle measurements is 

limited73 due to the large influence exerted by simple 

experimental factors, such as the humidity of the air, and 

by the purity of the liquid phase and of the surface of 

the solid. However, literature values for mercury on the 

same solid are in close agreement whereas the use of different 

solids can lead to significant changes in the value of the 

contact angle. 

Impregnating mercury into the pores of solids can 

cause damage if high pressure is used. Dickinson and Shore74 

carried out porosity measurements in graphites using mercury 

porosimetry. They found that after impregnation with mercury 

up to 100 MN m-2 (15,000 psi) most of the graphites retained 
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a small fraction of mercury when the pressure was removed, 

even on heating under vaccum to 1043 K. For most of the 

graphites the accessible porosity derived from mercury 

porosimetry at maximum pressure was greater than that 

calculated from helium density measurements. The mercury 

porosity was equal to the helium porosity at an intermediate 

pressure of about 18 MN m-2 (2600 psi) corresponding to a 

pore diameter of 80 nm. Dickinson and Shore74 concluded 

that in some graphites* some of the closed porosity becomes 

open under high mercury pressure, which could be caused by 

breakage of thin pore walls. Baker and Morris75 confirmed 

this structural damage by repeating mercury porosimetry 

measurements onthe same sample of graphite. They concluded 

that damage certainly occurred at pressures of 15-20 MN m-2 

(2000 - 3000 psi) and above and stated that when mercury 

porosimetry indicates substantial voýlumes of pores smaller 

than about 100 nm, care should be taken in its interpretation. 

2.3.3. Metal Impregnation Methods. 

Porous materials can be impregnated with other metals 

(but at higher temperatures) e. g. silver, in a similar manner 

to mercury. The samples are degassed under vacuum, immersed 

in molten silver and a suitable pressure is applied to. force 
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the silver into the pores. The impregnated samples are cooled 

down to room temperature and cut from the solidified mass 

of silver. The impregnated samples can be examined by the 

following methods76: 

(1) X-radiography of thin sections of the sample, 

(2) Examination of the metal skeleton remaining 

after the carbon has been removed by oxidation 
(see Section 5.3.5). 

In order to carry out X-radiography, the sections must be 

less than 100 Vm thick. The simplest method of taking radiographs 

is by using a tungsten X-ray tube, and takiug a contact 

print on a radiographic film. The radiograph itself is 

essentially a shadow pattern (by absorption of X-rays by the 

silver) and reveals changes in the t. otal absorption of the 

radiation passing through the object. The detail is provided 

by the variations in intensity of the transmitted X-ray beam 

and so enables open and closed porosity to be distinguished77. 
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CHAPTER 

GASIFICATION REACTIONS OF CARBON AND GRAPHITE 

3.. l. Gasification in Air (molecular Oxygen). 

Rates of oxidation of graphite by oxygen are very 

sensitive to traces of catalytic impurities, particularly 

metals in the graphite78. The metal particles are often 

mobile and can burrow or channel through the bulk graphite. 

Two important kinetic aspects of the carbon-mOlecular oxygen 

reaction are stated here: (1) the reaction is inhibited by 

carbon monoxide and (2) during the oxidation, both with pure 

and impure carbon, oxygen is chemisorbed on the surface as 

surface oxygen complexes. Some of these surface oxygen complexes 

are of relatively short life and may truly be reaction 

intermeqiates. Hence, discussions of the kinetics of oxidation 

must include the role of surface oxygen complexes which may be 

mobile over the carbon surface, and (to add to the complexity of the 

reaction) have different thermal stabilities during the progress 

of an isothermal reaction and of a non-isothermal reaction. 

Rhead and Wheeler79 were early workers who indicated that 

oxygen combines with (adsorbs onto) carbon to form this surface 
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oxygen complex, CX0y, of variable composition. This complex 

decomposes over a wide range of temperatures in vacuum to 

give a mixture of carbon monoxide and carbon dioxide. These 

observations were confirmed by Lowry and Heulett8O who 

found that the gases could be evolved up to 1173 K. Carbon 

dioxide is evolved predominantly at lower temperatures 

(below -873 K) and carbon monoxide is evolved at higher 

temperatures. Marsh and Foord8l showed that, during oxidation 

of a carbon with molecular oxygen, the relative extent of 

formation of carbon dioxide by the direct route (as distinct 

from oxidation of gaseous carbon monoxide) is a function of 

structural parameters and purity of that carbon under investigation. 

Phillips et al. 82 investigated the influence of reaction 

temperature on the product ratio of the reaction of Graphon 

(a graphitized carbon black) and oxygen, They determined the 

amounts of stable oxygen complexes on the surface, by decomposing 

them at elevated temperatures. Increasing the temperature of 

chemi-sorption can initially increase the extent of chemi- 

sorption, but eventually at about 673 K, a maximum is reached, 

decomposition begins and the standing concentration of surface 

oxygen complexes decrease83,84. A minimum in the ratio of 

CO: CO2 evolved during decomposition occurs with maximum 

concentration of surface oxygen complexes. There is also 
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a certain optimum pressure of oxygen, -0.07 to 0.08 MPa for 

maximum fixation of oxygen at 673 K. Lobenstein and Deitz85 

studied chemi-sorption of oxygen on a few carbon adsorbents 

.. at 473 K. 

The. mechanism of formation of carbon monoxide and carbon 

dioxide during the carbon-oxygen reaction can be described 

by the following reaction stages; 

+02 -> C (0 
2) 

(1) 

C(O 2) -* C(O) + C(O) 

C (0) -+ CO 

C(O) + C(O) -> cf+ Co 2 

Co + C(O) -+ cf+ CO 2 (5) 

02+ 2C(O) -* 2CO 2 (6) 

where Cf is a free site on the carbon surface where reaction 

is possible, C(O 2) 
is chemi-sorbed molecular oxygen and 

C(O) is a chemi-sorbed atom of oxygen. The above sequence 

of reactions give an indication of the complexity of the 
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mechanism of the carbon-oxygen reaction. The species C(O) and 

C(O 2) probably represent surface oxygen complexes with a range 

of thermal stabilities associated with different environments, 

within the carbon surface, of the carbon atom to which the 

oxygen is attached. As the carbon ; atoms attached to the 

surface oxygen complexes are removed by outgassing as carbon 

monoxide and dioxide, so the intermediate environment of surface 

carbon atoms still bonded to oxygen will change together with 

their 'reactivity'. These changes make it very difficult to 

correlate thermal stability of surface oxygen complexes with 

surface structure of the carbon atoms. 

The surface oxygen complexes after formation, may decompose 

to give carbon monoxide (reaction (3)), or they may interact 

with each other to give gaseous carbon dioxide (reaction (4)), 

or they may interact with gaseous carbon monoxide or molecular 

oxygen to form carbon dioxide (reaction (5) and (6)). As the 

reaction proceeds, with the progressive removal of carbon atoms 

from the surface of the carbon, so the physical and electronic 

structure of the carbon surface will change. This implies that 

the progressive oxidation of a carbon surface can cause a change 

in the bonding of surface oxygen complexes. 
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Medalia et al. 86 using electron microscopic, techniques 

found that after oxidation of carbon black with oxygen, in the 

temperature range 630 K to 730 K, the interior of some particles 

burned away as soon as the relatively stable outer shell of 

the particles are penetrated, -leaving only a hollow, or porous 

shell of high surface area. This mechanism accounts for the 

time-dependence of the rate of oxidation of a sample of carbon 

black. 

Oxygen chemi-sorption studies have been made on graphite 

of high grade purity and graphite to which 0.3% of iron was 

added87. Walker et al. 87 concluded from the investigation 

that: a) a surface complex is produced but the rate constant is 

independent of the extent of surface coverage; b) the values 

of entropy of activation indicate that the activated complex 

chemi-sorption is an immobile complex; c) the total active surface 

area is about 4% of the total BET surface area, suggesting 

that the reaction is confined to the edge atoms of the crystallite 

planes, and d) iron is an active catalyst for the chemi-sorption 

of oxygen onto graphite. -However, little reliable information was 

obtained on the mechanism of the catalysis. 

Vastola et al. 88 using 018 as a tracer, showed that the 

oxygen atoms of the carbon dioxide produced during the reaction 

of carbon with oxygen do not always come from the same molecule 
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of oxygen. This implies a 4issociation of the oxygen 

molecules into oxygen atoms on the carbon surface and the 

independent migration to new sites of-tbe mobile oxygen 

.. atoms (not necessarily atomic oxygen). 

Studies, using gold decoration techniques, of the topographical 

changes in surfaces during oxidation of graphite indicate 

that sites on basal planes of preferred attack can often be 

identified with the cores of non-basal screw and edge dislocations 

on the surfaces of graphite crystals and with point defects89. 

Kinetic studies on the carbon-oxygen reaction have been carried 

out using pure graphite to eliminate the effects of impurities 

in order to establish reliable kinetic parameters9o. Activation 

energies of the carbon-molecular oxygen reaction are dependent 

upon the structure of the carbon being oxidised. Therefore 

unlike the majority of chemical reactions e. g. a hydrolysis 

of an ester, it is not possible to publish one, unique value of 

an activation energy which is common for all studies. Activation 

energies for reactions of carbon with oxygen vary from about 

120 U mol-I to about 270 U mol-1. Carbons containing a 

high concentration of impurities yield values of about 147 U mol-l 

(35 kcal mol-1) and graphites containing less than 5 ppm impurities 

yield values of about 252 U mol-l (60 kcal mol-1)90. 
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3.2. Gasification in Carbon Dioxide. 

The reaction between different forms of solid carbon and 

gaseous carbon dioxide has been investigated for many years by 

.. different investigators9l-93, covering different aspects 

including: - pore structure, kinetics, topography, surface complexes 

and gasification products. Some of these aspects are discussed 

in a summary by ThomaS94. According to Lind and Wright95, graphite 

has been reacted with carbon dioxide in conditions ranging from 

small quartz b6lbs in the laboratory to the carbon dioxide 

coolant of working nuclear reactors. 

Reaction rates of different grades of graphite are seldom 

the same. This may be attributed in part to differences in 

crystalline imperfections and porosity. These differences are 

also related to the impurity level of inorganic compounds in the 

graphite96. 

1. 

It was suggested by Long and Sykes97 that impurities affect 

carbon reactivity by interaction with the 7-electrons of the 

carbon basal planes. This interaction is attributed to a 

change in the bond order of the surface atoms so affecting the 

ease with which they can leave the surface as oxides of carbon. 

According to this theory, removal of an electron by an impurity 

increases the rate of reaction, whereas addition of an electron 

decreases the rate of reaction. Since the q-electrons are known 
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to have high mobility in the basal plane, the impurity does 

not need to be adjacent to the reacting carbon atom. However, 

currently this theory has little support. The mechanism now 

generally accepted is that catalytic gasification occurs at 

the point of contact of catalyst with carbon and that the catalyst 

can be an oxygen carrier. 

The overall thermal reaction between carbon and carbon 

dioxide at high temperatures is represpnted by the following 

equation: - 

C+ CO 2 -* 2CO (gasification reaction) (7) 

During this reaction, the first step is the dissociative 

adsorption of carbon dioxide at free active sites on the carbon, 

Cf. 

Cf+ CO 2 -* CO + C(O) (oxide formation (8) 
reaction). 

This results in the formation of a carbon monoxide 

molecule and a bound surface oxide 
98 

on the graphite which 

subsequently decomposes at temperatures above 873 K90 removing 

a carbon atom from the solid to the gas phase, evolving carbon 

monoxide. 

c (0) -> CO 
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Since C(O) is actually attached to the graphite lattice 

this equation can be written as: - 

C(O) -> CO + nc f (10) 

to account for regeneration of active sites C f* In this 

case n is an integer having a value from zero to two; if a 

steady state reaction can be maintained, then n has a value of 

one99. 

ErgunlOO postulated the existance of active sites on the 

carbon surface and suggested that the differing reactivities 

of various carbons arose from variations in the number of active 

sites. He proposed that equation (8) was reversible: 

i. C+ CO ' (11) f2' CO +C (0) 

This proposal was supported by Bonner and Turkervichl0l. 

They used 14 C02 to show that the rate of oxide formation is 

greater than that of decomposition, i. e. the forward reaction in 

equation (11) is very rapid, resulting in a large build-up of 

surface oxide. They also found no evidence for the reverse of 

equation (9). 

Harker et al. 102 showed that the presence of surface oxide 

on the carbon retards the rate of the carbon dioxide reaction, 

but enhances the rate of carbon dioxide formation from carbon 

monoxide. 
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C(O) + CO -+ CO 2+c (12) 

Two mechanisms hýkve been proposed to account for the 

inhibiting action of carbon monoxide. In the first, carbon 

monoxide is assumed to adsorb reversibly on the active sites 

- forming an inactive complex C(CO): 

cf+ Co -> C(C0) (13) 

The inactive complex C(CO) blocks off the active sites and so 

reduces the rate of reaction. 

In the second mechanism adsorption of carbon monoxide is 

assumed to be negligible and the inhibition is due to the 

reversibility of equation (11) and the existance of equation (10)90- 

There is strong doubt, from kinetic studies, that the latter 

mechanism, is correct. 

Two strong arguments against the first mechanism were 

given by Reif 
103 

who showed that chemi-sorption of carbon monoxide 

is negligible and Ergunloo who, using three very different carbons, 

obtained an equilibrium constant for reaction (11) which was 

independent of the purity and surface area of the three carbons. 

Turkdogan and Vintersl04 contributed to this field, and carried 

out work on the poisoning effect of carbon monoxide. The reaction 

kinetics implied that the carbon monoxide has a two-fold poisoning 
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I 
effect: (1) covering the surface sites due to strong adsorption 

and (2) increasing the activity coefficient of the activated 

complex for the dissociation of carbon dioxide on the surface 

of carbon. No direct evidence for carbon monoxide adsorption was 

provided. The adsorption was assumed for the model. 

Grabkel05 carried out kinetic studies and confirmed the 

following reaction mechanisms: 

co CO +0 (adsorbed) 
2 

0 (adsorbed) + C.,, CO 

(14) 

(15) 

From the kinetics he showed that these two reactions predominantly 

take place at different sites, although the kinetics of both 

reactions are correlated. A uniform oxygen activity is 

established at the carbon surface by the. interplay of the oxygen 

surface diffusion of both reactions. Grabke concluded that no 

general explicit rate equation can be given for the oxidation 

of carbon in carbon dioxide. 

Various degrees of coverage by surface oxide have been 

reported for the reaction between graphite and carbon dioxide. 

Gulbransen and Andrew'06 using spectroscopic graphite in 0.01 Mpa 

of pure carbon dioxide, obtained 5,20 and 30% coverage at 

770 K, 870 K and 970 K respectively, but zero coverage above 

1170 K. Tonge130 obtained a 4% coverage on nuclear graphite at 
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720 K and a 20% coverage at 820 K. However, Lang et al. 107 

concluded that coverage on purified nuclear graphite was 

less than 0.5% over the same temperature range. Sykes and 

Thomas108 detected no adsorbed oxygen in the surface of graphite 

at temperatures between 1020 K and 1170 K. 

Boardl09 oxidised nuclear-grade graphite (PGA) with carbon 

dioxide in the temperature range 970 K to 1070 K, and showed 

that the rate of oxidation of the graphite was independent of 

the carbon dioxide pressure. When carbon monoxide is present, 

the rate decreases as the ratio of the partial pressures increases, 

P 
co 2 

/Pco* 

GrabkellO confirmed this, at slightly higher temperatures. 

He showed that the amount of oxygen adsorbed on graphite at 

temperatures between 1170 K and 1370 K is independent of the total 

pressure, but is critically dependent on the carbon dioxide/carbon 

monoxid6 ratio of the gas. Boardl09 showed that the rate of 

oxidation of Pile Grade A graphite (PGA) increased with burn-off 

up to 4% burn-off and then the rate became nearly constant. 

Different values of the rate constants and activation energies 

have been obtained by different authors. Walker et al. 
96 have 

extensively reviewed the earlier work in this field. 
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The gasification of carbon by carbon dioxide can be 

described by the following rate equation96,99. 

k1p 
Co 2 Rate =- 

1+k 2p Co +k3p Co 

.P C02 and P CO are partial pressures of carbon dioxide and carbon 

monoxide, kIk2 and k3 are constants related to the rate constants 

of steps in a reaction sequence. 

There is no simple order for the carbon -carbon dioxide 

reaction. The reaction will be first order at low partial 

pressures of carbon dioxide and zero order when K3P C02 >>l. 

Therefore, experimentally, reaction orders are reported varying 

from zero to one dependent on the experimental conditions and 

the structure and porosity of the carbon reacted. 

Thý approach of Ergun and Mentser99 explains the relevant 

kinetic and mechanistic information for the uncatalyzed carbon - 

carbon dioxide reaction at temperatures below 1300 K and at 

pressures up to one atmosphere. 

At temperatures below about 1700 K the rate of gasification 

progressively increases with temperature according to the 
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Arrhenius Equation, but in the region of about 1700 K it 

begins to level off to become temperature independent and 

eventually beyond 1700 K to show a negative temperature 

.. coefficient i. e. the rate of oxidation decreases with 

increasing temperature. Beyond about 2300 K, the rate again 

assumes a positive temperature coefficient. An explanation90 

put forward for these effects states that up to about 1700 K 

any damage sustained by the graphite surface during oxidation 

remains. Beyond 1700 K, because of the possibility of surface 

diffusion of carbon atoms, the damage of the graphite is 

'annealed' and the reactivity oi the carbon surface exhibits 

a marked decrease. Eventually, with increasing temperature, the 

rate of diffusion of carbon atoms reaches some limiting value 

and the rate of oxidation begins to increase again with increasing 

reaction temperature. 

The activation energy for the carbon-carbon dioxide reaction 

is about 330 U mol-1 and about 160 U mol-1 for the catalytic 

gasification of carbon by carbon dioxide. 

The development of pore structure within solid carbon 

during reaction with carbon dioxide has been studied by several 

investigators. Dubinin et al. 111 carried out studies on the 

porous structure of active carbons obtained by activation of carbonized 
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sucrose with carbon dioxide at 1120 K. He used adsorption 

and small angle X-ray scattering and found that during 

activation nearly the entire volume of the oxidised carbon 

formed micropores, increasing their volume by a factor of 

2.5 to 3. 

Kalback et al. 112 studied aspects of pore growth within 

porous graphitized carbons which were oxidised in carbon 

dioxide at temperatures of 1200 K, to different percentage 

burn-offs. He used mercury porosimetry to obtain pore-size 

distributions, to follow the increase in macroporosity during 

oxidation. 

He concluded that the major portion of early pore development 

apparently occurred by preferential burning of the single 

crystallites of carbon parallel to the basal planes of the 

crystallites. This yielded pores of approximately the same 

size as the original carbon crystallites (50 nm to 300 nm)112. 

The pores developed by this mechanism reached a maximum volume, 

where further development in this range of pore size ceased. 

It was suggested that this was due to exhaustion of exposed 

crystallites of the correct orientation, i. e. when a single 

crystallite has completely burned away, the crystallite at the 

end of the resulting pore could have a different orientation. 
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After this pore development ceased, the walls of the larger 

pores constituted a major portion of the gasified carbon. 

Walker and Raatsll3 studied pore growth in a reaction 

between a type of graphitized carbon rod and carbon dioxide. 

Pores were developed by a two step process, first, by burning 

small amounts of one type of graphitic material, which removed pore 

constrictions, followed by burning at the surfaces of larger 

particles of a second type of graphitic material. 

Marsh and RandI14 used adsorption measurements and mercury 

density measurements in order to study changes in porosity of 

an 1123 K polyfurfuryl alcohol carbon during gasification in 

carbon dioxide. They showed that all the closed porosity is 

opened to adsorbate and the reacting gas in the initial stages 

of gasification. 

3.3. Gasification in Atomic Oxygen. 

A number of workers have studied the reaction between carbon 

and atomic gases in order to obtain a better understanding of the 

reaction with gas atoms and molecules. Streznewski and Turkevich115 

reacted evaporated carbon films and carbon particles with oxygen 

atoms produced in a discharge tube. They found that the carbon 

was readily oxidised but the rate of oxidation was independent 
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of temperature in the range 293 K to 373 K and dependent 

directly on the oxygen atom concentration. 

Otterbein and Bonnetain 116 studied the kinetics of the reaction 

of atomic oxygen with carbon. They showed that at temperatures 

below 373 K, reaction rate is determined by the decomposition 

of surface oxides, whereas at temperatures over 473 K, gas phase 

diffusion of atomic oxygen is determining the rate. 

Blackwood and McTaggartll7 oxidised natural graphite in 

oxygen atoms produced by a radio-frequency discharge. They 

found that carbon monoxide was the primary product, but carbon 

dioxide was f ormed by oxidation of the carbon monoxide at the 

surface; 

C+0 -* CO 

CO +0 -> CO 2 

Vaptola et al. 118 confirmed that carbon monoxide was the 

major product and found that an. extensive reaction occurred between 

atomic oxygen and carbon whether the carbon was inside or 

outside the actual discharge area. 

Marsh et al. 119P 120 prepared atomic oxygen by dissociation 

of nitrogen free molecular oxygen in a microwave discharge. 

They measured the temperature dependence of the oxidation of 
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carbon and the amounts of surface oxide formed in the 

temperature range 273 K to 673 K. The extent of surface 

oxide f6rmation was measured by ou. tgasing in vacuum over 

selected temperature intervals, collecting the desorbed gases 

and analysing in a mass spectrometer. They found that oxidation 

of 1573 K polyvinylidene chloride carbon and purified Ticonderoga 

graphite crystals were both temperature dependent. The 

surface-oxides retard the rate of oxidationl2l and decompose 

on heating to give both carbon monoxide and carbon dioxide. 

Rates of gasification are controlled by both chemical and 

diffusion processes. 

Marsh et al. 122 in earlier work had found that unlike the 

reaction with molecular oxygen, atomic oxygen produced a 

general background of conical pits, as well as etch pits 

associated with defect structures, on surfaces of crystalline 

graphite but not on pyrolytic graphite. There was much less 

structural reaction anisotropy during oxidation by atomic oxygen 

than by molecular oxygen. 

The presence of iron on the surface of Ticonderoga graphite 

promoted recombination of atomic oxygen, so decreasing the 

oxidation rate. Areas of the graphite surface, in the vicinity 
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of small globules of iron therefore remain unoxidised and 

develop into hexagonal hillock structures orientated at 

right angles to the hexagonal pits produced by oxidation 

in molecular oxygen122. 

Marsh et al. 123 also showed that graphite crystals irradiated 

with neutrons behave differently from unirradiated crystals 

on oxidation with atomic oxygen at 473 K. Instead of small 

conical-shaped pits being observed, much larger flat-bottomed 

pits were produced with average diameters of 5 Vm. 

Lang et al. 124 examined the reaction of very pure graphite 

with oxygen atoms produced by the thermal decomposition of 

ozone. They considered that the formation of atomic oxygen by 

electrical excitation of molecular oxygen gave rise to secondary 

products such as ions, excited molecules and free radicals, 

which could react with the carbon and give erroneous results. 

Examination of the carbon after oxidation showed that reaction 

had taken place to some extent in the pores as well as on the 

external surface. 

Rosner and Allendorf125 studied the kinetics of the reaction 

of graphite and atomic oxygen and diatomic oxygen using a 

microwave discharge, in the temperature range 1100 K to 2000 K. 

They found that the oxidation probability for atomic oxygen 
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attack (a) exceeds that for molecular oxygen by factors from 

5 to as much as 80, (b) pass. es through a maximum in this 

temperature range, as' does the molecular oxygen attack, and 

(c) is independent of oxygen partial pressure in contrast to 

the kinetic order of the rholecular oxygen-carbon reaction. From this 

study, the conclusion is that ptoms of oxygen do not behave 

like the dissociated oxygen inthemolecular oxygen reaction. 

An extensive study of the kinetics and mechanisms of the 

carbon-oxygen reaction are covered by Foord126. 

3.4. Gasification in Atomic Hydrogen. 

The reaction between atomic hydrogen and carbon has been 

studied by a few workers, although not as much work has been 

carried out as with atOMic oxygen. 

Blackwood and McTaggartll7 obtained methane from carbonized 

wood at room temperature, by gasifying with atomic hydrogen. 

Shahin127 obtained a mixture of methane, acetylene, ethylene 

and ethane from graphite at about 973 K with the specimen 

located outside the discharge, but found no reaction at room 

temperature. 

Vastola et al. 118 found that the reaction between atomic 

hydrogen and graphite would only take place if the carbon was 

located inside the discharge. They obtained small amounts of 
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hydrocarbons, gaseous and solid when the carbon was directly 

in the hydrogen discharge. 

King and Wisel28 obtained a mixture of methane and acetylene 

from carbon films at temperatures between 365 K and 520 K. 

They concluded that the predominating reaction was the recombination 

of hydrogen atoms. 

3.5. Radiolytic Oxidatibn of Graphites. 

The type of gas used as a coolant in a nuclear reactor 

depends initially on the temperature at which the reactor is 

to operate. Unless an inert gas, such as helium is used, 

corrosion of the graphite material would become serious above 

about 850 K. 

Air could have been used as a coolant with little adverse 

effect oIn the graphite for reactors operating below 500 K. 

This was used in several large production reactors as well as 

test reactors and is discussed by Clark et al. 129. But 500 K 

is too low a practical temperature. 

At temperatures approaching 600 K oxidation of graphite by 

air becomes serious and carbon dioxide has been used as a 

coolant in Advanced Gas-Cooled Reactors up to a temperature 

of 850 K. However, even below 800 K radiolytic oxidation in 

carbon dioxide is not negligiblel30. 
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In a graphite-moderated nuclear reactor, which is 

cooled by carbon dioxide, the graphite undergoes radiolytic 

oxidation by oxidising species created by radiolytic 

decomposition of the carbon dioxide. In the mid 1950s it 

was thought that the extent of the thermal reaction between 

carbon dioxide coolant and the graphite 1hoderator was 

insufficient to cause any concern over the life-time of the 

graphitel3l. 

However, in operation, rates of weight loss of graphite 

(as moderator) were unacceptably high and some method of 

reducing these rates was required for the successful operation 

of the Advanced Gas-Cooled Reactors. A resultant programme 

of studies included development of more resistant graphites as 

well as examining the effects of additions of inhibitors to 

the carbon dioxide gas. 

Early experiments on the protection of graphite by covering 

it with a layer of impervious material were terminated due to 

difficulties in obtaining a sufficiently impervious layer to 

prevent diffusion of the gas into the internal graphite 

structure. Silicon carbide layers were the most successful. 

An alternative to this protection was the production of a 

closed pore graphitel32. The most effective technique for 
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reducing the open pore volume was to impregnate the baked 

carbon four times, two of these being with pitch. This caused 

a reduction in the open pore volume by a factor of three. 

Now, inhibitors such as methane are added to the coolant gas. 

Work has been carried out133 on the mechanism of oxidation 

of graphite by carbon dioxide under gamma radiolysis studying 

the relationship between the pore structure of graphites and 

the radiolytic oxidation rates in carbon dioxide with traces 

of carbon monoxide. A correlation was obtained between the 

radiolytic, oxidation rates and the mercury pore size distributions. 

Hutcheon et al. 132 reported results for a variety of 

synthetic graphites for the radiation-induced reaction with 

carbon dioxide and showed that the oxidation rate was proportional 

to the open pore volume. 

Standring and Ashton 134 showed that during radiolytic 

oxidation of graphite in carbon dioxide, up to 40% of the 

original closed pore volume is opened up at weight losses 

of < 2%. Thereafter, the remaining closed pores only become 

accessible in direct proportion to the graphite consumed. 

The pores thus opened are probably similar in character to 

the original open pores. Lind and Wright95 reported, from 
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initial results of in-pile oxidation experiments, that radiolytic 

attack opens up some of the closed porosity rapidly but even 

after 13% weight loss, a substantial proportion of the porosity 

- remains closed. 

Feates and Walker135 studied the primary gasification 

products during the radiolytic reaction between graphite and 

carbon dioxide. They used 
14 C-labelled graphite, and found 

that when the graphite was conditioned by prolonged exposure 

to radiolytic carbon dioxide, the ratio of carbon monoxide 

to carbon dioxide rose from 0.2 at 470 K to 0.5 at 770 K. 

The ratio was-not affected by pressure in the presence of up 

to 30% carbon monoxide. 

This is consistant with a mechanism in which a relatively 

stable surface oxide is formed which can follow alternative 

routes during further radiolysis: 

Co 2+C -> C (0) + CO 

C(O) + o* -> CO (19) 

c (0) +c (0) -> Co 2 
(20) 

C (0) -> CO 
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Reaction (18). forms a surface oxide with evolution of 

carbon monoxide but no gasification. Subsequently the oxide 

may decompose either as a result of reaction with active 

.. species, (5ee below), reaction (19)*, or as a result of surface 

interaction, reaction (20). It may also desorb as r-arbon 

monoxide, reaction (21). 

As the temperature is raised, surface oxide decomposes 

more readily so that reaction (21) will increase and the extent 

of reactions (19) and (20) will fall. Consequently, at the 

higher temperatures, the overall extent of gasification as 

carbon monoxide will increase, and since this requires the consumption 

of only one active oxygen atom, whereas carbon dioxide requires 

two, the efficiency of gasification will also increase. 

Feates and Fryer136 carried out studies on surface oxide 

formation on graphite exposed to radiolytic carbon dioxide, 
I 

at 425 K. They found that the oxide formed radiolytically, 

was at least partially decomposed on heating the graphite to 

775 K. The oxide formation appeared to be an essential 

preliminary to gasification since negligible gasification 

takes place from an oxide-free surface. 

The absorption of radiation energy in the carbon dioxide 

gas results in the formation of an active oxygen species 0*, 
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which attacks the graphite after migrating to the surface. 

These excited oxygen species react readily with graphite to 

produce gaseous oxides of carbon: 

Co 2 -> Co + 0* (22) 

+c -> Co (23) 

The loss of carbon from the graphite by conversion to 

carbon monoxide reduces its strength, the moderator efficiency 

and ultimately, the life of the graphite within the reactor. 

The active species may be destroyed by the deactivation 

reaction: 

o* + CO -> CO (24) 

At high pressure, gas radiolysed externally to the graphite 

contributes little to its attack, most of the reaction arises 

from exýitation of the gas in the pores134. The gas is activated 

by secondary particles, electrons and heavy ions produced by 

interaction of gainmaand fast neutron components. Excitation 

of the gas in the pores is thus largely a consequence of 

absorption of the primary radiation in the graphite itself. 
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The rate of oxidation of graphite has been found to be 

directly proportional t095: 

(a) the volume of the open pores 

(b) the pressure of the carbon dioxide in these pores 

and (c) the radiation dose rate of the carbon dioxide. 

The rate of attack of the graphite will increase with 

burn-off because oxidation opens up the pore structure. Increase 

in the total open pore volume will be due to widening of 

already existing open pores and opening up of initially 

closed pores. 

The graphite-carbon dioxide reaction in the reactor is 

promoted by reactor radiation but Copestake et al. 137 reports 

that-this radiation-induced process is unlikely to be dependant 

on temperature and the limiting temperature for operating the 

process is probably set by the thermal reaction. However, it 

is reported elsewhere95 that temperature can affect the radiolytic 

reaction in two ways: 

(a) by altering the gas density and hence 

energy absorption. 

and (b) by changing the reaction rates. 

These effects may counteract each other, hence a simple correlation 

with temperature may not result. 
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The influence of carbon monoxide added to the coolant gas 

(carbon dioxide) on the radiolytic oxidation of graphite is 

to increase the rate of removal of active species (0*) 

i. e. CO + o* -> CO 2 
(24) 

and to decrease the oxidation rate of the graphite. Carbon 

- monoxide also reduces the rate of weight loss of the graphite. 

The degree of inhibition of carbon monoxide depends on the 

distribution of the gas, its purity and the gas pressure and 

temperaturel38. The effect of carbon monoxide on the gamma- 

radiation induced reaction between graphite and carbon dioxide 

has been investigated at temperatures of 498 K to 648 K using 

14 139 
C-labelled graphites . This labelling of graphites gives 

a unique and sensitive way of distinguishing effects on the basic 

structure of graphite. The 
14 

C-labelled graphites wer6,. used so 

that the carbon monoxide produced during the reaction could be 

distinguished from the carbon monoxide present at the start 

of the reaction whidh contained 
12 

C. A gas scintillation 

14 
counter recorded the total C activity in the outlet gas 

stream and 14CO and 14 C02 concentrations were determined by a 

scintillation detector in the gas chromatograph. 14C-labelled 

graphites were developed in various ways, e. g. by incorporating 

14 C carbon black in stan dard components of the graphites, or 

by reacting the graphite with 14CO at 2273 K.. However, it is 

difficult to obtain uniform labelling throughout the graphite. 
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Carbon monoxide only acts as an inhibitor to a limited 

extent. The degree of inhibition is unsufficient for successful 

operation. The radiolytic oxidation rate of graphite in a 

graphite-moderated nuclear reactor is so great that an additional 

inhibitor must be added to the carbon dioxide to minimise 

the radiolytic gasification. This will reduce the weight loss 

of graphite and hence prolong its life-span to an acceptable 

level. Cases such as methane have been used as inhibitorsl40. 

Methane interacts with carbon dioxide to yield species (complex 

organic material not yet identified) in the presence of radiation 

to protect the graphite surface. These species are: 

(a) deposited on the surface of the graphite 

and form a protective barrier, 

(b) responsible for inhibition, 

(c) heterogeneously distributed, i. e. not a 

un-imolecular layer, 

(d) mobile on the surface 

and (e) preferentially oxidised. 

Therefore methane must be continuously injected into the 

coolant circuit to maintain its inhibition because methane 
I 

depletion occurs continuously throughout the graphite blocks. 

The surface concentration of the protective species depends 

on the radiolytic methane oxidation rate. Active oxygen atoms 

which reach the graphite pore walls react with the graphite 

and desorb as carbon monoxide. Other active oxygen atoms 

react preferentially with the protective species either on 

arrival at the graphite surface or during migration across 

the surface. 
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CHAPTER 4. 

OBJECTIVES OF THE STUDY 

The overall objective of the study is to characterise the 

pore structure, in term of size, shape and interconnectivity, 

of nuclear-grade graphite. The study is sub-divided into several 

sections describing different experimental approaches which are 

presented in Chapters 5 to 10. 

Objective 1. The assessment of methods of pore analyses. (Chapter 

Methods of pore analyses are assessed to elucidate those which 

are most useful in analyses of pore structure. The information from 

the several methods are used to compile a model of porosity for each 

type of graphite and to compare the models of the different graphites. 
P 

The methods of assessment of pore structure include: - 

(a) Optical microscopy. 

Optical microscopy gives a measuKe of the size and shape of 

the porosity in graphites. The limits of resolution are about 

0.5 pm. 

(b) Scanning electron microscopy. 

Scanning electron microscopy can investigate porosity to a 

resolution of about 100 nm. The scanning electron microscope 

has a high depth of focus making it a useful instrument for 

studying depths of pores, and their internal structures by taking 

stereopairs. With stereopairs, two micrographs are taken at 
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different angles to the incident electron beam and viewed to 

obtain a three-dimensional image, capable of analysis. 

(c) High-voltage transmission electron microscopy. 

The high-voltage electron microscope (I, OOOkV) has an 

electron beam which penetrates specimens to about 4 jim in 

depth. Thus a specimen more representative of the whole 

sample can be studied; e. g. interconnecting pores in the structure 

can be detected in thin samples, especially if the pores are 

filled with an electron dense material. 

(d) High-resolution scanning electron microscopy. 

High-resolution scanning electron microscopy (based on a 

TEM instrument) can be used to study pores in graphite, with a 

limiting resolution of about 5 ran. This enables the meso-pores 

to be studied, in terms of their shape and size, and the associated 

morphology of the graphite substance. 

(e) Metal impregnation methods. 

Metal impregnation of graphites i.. e. the filling of 

accessible pore volume, enables the open and closed pores to be 

investigated individually, by both optical and scanning electron 

microscopy. A three-dimensional replica of the open pore 

structure can be obtained by oxidizing the graphite and 

investigating the residual metallic replica of the porosity, 

including the interconnecting system. 

(f) Thermal oxidation in air. 

Graphites were thermally oxidized in air to investigate 

the relative rates of growth of pores of different sizes. Growth 
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is influenced significantly by pore size, whether or not it 

forms part of the 'transport system', and by the size of any 

interconnecting pores. Comparison with virgin graphites, 

using optical and electron microscopy, shows the development 

of pores during gasification. 

(g) Oxidation by atomic oxygen. 

Graphites were oxidized with atomic oxygen to obtain 

information on the changes introduced to the porosity by this 

species which will react at room temperature and has some 

resemblance to radiolytic oxidation. 

(h) Photogrammetry and stereology. 

Porosity in graphite must be quantified. Using photo- 

grammetry, depths of pores, surface contours and the topography 

of the surface can be measured from a three-dimensional image. 

Using stereology, the shapes, sizes, frequency of distribution 

etc. of porosity can be assessed, initially in two-dimensional 

analyses, and subsequently in three-dimensional analyses. 

Objective 2. Thermal gasification processes in graphite. (Chapter 

As well as studying dimensional changes in porosity following 

gasification, the mechanism, (e. g. topographical changes on different 

surfaces), of gasification has to be elucidated as this explains the 

development of pore size and shape. The topographical changes are 

examined and related to the original optical texture as observed 

in graphites following gasification in air, carbon dioxide, atomic 

oxygen and atomic hydrogen. This is done by examining the graphites 

before and after gasification. 
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Objective 3. Ultrasonic testing of graphites. (Chapter 7). 

Non7destructive ultrasonic testing of graphite samples is 

undertaken before and after gasification, in order to monitor 

the extent of internal pore growth during gasification. 

Objective 4. Radiolytic oxidation processes in graphites. (Chapter 

The surfaces of graphites which have been subject to radiolytic 

oxidation in a nuclear reactor (and their controls) are studied 

us ing: 

a) Optical microscopy 

b) Scanning electron microscopy 

C) High-resolution scanning electron microscopy 

in order to mofiitor changes in their pore structures following 

oxidation by measuring pore sizes, surface roughness and changes 

in the topography of the internal pore walls. 
0 

Objective 5. Image analyses using the Quantimet 720. (Chapter 8). 

The Quantimet with a feature dat& tnodule, is used to produce 

pore shape/size data on radiolytically oxidised graphites and 

their controls. From the data, changes in porosity, pore 

diameters, pore wall thicknesses, pore perimeters and Feret 

diameters are assessed. 

Objective 6. Microscopic examination of irradiated graphite. _(Chapter 
9). 

Neutron-irradiated (non-oxidised) samples of graphite are examined 

by microscopy. It is known that these samples differ from the 
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radiolytically oxidised samples in that the closed pore 

volume decreases preferentially when compared with the 

open pore volume. These samples are studied by optical 

microscopy to determine any difference in the optical texture 

after irradiation, and by scanning electron microscopy to 

determine changes in the topography and pore wall surfaces. 

An essential objective is to determine the origins of the 

porosity generated by the neutron-irradiation. 

Objective 7. Progressive polishing of virgin graphites_(Chapter 10). 

Progressive polishing is carried out in order to monitor the 

interconnections of pores throughout the bulk of the graphite body, 

and to build-up a three-dimensional model of the pore structure 

from data obtained, principally from scanning electron microscopy. 
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rMAPTF. P 9; 

METHODS OF ASSESSMENT OF POROSITY. 

5.1. Samples. 

Eight different nuclear graphites were investigated in this 

study as listed in Table 1; AGLMP and BAEL GCMB are manufactured 

from Gilso-carbon (see Section 1.3); AGLHP and Morgans EYC 9106 

are unipore graphites, AGLHP is manufactured from petroleum coke 

and coal-tar pitch; Lima and PGA L18 graphite are manufactured from 

petroleum coke; BAEL VQMB and BAEL VNMC graphites are manufactured 
141 

from pitch coke The open pore volume values given in Table 1 

were obtained from pore size distribution curves, drawn up from 

mercury porosimeter measurements. It can be seen from this Table 

how the open pore volumes of the different graphites vary with the 

pore entrance diameters. Figures A5 to A12 give the mercury pore 

size distributions for the eight graphites examined. Table 2 

lists properties for AGLMP graphite in the virgin state and after 

thermal oxidation to 5.4% and 10.5% weight loss. These graphites 

were used to investigate the effects of thermal oxidation on 

porosity. During oxidation the bulk density decreases and many 

of the closed pores become open. The open pore volume increases 

by about 100% at 10.5% weight loss. 

5.2. Sample Preparation. 

Optical Microscopy. 

The graphite samples were prepared, for optical microscopy, by 

polishing the surfaces. The degree of polishing depends very much 
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on the hardness of the sample and certain difficulties are encountered 

especially if relief and pluck-out are to be avoided. Small pieces 

of sample are held in an epoxy resin block, by placing them in a 

small container, 2.5 cm diameter cylinder, and pouring resin over 

them. When the resin has set, the surface is ground on a rotating 

diamond plate to expose the sample surface. Polishing can then 

begin. Some samples are brittle and soft and may rupture or break-up 

during polishing. These must then be vacuum7-impregnated with a 
142 

slow-setting epoxy resin. This impregnation technique is also 

useful for impregnating the open pores in graphite for use with the 

Quantimet 720 image analyzer. The sample can be ground and polished 

to reveal three degrees of contrast: open pores, closed pores and the 

graphite body. In this case the resin must have several properties: 

low viscosity, reasonably long setting time, good carbon wetting 

properties, non-contraction during setting, stability under moderate 

vacuum and it should be hard and chemically resistant to support the 

sample during grinding and polishing. 

When the sample has been mounted and impregnated it is ground 

and polished. Polishing begins by tubbing the sample on 600- and 

360-grade emery paper using water as a lubricant and cleanser. The 

scratches produced by cutting or grinding are removed at this stage. 

The virgin graphite samples, that were not mounted for polishing, 

were about 1 cm cube. Polishing is carried out using a paste of 

5/20 alumina powder (to remove most of the scratches), 3/50 alumina 
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powder (to obtain a polish) and finally gamma alumina powder which 

has a particle size of ýcl. O 11m. (to up-grade the polish). The 

specimen is rotated by hand on a Selvyt cloth which is kept taut 

and wet with the alumina paste. After polishing, the specimens were 

thoroughly washed and ultrasonically cleaned to remove residual 

alumina powder and debris. 

5.2.2. - Scanning Electron Microscopy. 

For scanning electron microscopy the surface of the sample was 

prepared in the same way as for optical microscopy and then coated 

with gold in a vacuum coating unit to prevent the specimen charging 

during examination with resultant loss of image quality. The 

specimen was glued with durafix onto an aluminium stub to fit in 

the holder of the microscope. 

5.2.3. High-Voltage Transmission Electron Microscopy. 

For high-voltage electron microscopy the graphite was impregnated 

with mercury using the mercury porosimeter. The pressure used enabled 

pores down to 15 nm to be impregnated. The specimens studied were 

p-repared-in two ways. One sample was ground finely with a pestle 

and mortar to obtain small particles, < 0.5 'pm diameter. From the 

other sample a thin slice, - 0.5 Jim was cut using a microtome. Each 

sample was mounted on a grid 3 mm in diameter, and placed in the 

instrument holder. 
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5.2.4. High-Resolution Scanning Electron MicroscopX. 

For high-rýesolution scanning electron microscopy the samples 

were polished coarsely, ultrasonically cleaned, cut down to 2 mm x2 mm 

x 0.8 mm, coated with Pt/Pd and adhered to a stub with a conducting 

adhesive. 

5.2.5. Impregnation Methods. 

The preparation and impregnation of metal impregnated samples 
141 

was carried out by U. K. A. E. A. at Springfields - The samples were 

cut to size, about 10 mm diameter and 5 mm high and placed in a 

quartz tube. Gold pellets were added in sufficient quantity to 

ensure complete immersion during impregnation and the tube was 

evacuated to remove air and moisture from the graphites. The 

quartz tube was heated up to 1620 K, quickly transferred to a 

pressure vessel and pressurized to pressures between 20 and 30 HPa. 

Unfortunately, with this apparatus, the gold cannot be heated during 

pressurization. Hence, there are some instances where incomplete 

filling is observed. After the impregnated graphites are removed 

from the chamber, any excess gold is sawn off. The graphites are 

examined either by polishing for optical and electron microscopy 

or the metallic replicas of the open pore spaces are studied by 

microscopy after oxidation. 

5.2.6. Oxidation Methods. 

The thermally oxidized samples were oxidized at U. K. A. E. A. 

Springfields. Oxidation was carried out in air at a temperature 
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of 753 K (-4800C) for several days, the oxidation rate being 

55.6 -pg ksec-l (200 Vg hr-1). One sample was oxidised to 5.4% 

weight loss, and a second sample was oxidised to 10.5% These 

samples were polished for optical and scanning electron microscopy. 

Some of the graphites that were oxidised by atomic oxygen were 

polished and cleaned, making sure there were no traces of alumina 

present in the sample. They were oxidised and examined by scanning 

electron microscopy. Others were not polished but were oxidised 

and examined in the same way. 

5.3. Experimental Methods. 
. 

Figure 2 is a flow diagram of the methods which have been 

investigated. These are all discussed in detail in this Section. 

5.3.1. Optical Microscopy. 
I 

5.3.1.1. Capability. 

The optical microscope used is a Vickers M41 polarizing light 

microscope. Using plane polarized light and introducing a half-wave 

plate into the reflected path of the optical system, (Section 1.4) the 

optical texture of the specimen surface can be assessed and related 

to the structure and crystallographic orientation of the graphite. 

optical microscopy gives a measure of the shapes and sizes of the 

macropores, the limits of resolution being about 0.5 pm. A comparison 

of the porosity in different graphites can be made from optical micrographs. 

5.3.1.2 Technique. 

Six graphites were investigated by optical microscopy: AGLMP, BAEL 

GCMB, AGLHP, Morgans EYC 9106, Lima and PGA L18. They were prepared by 

polishing the surface (Section 5.2.1. ) and mounting on a glass slide 
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making sure that the specimen was flat. Coloured micrographs were 

taken of representative, characteristic areas of each graphite for 

analysis. 

5.3.1.3 Results. 

optical micrographs are shown in Figures 3 to 8. From these 

micrographs information on pore-shape and size, and optical texture 

can be obtained. Figures 3 and 4 are micrographs of virgin Gilso- 

carbon, nuclear graphites, i. e. AGLMP and BAEL GCMB respectively. 

Figure 3 is a micrograph of AGLMP graphite showing a macropore 

(200 Vm diameter) with thin (5 Vmvide) , crack-like pores orientated 

concentrically around the central pore. This concentric structure 

is very characteristic of the Gilso-carbon graphites, with the pore 

walls parallel to the basal planes of the graphite, and the pore 

surrounded by concentric layers of graphitic sheets, as demonstrated 

by the blue and yellow colours. Around the circular grist structure 
0 

there are anisotropic mozaics, (5 um to 10 pm diameter), arranged in 

such a way as to establish super-mozaics (500 pm)., This demonstrates 

the change in optical texture in the-grist structure. Figure 4 is a 

micrograph of BAEL GCMB graphite, showing the characteristic concentric 

structure, but the macro-structure here tended to be smaller than in 

the AGLMP graphite. The concentric grist structures are again 

delineated by anisotropic mozaic areas, and there are many long (100 vm), 

thin (10 pm) pores similar to shrinkage cracks. 

Figures 5 and 6 are micrographs of virgin unipore graphites, i. e. 

AGLHP and Morgans EYC 9106 respectively. These two graphites are more 

uniform throughout their bulk than the other graphites studied and have 

a fine-grain optical texture. The micrograph of AGLHP graphite 
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has several anisotropic areas, (coloured yellow), 10 'pm to 50 pm 

wide and 50 Jim to 200 jim long. There are also several mozaic 

areas around the pores. The pores are either approximately 

circular in shape (30 jim to 50 pm diameter) or elongated (50 pm 

wide, and 100 pm. long). The micrograph of Morgans EYC 9106, (Figure 6) 

has several isotropic (plain purple) areas about 50 Vm. diameter which 

are delineated by pores or by anisotropic mozaic areas. The pores 

in this graphite interconnect more than in the nuclear graphite. 

Most of the pores tend to be long (150 Jim) and fairly narrow (30 jim) 

whereas a few others are circular pores (70 pm. diameter). 

Figure 7 is an optical micrograph of virgin Lima graphite, 

manufactured from petroleum-coke. Lima graphite is heterogeneous 

with large isochromatip areas indicating a largc-grained graphite. 

The pores tend to be fairly circular, (30 Jim diameter) in this 

micrograph. Figure 8 is an optical micrograph of virgin PGA L18 

graphite, manufactured from petroleum-coke*. PGA L18 is also a 

large-grained heterogeneous graphite. It exhibits flow-type 

anisotropy (from flow-deformation of the mesophase) as seen by 

the acicular areas of the micrograph. The pores vary in shape and 

size, some being circular (50 pm diameter) and probably originating 

as bubbles, others being irregularly shaped (left-hand-side of the 

micrograph) or long and narrow (10 Jim wide) in the flow areas (bottom 

right-hand-side), originating as shrinkage cracks. 
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Optical microscopy thus gives a clear indication of size and 

shape of polycrystallinity in the different types of graphite and 

their orientations in the material. 

5.3-2. Scanning Electron Microscopy - (SEM). 

5.3-2-1. Capability. 

The scanning electron microscope used was a Cambridge "Stereoscan", 

working at 20 kV with the sample tilted at 45 0 to the electron beam 

to ensure efficient collection of secondary electrons. In the scanning 

electron microscope, secondary electron emission from the specimen 

surface is used to create the image. An advantage of the scanning 

electron microscope is its high depth-of-focus. This makes it very 

useful for taking stereopairs, which facilitates the study of the 

relative depths of the pores in the graphites. The resolving power 

of the microscope is about 50 nm depending on the type of specimen 

and the mode of operation. 

5.3.2.2. Technique. 

Six graphites were investigated by scanning electron microscopy: 

AGLMP, BAEL GCMB, AGLHP, Morgans EYC 9106, Lima and PGA L18. They 

were prepared as described in Section 5.2.2. Micrographs were taken at 

increasing magnifications from x 50 to x 2000. At above x 2000 

the resolution was no better than x 2000 and so micrographs were not 
143 

taken. For stereopair production the first micrograph was taken 
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at 45 0 to the electron beam, and the specimen stage was tilted by 

10 0. to 350 to the electron beam to take the second micrograph, 

making note of the following: 

(1) the specimen tilt must not be too great otherwise the back- 

ground and foreground will not both be in focus; 

(2) the magnification and field of view must be the same to 

avoid eyestrain and distortion; 

the contrast of the micrographs must be similar. 

. 
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To view the stereopairs. ' tthe tilt axis must be perpendicular 

to the line of viewing, (Diagram 5.11. -This is so because any parallax 

created by tilting the specimen in the electron microscope exists in 

the direction perpendicular to the tilt axis and for correct viewing 

this must be along the, line joining the two eyes. 

ilt 
Yd S 

mic 

line of 
viewing 

tilt 
axis 

Diagram 5.1. Viewing stereopairs. 

electron 
beam 
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The stereopairs taken with the Cambridge "Stereoscan" must 

be rotated through 90 0 for correct viewing to fulfill the above 

requirement. 

5.3.2.3. Results. 

Some of the micrographs taken using the SEM are shown in 

Figures 9 to 41. Figures 9 to 16 are micrographs of virgin 

AGIMP graphite (manufactured from Gilso-carbon) taken at 

increasing magnifications. At the lower magnifications (Figures 

10 and 11) the characteristic pore structure of the Gilso-carbon 

material can be seen. The width of the long, thin pores vary from 

1 pm to 10 jim, with the central pore (in Figure 10) 30 Jim wide and 

200 pm long. The stereopair (Figure 11) when viewed stereoscopi- 

cally, gives a three-dimensional image from which a clear indication 

of the pore depth can ýe obtained. In this stereopair the depth 

of the large central pore is about 30 jim. 

Figures 12,13 and 14 each show a mackopore (120 Jim to 150 Pm) 

with many narrow pores (shrinkage cracks) inside the larger pores. 

These narrow pores vary in width from 0.2 Jim to 5 Jim, and in length 

. up to about 100 Jim. Figure 12 shows some rather narrow pores (1 Pm 

to 2 'pm) on the surface of the graphite. All these long, narrow pores 

are evident in a large number of macropores in the two Gilso-carbon 

graphites. These pores may interconnect with larger pores throughout the 

pore system. Figures 15 and 16 are higher magnification SEM micrographs 

I 
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inside a macropore. They illustrate pores in the size range of 

100 nm. Figure 16 shows the pore system (shrinkage fizzures) 

developing from the walls of the macropore in Figure 14. These 

micrographs show the different types of pores that are present in 

AGLMP graphite. 

Figures 17 to 21 are micrographs (SEM)of virgin BAEL GCMB 

graphite, (manufactured from Gilso-carbon), taken at increasing 

magnifications. Figure 17 shows a typical, pore structure in the 

Gilso-carbon material with a large central pore (80 jim diameter). 

The concentric pores, probably shrinkage cracks, around the central 

pore, range in size from about 1 pm to 20 -pm. Figure 18 illustrates 

a large macropore (200 pm wide) with many small pores (0.5 pm to 

5 jim wide), in the surface of the macropore. The stereopair in 

Figure 19 gives an indication of the pore depth (about 60 jim) and 

shows that some of the pores appear to have 'flaps', as if the pore 

surface has been pulled away. With increasing magnifications 

(Figures 20 and 21), pores are seen of size about 100 nm. In one 

pore, on the left-hand-side of Figure 21, a pore can be seen inside 

*the thin pore. The inner pore has a width of about 100 run. There 

are many of these long narrow pores, which may connect macro- and 

meso-pores through the graphite body. 

Figures 22 to 26 are micrographs (SEM) of virgin AGLHP unipore 

graphite. In the low magnification micrograph (Figure 22), many 
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of the pores are approximately circular in shape with diameters 

about 20 Jim to 30 Jim, but there are also irregularly shaped pores 

(Figure 23), which are thin in one part (10 pm wide), but which open 

out into a circular shape (20 pm diameter). A stereopair of this 

pore is illustrated in Figure 24. The pore depth cannot be measured 

accurately from this stereopair because the bottom of the pore is not 

visible. The pore at the bottom of the stereopair has a thin pore 

(2 -pm wide), on its surface which may be an interconnecting pore. 

Figures 25 and 26 are higher mangification micrographs of macropares. 

It is difficult with this graphite to take micrographs inside the 

macropores because they are smaller (up to 50 pm), than the Gilso-carbon 

graphites (up to 200 11m). However, in Figure 26, the pore structure 

inside the macropore (30 Jim diameter) can be seen, as a series of 

overlapping material with thin pores (100 nm) inbetween. 

Figures 27 to 31 are micrographs (SEM) of virgin Morgans EYC 9106 

unipore graphite taken at increasing magniiications. Many of the 

pores in this micrograph are long and thin, varying from about 20 'Pm 

to 150 jim in length and 1 Jim to 10 'pm in width. Some pores are inter- 

connecting, (bottour-right, Figure 27 and Figure 28). These may form 

part of the open pore system. From the stereopair, (Figure 29), 

it is difficult to measure the depths of the pores because the pores 

are narrow and become very dark towards the bottom of the pore. 

Figures 30 and 31 are higher magnification micrographs with more detail 

of individual pores. The side of the macropore, (30 -pm diameter) 
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in Figure 30, has a flakey appearance, with flakes, about 1 pm wide, 

having pores 100 nm to 500 nm, in between them. Flakiness can also 

be detected inside the pores. 

Figures 32 to 36 are micrographs (SEM) of virgin Lima graphites 

(manufactured from petroleum coke) taken at increasing magnifications. 

This graphite is heterogeneous with irregular pore shapes and sizes 

as seen in Figure 32. Figure 33 shows a macropore about 200 'pm long 

and 60 Vm wide, which consists of three, almost separate macropores 

(70 jim long) which have become interconnected. The pores are deep, 

especially the centre area, which is about 80 pm to 100 pm deep. 

At higher magnifications, (Figures 35 and 36) the macropores do not 

have any easily visible pores inside them, as seen in the Gilso-carbon 

and the unipore graphites. The pore in Figure 35 has a diameter of 

about 40 pm, whereas in Figure 36, the pores are smaller. One pore 

is circular (3 Jim diameter) with long thin off-shoots (0.2, Pm wide) 

and other pores are long and thin (_ 0.5 11ý1 wide). 

Figures 37 to 41 are micrographs (SEM) of virgin PGA L18 

-graphite, (manufactured from petroleum coke), taken at increasing 

magnifications. Figure 37 shows an uneven distribution of pores 

within the graphite, i. e. there are areas of many pores and areas 

with very few pores. The area with very few pores is a flow area 

which is associated with flow deformation of the material during the 

mesophase stage, (compare Figure 8). - This graphite is similar to 

Lima graphite in that it has irregularly shaped pores (Figure 38). 
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The stereopair (Figure 39) shows part of a macropore. The inside 

surface of the macropore is very smooth and very thin pores (below 

1 pm) are situated on this surface. The depth of the macropore 

varies in different parts, from about 15 Pm to 70 pm at the top of 

the stereopair. Figures 40 and 41 are higher magnifications, of 

PGA L18 graphite, of the interior structures of two macropores. 

The pores walls are very rough with smaller pores (of size - 100 nm) 

evident in the walls, among the rough flakey areas. The macropores 

here (50 vim wide), are made up of several smaller pores (20 Jim wide) 

which join together forming 'off-shoots in different directions, 

making up a complex pore structure, 

The scanning electron micrographs discussed here show how the 

different graphites vary in pore shape and size according to their 

structure and mode of manufacture. Measurements have been made on 

the micrographs and stereopairs, to build up a model of the porosity 

in each graphite. 

5.3.3. High-Voltage Electron Microscop'y (HVEM . 

Capability. 

The high-voltage electron microscope (1,000 kV) was used 

because the electron beam at this voltage can penetrate thick samples 

(-3 Jim maximum, compared with 100 nm maximum for a 100 kV electron 

microscope). Thus, a specimen, more representative of the whole 

sample, can be studied. In addition, the improved penetration of 
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the high-voltage electron beam enables high-resolution studies to be 

made of the structure of the material under examination. 

The million-volt generator and the electron beam are each 

housed in large pressure vessels, filled with sulphur hexafluoride 

gas at three atmospheres pressure to provide the necessary electrical 

insulation. The microscope column incorporates six large electro- 

magnetic lenses. These provide the high magnetic field necessary to 

focus the million-volt electron beam and also the required degree of 

X-ray shielding to enable the'instrument to be operated safely. The 

specimen chamber is large enabling special experimentation to be 

carried out within the microscope, e. g. cooling, heating, straining 

and reaction studies in a controlled environment. 

5.3.3.2. Technique. 

Two samples of Lima graphite were investigated using high- 

voltage electron microscopy. One problem with this microscope is 

that there is a lack of contrast in the image produced. The samples 

to be examined must therefore be impregnated with an electron-dense 

material to fill the pores, making them detectable. The samples 

examined here were prepared and impregnated with mercury as described 

in Section 5.2.3. The mercury adopts the size and shape of the pores. 

The entry stage used for this study was the Harwell Mark II, side 

entry stage, which can be tilted ± 60 0, 
enabling stereopairs to be 

taken. The image was viewed through a thick lead glass window, 
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using either one of the two flourescent screens for either bright 

image or high resolution work. The specimen and aperture movements 

are controlled by 'joystick' controls with a wide range of speed 

and direction of motion. 

5.3.3.3. Results. 

Some of the micrographs taken with the high-voltage electron 

I 
ýp 

microscope are shown in Figures 42 to 49. The pores depicted with 

letters are described-in Table 3. Figures 42 to 48 are micrographs 

of a ground sample of Lima graphite impregnated with mercury, the 

dark areas being mercury. 'In Figure 43, the very dark areas are 

either the grid on which the specimen was placed, or thick pieces 

of graphite through which the electron beam cannot penetrate. 

Position A appears to be the only impregnated pore in this micrograph. 

Figures 44 and 45 are taken of the same area. They show pores of 

varying shapes, Position B to G, of sizes 500 nm to 3 pm long and 

100. pm to 600 nm wide. The area of mercury at Position E has 

changed shape due to small volumes of mercury vaporizing while the 

electron beam is focussed on them. In Figure 44 there are several 

thin pores (below Position Q which appear to connect larger pores 

together. These thin pores are about 300 nm wide. 

Figures 46 and 47 are a stereopair of the same area as Figures 

44 and 45. The tilt angle of the stereopair is 10 0. with the tilt axis 

at 45 0 to the line of viewing, i. e. this stereopair is not set up for 

v 

correct viewing. Several mercury areas in the second micrograph have 

vanished due to vaporization. There are several pores which are 
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circular (400 nm diameter). In Figure 48 several of the mercury 

areas are spherical, Positions L and. M. ' These could indicate 

the pore shape, but it is more likely that the mercury has come 

out of the pores and is lying on the surface, independent of the 

pore structure. Other areas, Position K, are still held in the 

pores and have taken up the pore shape. 

Figure 49 is a micrograph of a thin slice of Lima graphite 

impregnated with mercury. There are several mercury areas -300 nm 

wide (Position 0) and some smaller areas about 60 nm diameter. 

Superimposition, Position Njs evident here, which is caused by 

examining a thick sample and so shadowing the lower pores. In 

Table 3, the different shapes and sizes of some of the pores, that 

were detected in the size range 200 nm to 3 jim, are given. Most 

of the pores. are long and narrow, or circular. 

There were several difficulties encountered when using this 

microscope. Unfortunately, the microscope was not in good repair. 

Each image had a slight halo around it. Focussing was difficult 

because of the required sample thickness which had to ensure that 

some mercury remained in the pores. A few samples of graphite 

impregnated with gold were studied using this microscope but 

difficulties were encountered in distinguishing between the gold and 

the graphite. Many of the gold particles remained large during 

grinding and tended to dominate the graphite. 
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5.3.4. High-Resolution Scanning Electron Microscopy JEM 100C - ASID-O. 

5.3.4.1. Capability. 

High-resolution scanning electron microscopy based on the 

JEM 100C transmission electron microscope was used to study the 

micropores in graphite, the microscope having a resolution of 

about 5 nm. The ASID-O is a scanning attachment which enables 

secondary electron images and scanning transmission images to be 

obtained from the specimen. A normal electron microscope filament 

is used. The spot size is reduced by a standard double condenser 

system and then further reduced by the pre-field of the objective 

holder. The JEM 100C - ASID-4D system acts as an ultra-high- 

resolution scanning electron microscope incorporating four basic 

SEM functions: field searching, focussing, determining exposure 

conditions and taking high resolution micrographs. 

5.3.4.2. Technique. 

Two graphite sample's were examined, Lima and AGLHP unipore 

graphite. They were prepared as described in Section 5.2.4. 

Micrographs were taken at increasing magnifications, from X 10,000 

up to X 200,000. Stereopairs could be taken by tilting the 

specimen in the microscope, an example is*shown in Figures 63 

and 64. For each set of micrographs, an area with very small pores 

or no visible pores was seleýcted, so that at high magnifications, 

the field of view was not full of large macropores, making viewing 

difficult. 
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5.3.4.3. Results. 

Some of the micrographs taken using the high-resolution 

scanning electron microscope are shown in Figures 50 to 67. 

Figures 50 to 58 are micrographs of Lima graphite, taken at 

increasing magnifications. Figures 50 to 53 are taken of the 

same area. In Figure 50 there are many pores, which are circular 

and elongated, about 50 nm to 100 nm wide. The sample was 

coarsely polished, which could account for the roughness of the 

surface seen in Figure 50. In Figure 51 some of these pores 

can be seen in slightly more detail. The pore in the centre is 

-300 nm long and 100 nm wide, with a pointed end. Some of the 

pores tend to be associated with the roughness of the surface 

i. e. there is a pore next to each rough area. In several places 

there are long thin pores, (e. g. half way down the right-hand-edge 

of Figure 51), which are about 10 nm wide ahd 200 nm long. Several 

of the pores are near circular in shape, 40 nm diameter. Figures 

52 and 53 are slightly out of focus, beqause the adhesive used on the 

stub was non-conductive and although the specimen was coated with 

Pt/Pd, the specimen charged up during examination. 

Figures 54 to 57 are taken of the same area, at increasing 

magnifications. The adhesive used for these micrographs was changed 

to a conducting adhesive and so there was no loss of image quality. 

Figure 54 again shows a rough surface with many small pores (50 nm)P 

just resolvable at this magnification. The pores appear to be either 

near circular or long and narrow. There is more resolution in 

Figure 55 where both types of pores are present, of size 5 nm to 30 rLm. 
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There are many very thin cracks visible all over the surface. 

In Figures 56 and 57, these cracks are seen to be pores, smaller 

than 10 nm wide. At the highest magnification, Figure 57, the 

resolution is starting to fall away and is about 5 rim. The rough- 

ness of the surface appears in Figure 56 to be a layer type 

structure similar to plateletswith pores underneath them, and 

may be associated with platelet flow of the mesophase. Figure 58 is 

another area of Lima graphite taken at the highest magnification, 

one pore, (15 nm wide) is visible although the resolution is 

rather poor. 

Figures 59 to 67 are micrographs of AGLHP unipore graphite 

taken at magnifications from X 10,000 to X 200pOOO. Figure 59 

shows a more rounded structure than the Lima graphite, with pores 

between 20 nm and 40 nm in diameter. In Figure 60, many of the 

pores are longer (200 nm to 300 nm) and extend along the rough areas 

of the surface. Figures 61-to 64 are micrographs taken of the 

same area, at increasing magnifications. In Figure 61 there are 

many pores of size 50 nm to 100 nm which are fairly circular. 

This micrograph shows how high the porosity of this graphite is, 

(overall open porosity down to 15 nm pores is 22.5%). Lima 

graphite (Figure 50) also has a high porosity, (21.0% down to 

10 nm pores). Figure 62 shows thin pores, 10 nm. wide which 

surround the rounded areas of the structure. Figures 63 and 64 

are a stereopair, taken at atilt 60 either side of the normal 

to the electron beam, i. e. a total tilt of 120. The three-dimensional 
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effect is marred by the graininess of the prints and the high 

magnification (X 100,000 ). Hence, very little depth is perceived 

when viewing them stereoscopically. However, the pores visible are 

mostly long, narrow pores, 10 nm wide. Figures 65 to 67 are 

micrographs of another area of AGLHP unipore graphite taken at 

increasing magnifications. Again, there are pores 20 run to 40 nm 

diameter, together with long thin pores. 10 run wide, which surround 

rather rounded areas of graphite (Figure 67). 

The JEM 100C - ASID-O produces micrographs from which measurements 

of macropores and mesopores (down to -10 nm) can be made. This micro- 

scope was used because of its high resolution capability. From the 

micrographs much can be learnt about the structure inbetween the 

pores as well as the pores themselves. 

5.3.5. Metal Impregnation Methods. 

5.3.5.1. Capability. 

Graphites can be impregnated with liquid metals, i. e. their 

accessible pore volumes can be filled, to enable open and closed pores 

to be distinguished and investigated separately by both optical and 

scanning electron microscopy. The metal impregnation is such that 

after the complete oxidation of the graphite there is left a three- 

dimensional metallic replica of the open porisity which can be 

studied by scanning electron microscopy, to yield information on the 

pore shape and inter-connectivity of the pores. 
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5.3.5.2. Technique. 

Four graphites were impregnated with liquid gold; AGLMP, BAEL 

GCMB, Lima and PGA L18. One graphite, PGA L18, was impregnated 

with bismuth. The graphites were prepared and impregnated16 as 

described in Section 5.2.5. They were polished, cleaned and examined 

by optical and scanning electron microscopy. Cold was used for 

impregnation because it fills the pores well, it has a suitable 

melting point (1338 K) and it is inert to oxidation processes. 

Bismuth was also used, because of its low melting point, (544 K) 

i. e. it is easier to impregnate. The samples investigated by 

SEM did not need to be gold coated. 

5.3.5.3. Results. 

5.3.5.3.1., Optical Microscopy. 

Figures 68 to 71 are examples of optical micrographs taken of 

impregnated samples using the half-wave plate facility. Figure 68 

is a micrograph of AGLMP graphite impregnated with gold at a pressure 

of 24.2 MPa, to fill the open pores of size down to about 200 nm. 

In-this micrograph there is a large area of pores which has not been 

filled. These are closed pores in the Gilso-carbon structure. 

At the bottom of the micrograph (right-of-centre) there is a 

closed pore (30 Jim in diameter) surrounded by a narrow (3 jim wide) strip 

of gold, i. e. an open pore. This has a narrow off-shoot pore from 

the top of it, which could be an interconnecting pore. 
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Figure 69 is a micrograph of BAEL GCMB graphite impregnated at 

a pressure of 24.2 MPa. This shows an area of closed porosity (the 

Gilso-carbon structure), similar to AGLMP graphite. The micrograph 

also shows an isotropic area (left-of-centre, coloured purple), in 

which there is a long, thin (5 Pm to 10 Vm) porous system, which 

looks almost to be independent of the surrounding structure. As 

seen in the earlier optical micrographs of these Gilso-carbon 

graphites, (Figures 3 and 4) the Cilso-carbon structure is 

surrounded by anisotropic mozaics (5 jim to 10 jim diameter). 

Figure 70 is an optical micrograph of Lima graphite impregnated 

with gold at 27.7 MPa pressure. In the centre of the micrograph, 

there is a pore which is incompletely filled. This could be due 

to the gold solidifying before it filled up the pore, or there could 

be a very small constriction into the pore through which the gold 

entered, but there was not enough pressure or time to fill the 

pore. Most of the pores filled with golq are slit-shaped (10 Jim to 

15 pm wide) whereas the unfilled pores are near circular, with 

varying diameters, (5 pm to 100 Pm). 

Figure 71 is an optical micrograph of PGA L18 graphite impreg- 

nated with gold at 24.2 MPa pressure. The left half of the micro- 

graph shows a large anisotropic area in which there are open and 

closed pores. Many of the pores are long and thin (3 11m to 15 Ilm 

wide) and lie with the pore walls parallel to the basal planes, 

depicted by the blue colour. The other half of the micrograph has 
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many small circular pores (5 pm to 20 pm) which are unfilled, and 

surrounded by mozaic areas. The filled, open pores, tend to be 

non-circular, e. g. elongated in shape. 

5.3.5.3.2.. Scanning Electr6n Microscopy. 

Figures 72 to 87 are scanning electron micrographs taken of 

impregnated samples. Figures 72 to 75 are micrographs (SEM) of 

AG1, MP graphite impregnated with gold at 24.2 MPa pressure. In 

Figure 72 there are the structures of the Gilso-carbon material at the 

top and bottom Of the micrograph. The bottom area is a closed pore 

structure and the top area is an open pore structure (filled with 

gold). This is unusual because the Cilso-carbon structure is 

generally a closed pore system and thus, does not become impregnated. 

Figure 73 shows another Gilso-carbon structure which has closed 

pores, with open pores around the outside of the Gilso-carbon 

structure ranging from 5 pm to 100 jim in width. Many of the open 

pores, Figures 74 and 75, are long and thin (0.5 pm to 10 pm wide), 

and are arranged in groups. 

Figures 76 to 78 are micrographs (SEM) of BAEL GCMB graphite 

impregnated with gold at 24.2 MPa pressure. Figure 76 shows, for 

the Gilso-carbon, quite separate areas of closed and open porosity. 

The closed pores are mainly slit-shaped (up to 30 jim wide), whereas 

the open pores are various shapes, e. g. circular, elongated, slit- 

shaped. In Figure 77 many of the open pores are short (_ 20 Jim), 
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and more individual than AGLMP graphite. A few closed pores are 

visible (1 Jim to 5 Jim diameter). Figure 78 shows irregularly 

shaped open pores with a small number of closed pores inbetween them. 

Figures 79 to 81 are micrographs (SEM) of Lima graphite 

impregnated with gold at a pressure of 27.7 HPa. In Figure 79 

there is a flow area of slit-shaped pores, in which some are open 

and some closed. The closed pores are about 5 pm wide and 100 Pm 

long, and the open pores are about 1 jim to 5 jim wide and about 

50 jim to 150 pm long. Around this flow area, which is associated 

with flow deformation of the material during the mesophase stage 

(compare Figure 71) there are many open pores, which are about 

10 pm to 20 jim diameter. Figures 80 and 81 show more areas of open 

and closed porosity with the closed pores generally being slit-shaped 

(0.5 pm to 5 'pm wide). and the open pores generally circular (5 Pm 

to 50 jim diameter) with a few slit-shaped open pores (_ 2 pm wide). 

Figures 82 to 84 are micrographs (SEM) of PGA L18 graphite 

impregnated with gold at a pressure of 24.2 MPa. In Figure 82, 

most of the pores are open, although some of the pores are incompletely 

filled. Most of the pores seen in this micrograph are in the size 

range 5 pm to 20 Jim. Figure 83 shows an area in which the pores 

are long and thin, whereas in Figure 84, the pores are more rounded 

with diameters up to 30 Jim. In Figure 84 there are a few closed 

pores at the top of the micrograph. 
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Figures 85 to 87 are micrographs (SEM) of PGA L18 graphite 

impregnated with bismuth at a pressure of 7.3 HPa, which fills the 

open pores down to about 0.7 pm. Figures 85 and 86 show that 

either the bismuth does not fill the pores as completely as the 

gold, or there is a large amount of closed porosity present in these 

areas. It is more likely to be the former statement because the 

open pore volume of PGA L18 graphite is quite high (16.6%); 

therefore, the closed pore volume will be low (_ 5%). In Figure 87, 

however, the large pores (above 2 pm) are well-filled, but there 

are many smaller slit-shaped pores (_ 0.5 pm) (top, left) which 

have not been impregnated. 

5.3.6. Thermal Oxidation in-Air. 

5.3.6.1. Capability. 

Graphites were thermally oxidized in air to 

investigate the relative rates of growth of pores of different 

sizes, and to obtain information on the. dimensional changes in 

open and closed porosity during oxidation. Thermal oxidation 
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has also been used by U. K. A. E. A., Springfields to oxidize 

the graphite from impregnated samples, leaving a three-dimensional 

pore replica behind for examination of the open porosity. 

5.3.6.2. Technique. 

Two samples of AGLMP graphite were thermally oxidized in 

two experiments, in air. to 5.4%, and to 10.5% weight loss. 
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These samples were prepared and thermally oxidised by U. K. A. E. A. 

at Springfields, as described in Section 5.2.6. They were polisbedt 

cleaned and examined by optical and scanning electron microscopy. 

5.3.6.3. Results. 

5.3.6.3.1., Optical__, Kicroscopy. 

Figures 88 to 90 are coloured optical micrographs of the 

AGMP graphites. Figures 88(a) and 88(b) are virgin AGLMP 

graphite. Figure 88(a) is an area between Gilso-carbon structures, 

where there are several large pores (50 pm to 100 pm) with few 

smaller pores (2 jim to 30 Jim) inbetween them. Figure 88(b) shows 

a Gilso-carbon structure with the thin crack-like pores measuring 

2 pm to 25 Jim in width. 

Figures 89(a) and 89(b) show AGLMP graphite thermally oxidized 

to 5.4% weight loss. , Figure 89(a) is an area between Gilso-carbon 

structures, where there are several large pores (50 jim to 100 'pm) with 

many small pores (2 pm to 10 Jim) and many pores between 10 pm and 30 Pm 

(compare*Figure 88(a)). Figure 89(b) sh6ws a Gilso-carbon structure 

with the thin crack-like pores measuring 2 jim to 30 pm in width. 

Comparing Figure 88(b), there are more pores lying with their walls 

along the basal planes in the oxidised graphite than in the virgin 

graphite. 

Figures 90(a) and 90(b) are optical micrographs of AGLMP 

graphite thermally oxidized to 10.5% weight loss. Figure 90(a) 

is an area between Gilso-carbon structures, where there are a large 

number of pores ranging from 2'Pm to 80 Jim. When comparing this 

micrograph with Figures 88(a) and 89(a) there is a progressive 

increase in the number of pores from the virgin to 
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the 5.4% weight loss, to the 10.5% weight loss graphite. Figure 

90(b) shows a Gilso-carbon pore structure with pores measuring 

2 Jim to 40 pm in width. When comparing this micrograph with 

Figures 88(b) and 89(b) there is an increase in pore width from 

the virgin to the oxidized graphite, and there is also an increase 

in the number of long, thin pores in the oxidized sample. 

5.3.6.3.2. Scanning Electron Microscopy. 

Figures 91 to 99 are examples of scanning electron micro- 

graphs taken of the virgin and oxidized AGLMP graphites. Figures 

91 to 93 are micrographs of a series of virgin AGLMP graphite, 

AGLMP oxidized to 5.4% weight loss and AGLHP oxidized to 10.5% 

weight loss, at low magnifications. The oxidized graphite 

surfaces (Figures 92 and 93) appear more pitted with small 

pores (- 10 'Pm) than the virgin graphite surfaces (Figure 91). 

The circular Gilso-carbon structure sqems more prominent in the 

oxidized sample i. e. they contain more pores, than in the virgin 

sample. 

Figures 94 to 96 are micrographs of another series of the 

three AGUIP graphites. Again, (Figure 94) the virgin graphite 

has a less porous (smoother) surface compared with the oxidized 

graphites, (Figures 95 and 96). Also, the graphite oxidized 

to 10.5% weight loss has a much more pitted surface than the 

graphite oxidized to 5.4% weight loss, with many pores, between 

5 jim and 10 pm diameter. 
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Figures 97 to 99 are stereopairs (SEM) of the virgin and 

oxidized AGLMP graphites. These stereopairs confirm the 

observed changes in surface topography from the virgin graphite 

to the oxidized graphites, i. e. the surfaces of the oxidized 

samples are more porous (rougher) and more pitted, than the 

surfaces of the virgin samples. From these stereopairs it is 

difficult to compare the depth of the pores, as many are narrow and 

the bottom of the pores are not visible. 

5.3.7. Oxidation by Atomic CXygen. 

5.3.7.1. Capability. 

Oxidation by atomic oxygen was carried out on graphite samples 

to investigate the changes introduced to the parosity by this 

speciesq which will react at a temperature slightly above room 

temperaturep and could resemble radiolytic oxidation. Graphites, 

impregnated with metals, were oxidized with atomic oxygen, to leave 

a three-dimensional metallic replica of the open porosity which was 

examined by pcanning electron microscopy. Oxidation by atomic 

oxygen enabled a low melting point metal i. e. bismuth, to be 

used for impregnation, as oxidation can be carried out at a low 

temperaturep - 300 K( 27 0 C). 

5.3.7.2. Technique. 

AGLMP and Lima virgin graphites, AGLMP, BAEL GCMB,, Lima and 

PGA L18 graphites impregnated with gold, and PGA L18 graphite 

impregnated with bismuth were oxidized with atomic oxygen. Two 
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types of apparatus were used to generate atomic oxygen. The first 

was a commercial "Plasmod1which produces atomic oxygen at -320 K, 

(470C). The sample is placed in a chamber which is evacuated and 

oxygen is drawn over the sample. Radio-frequence power at 13.5 HHz 

is applied around the chamber causing the gas molecules to atomize and 

the low concentration of oxygen atoms slowly gasifies the carbonaceous 

material in the chamber. As this unit was rather slow at oxidizing 

graphite, it could be used more as a means of etching the surfaces 

of the graphites$ rather than oxidizing metal impregnated graphite 

samples completely to leave the metal pore shape. Two virgin 

graphites were oxidized with the "Plasmod".. i. e. AGLMP and Lima. 

The sample of AGLMP graphite was oxidized for 30 minutes, and the 

sample of Lima for one hour. 

The second apparatus was a "Microtron 200", a micro-wave 

power generator, coupled to a discharge through an air-cooled 

resonant cavity. The incident power was set at 60 watts with 

the reflected power set as lo w as possiýle- 'The sample chamber 

was evacuated and the oxygen passed over the sample, which was 

placed in the discharge. Four graphites impregnated with gold, 

i. e. AGLMP, BAEL GCMBp Lima and PGA L18, and one graphite 

impregnated with bismuth i. e. PGA L18, were oxidized using the 

"Microtron" leaving a metal pore replica for examination. The 

samples were oxidized for varying times (30 minutes to four hours), 

depending on the sample size. 
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5.3.7.3. Results. 

5.3.7.3.1. "Plasmod" Oxidation. 

Figures 100 to 107 are scanning electron micrographs of the 

graphites that were oxidized using the "Plasmod. 11 Figures 100 to 

103 are micrographs of a polished sample of ACLMP graphite, 

oxidized for 30 minutes. In Figure 100, the surface of the 

graphite has been etched, leaving three distinct types of 

porosity clearly visible: 

the structure of the Gilso-carbon material, with long, 

thin pores (2 ýLm to 10-gmwide) radiating from a central pore. 

(ii) areas of pores in between the Cilso-carbon structures, 

consisting of small macropores (2 pm to 10 pm diameter) giving 

an appearance of a rough pitted surface. 

(iii) larger, deeper pores (20 pm to 40 pm wide) seen in the 

bottom-left-'hand corner and the centre-right-hand edge 

of the micrograph. 

Figure 101 is a higher magnification micrograph of a Gilso- 

carbon structure in the centre of Figure 100. The surface has a 

flakey appearance with pores in between the flakes (centre-right) 

of about 100 nm to 200 nm diameter. Figure 102 shows another area 

with Gilso-carbon structures, together with larger pores (50 Pm to 

100 gm wide). The surface is quite rough due to the oxidation. 

Figure 103 shows areas of long, thin pores (_ 5 pm wide) which 

interconnect along the surface (e. g. bottom-right). These pores 

may interconnect throughout the graphite, forming part of the open 

porous system. 
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Figures 104 to 107 are micrographs (SEM) of an unpolished 

sample of Lima graphite oxidized in the "Plasmod" for one hour. 

Figure 104 shows an anisotropic flow area which is characteristic 

of this graphite, consisting of large slit-shaped pores, (30 Pm 

to 50 gm wide) with many small pores (- 5 pm wide) in between them. 

The surface in between the slit-shaped pores is rough. Figure 

105 is a higher magnification micrograph of the centre area of 

Figure 104. It shows a fairly regular, pitted surface with 

two types of porosity: 

(i) the regular pitted surface with pores less than 500 nm 

diameter, just resolvable at this magnification. 

(ii) slit-shaped pores, of size 1 pm wide and about 6 pm long, 

near the centre of the micrograph. 

Figure 106 shows a long flow area, about 500 pm long surrounded 

by a rough surface (probably associated with petroleum coke and 

binder) with pores ranging from 30 pm down to about 1 pm wide, 

consisting of near circular*pores and thing slit-shaped pores. 

Figure 107 shows a very rough area of Lima graphite, in which there 

are many slit-shaped pores, some of which appear to be in the 

walls of the macropores, (pore in the centre of the micrograph, 

and centre-left-hand edge of the micrograph). This could be 

due to oxidation (i. e. opening up of pores) as pores were not 

seen in the pore walls of virgin Lima graphite (Figures 32 to 36). 

The porous system could be followed through the graphites by 

etching away the surfaces and examining the graphites by microscopy. 

This may alleviate handling problems encountered during polishing. 
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5.3.7.3.2. "Microtron 200" Oxidation. 

Figures 108 to 126 are micrographs (SEM) of metal impregnated 

graphites oxidized by the "Microtron 200", leaving a three- 

dimensional metal pore replica for examination. Figures 108 to 

111 are micrographs of the gold replica, after oxidation of an 

impregnated sample of AGLMP graphite, for four hours. The pressure 

used for impregnation (24.2 MPa) should fill pores down to about 

200 nm pore entrance diameter. Figure 108,, taken at low 

magnification, gives a very complex structure, with many areas of 

gold above and below other areas of gold. More information is 

gained from these micrographs by taking stereopairs which give 

a three-dimensional image showing whether one gold area is above 

or below another area. The whole structure is pitted with small 

holes in the gold, ranging from I Jim to about 10 Jim. These could be 

small areas of graphite, but it is more likely that they are due to 

incomplete filling of the pores, during impregnation. 

Figure 109 shows thin, plate-like pores in the centre, about 

1 pm thick. There are also large areas which have not been 

impregnated. These are probably the structures of the Gilso-carbon 

. material which contain closed pores and are therefore inpenetrable to 

the gold. Figure 110 is a stereopair of the gold pore replica. When 

viewing this stereopair stereoscopically there are several large areas 

(60 jim to 100 jim. wide) with no'gold-in them, --'i. *e. probdbly Gilso- 

carbon structures. The three-dimensional image gives a better idea 

of the connectivity of the pores through the graphite. Figure 111 is 

taken at a higher magnification, showing the complexity of the structure. 
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Figures 112 to 115 are micrographs (SEM) of the gold pore 

replica, after oxidizing for four hours a sample of BAEL GCMB graphite 

impregnated with gold. In Figure 112 the large dark areas are 

graphite which has not completely oxidized. In front of these 

areas are spaces with no gold or graphite., which could correspond 

to the structures of the Gilso-carbon material. Many of the 

pores (centre-left-hand edge) have very thin, plate-like 

structures (about 5 pm thick). The gold areas here, are 

not as punctured with holes as the AGLMP graphite. This could 

be due to the slightly higher open pore volume of BAEL GCMB 

graphite i. e. the pore entrance diameters are larger. Figure 113 

contains mainly large pores i. e. large areas of gold (50 pm to 

80 pm wide)t with unimpregnated areas between these pores. The 

stereopairg (Figure 114) shows many interconnected pores with 

large empty areas in between. The area in the centre (shown also, 

in Figure 115), consists of many thin plate-like structures (1 Jim 

thick). Some edges of these plate-like pores are very smooth whereas' 

other edges (bottom-right, Figure 115) are very jagged with many holes, 

as the gold becomes thinner towards the edges of the pores. 

Figures 116 to 119 are micrographs (SEM) of the gold pore 

replica, after oxidizing for 30 minutes a sample of Lima graphite 

impregnated with gold. Figure 116 is a low magnification micro- 

graph, and shows how complex is the shape, connectivity and structure 

of the porous system. In Figure 117 there are pores of varying 

shapes and sizes. There are several long, thin pores (_ 5 gm wide)q 
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in the centre of the micrograph. Most of the other pores are 

near circulars or slab-shaped. The stereopair, (Figure 118) 

when viewed with the 'stereo-viewer' reveals a quite different 

space-fill-ling process, to that in Gilso-carbon graphite (Figure 110). 

These effects are difficult to quantify. Figure 119 is a higher 

magnification micrograph of Figure 118. It appears to be dominated 

by large pores (- 50 ýLm) with a few smaller pores (I pm to 5 pm wide) 

in the centre of the micrograph. 

Figures 120 to 122 are micrographs (SEM) of the gold pore 

replicas, after oxidizing for two hours, a sample of PGA L18 

graphite impregnated with gold. Figure 120 is a low magnification 

micrograph giving the appearance of a very compact gold structure 

with many large pores (50 pm to 100 pm wide) with longs needle- 

like pores (I ýim to 5 pm wide) which are connecting some of the 

larger pores. A few of the smaller, thin pores are punctured 

with holes, similar to the AGLMP pore replica. Figure 121 is 

a stereopair, showing that there are a few areas which are not 

impregnated. The stereopair also shows that some of the pores are 

thin plate-like structures (less than 1 gm). Figure 122 is a 

higher magnification micrograph of Figure 121. This shows 

several long, thin (2 pm to 5 pm wide) pores connecting up with 

larger pores (- 50 pm wide) in the centre of the micrograph. 

Figure 122 also shows some very smalls thin, plate-like pores (centre- 

right) together with a very large pore (_ 100 jim wide) at the bottom 

of the micrograph. Figure 122a shows several slab-shaped pores 

( -5 pm thick) which are quite wide (- 50 gm). 
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Figures 123 to 126 are micrographs (SEM) of bismuth pore 

replica, after oxidizing- for three hours a sample of PGA L18 

graphite impregnated with bismuth. After oxidation, the bismuth 

replica had a reddish-brown appearance. The micrographs show 

large spheres of bismuth on the surface of the sample, which could 

be due to some oxidation reaction. In Figure 124 a flow area is 

seen, which is a characteristic feature of this graphite. Pore- 

shapes and sizes can be picked out in the bismuth replica, but it 

is not as accurate as the gold pore replica. 

5.3.8. Photogrammetry. 

5.3.8.1.. Capability. 

Photogrammetry involves the analysis of stereopairs (in this 

study, stereomicrogyaphs). From the stereopairs a three- 

dimensional image of the sample being studied can be developed. 

Coordinates of one point with respect to another point can be 

calculated giving their relative positi6ns within the three- 

dimensional image. Work has been carried out using mirror stereo- M, ' IL'b 
scopes 

19,20 
and stereoscopic plotting instruments 145,146,147, 

which are 

generally used for surveying work. These instruments can be set 

up to record various heights across the image. The heights can be 

plotted on a graph to give a profile of the specimen surface. There 

are problems, however, when using this technique with stereomicrographs. 

Geometric distortions are produced when tilting the second micrograph, 

which give rise to inaccuracies. Also, there are problems in 

establishing a datum or reference plane for the micrographs. To 
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overcome these problems a new plotting device has been developed 
148,149 

the electron micrograph plotting device, EMPD2 (Figure 126a). 

This instrument is designedp specifically, for plotting 

contours (of equal height or depth) of three-dimensional image 

surfaces, and for plotting profiles across any section of the 

image cnnstructed using stereo-pairs. The EMPD2 can take any negative 

or print up to 130 mm by 100 mm. It is best if the prints are 

developed to a light grey as more definition can be detected, rather 

than to a high contrast. The present EMPD2 will take stereo-pairs 

with a tilt angle of 10 0 although other tilts can be used by 

introducing a correction factor which renders the results very 

slightly inaccurate. A new design is underway at the moment for 

the instrument, which will enable the instrument to work with stereo- 

pairs that are tifted at any angle. A problem arises, however, 

with very large angles, errors are introduced because, at large 

angles, the magnification of the foreground will be different 

from that of the background. 

The EMPD2 gives good, visual displays of the surface topographies 

of three-dimensional images. From these displays, the'depths of 

pores, and the diameters of pores in any direction can be measured. 

The shapes of pores can be analyzed and visually compared with other 

pores. This method of pore analysis is quite time consuming if a 

large number of pores are to be studied. It may be advantageous 

to classify the shapes of pores by some other method, and use the 

EMPD2 to display visually the different classes of pores. 
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5.3.8.2. Technique. 

For operation of the instrument, the centres of the stereopairs 

are marked, to help in aligning them correctly. The stereopairs are 

placed in position on two rotating tables, ensuring that they are the 

correct way round. This is necessary because the optical system 

introduces a correction in scale of the more tilted micrograph and 

automatically compensates for the geometric distortion produced by 

the tilt. Two. light spots are introduced into the optical system through 

half -silvered mirrors. These spots fuse together when the micrographs are 

positioned correctly. The resulting floating spot is fixed on the 

optical axis, and various parts of the micrographs are moved to this 

axis for viewing. The height of any feature in the image is adjusted 

to coincide with the floating spot by altering the separation of the 

micrographs. This separation is altered by a wheel which is located 

in the drawing head. 

The drawing head controls the movement of the image in the x and 

y pl ane and has a drawing pencil placed in it. To obtain a contour 

the separation of the micrographs is set sb that the floating spot 

lies on a particular point and the image is moved, keeping the spot 

. in contact with the surface at all times. As the image moves, the 

drawing pencil plots out the movement in the shape of a contour. 

A counter is operated by the wheel in the drawing head. This measures 

height differences directly in millimetres. (Real height differences 

are obviously a function of the magnification of the system being 

examined). Using this digital counter, suitable contour intervals 

can be selected to build up a picture of the three-dimensional image. 
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To obtain profiles across the image, theArawing head is 

controlled by a profiling arm, which is set in the direction 

in which the profile is required. The drawing head is slid 

along this bar while the wheel which alters the separation of 

the micrographs is adjusted to keep the floating spot in contact 

with the surface at all times. Profiles can be drawn at set 

intervals along the image. All the profiles and contours are 

plotted out at twice the magnification of the micrographs. 

5.3.8.3. Results. 

Several stereopairs were examined with the EMPD2. The 

first pair was composed of two micrographs of thermally oxidised 

AGLMP graphite (Figure 127). The angle of tilt was 60, (39 0 to 

45 0). Hence, the correction factor had to be introduced to 

obtain accurate measurements from the contour or profile plots. 

The contour heights have been converted into micrometres so that 

heights can be read directly from the contour plots. The depth of 

the central pore is 500 pm-(i. e. 980 - 480 jim). An arbitrary 

reference plane was set up at 0 pm, below the bottom of the central 

pore. One profile was drawn on either side of the pore. The 

profiles give a visual shape to the pores, enabling different pores 

to be compared. From the profiles, a width/depth distribution can 

be drawn, of different pores, showing whether there is any relation 

between the pore entrance diameter and the pore depth. 

The second stereopair was made up of two micrographs of 

composite wood showing tracheids with bordered pits, (Figure 128). 
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The two micrographs here were placed inversely on the 

EMPD2. Consequently a pseudo-stereo effect was obtained. The 

contours slope in the opposite direction to the three-dimensional 

image. The contours here were not plotted in such detail as in 

Figure 127, plots being generally taken between the pits. 

Stereopairs of a gold pore replica, after oxidation of the 

graphite was looked at. At a low magnification (-X 12) there was 

too much information in the image to obtain contour plots. More 

meaningful plots would be, obtained from higher magnification 

micrographs, (X 100 and higher). These stereopairs still have 

a large amount of information in them. Profiles would probably. 

give more information than contours, as the shape of each gold 

particle could be determined. 

5.3.9. Stereology. 

5.3.9.1. Capability. 

Stereology is the development of three-dimensional space 

from a study of two-dimensional sections through a material. 

Ali approach to stereology depends on measuring and classifying 

a large number of two-dimensional surfaces or images. The 

number of samples studied, to give meaningful data, depends on 

the homogeneity of the structure. Enough measurements must be 

made to represent the samples statistically 150. 
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Certain parameters and measurements form the basis of a 

151 
quantitative sterological analysis These measurements are 

performed on two-dimensional sections and consist of superimposing 

a uniform test grid which is made up of a network of points or 

lines over the image and counting the number of points which lie 

over the areasa of interest i. e. pores, (Figure 129 (a)). The 

fraction of points lying on transections of the component being 

studied, is an estimate of the volume fraction of that component. 

The grid can be repositioned randomly or in a particular direction 

and the number of points counted again. The volume fraction of 

" component can also be determined by measuring the area fraction of 

" random sectiong (Figure 129 (b)). The area can be estimated 

by lineal integration determining the lineal fraction of test 

lines passing throtigh transections of the component being studied, 

(Figure 129 (c)). Each area is measured using a planimeter. The 

grid for point counting can be incorporated into a microscope 

eyepiece and an automatic mechanism used to move the specimen, or, 

systems ranging from semi-automatic up to fully automatic equipment, 

such as a Quantimet, can be used. 

From these measurements of point counting on two-dimensional 

sections, the volume fraction, or porosity Ufpores are being 

studied) can be obtained. 

Volume fraction 
= 

Number of points lYing on pores 
or p6rosity Total number of points. 
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Similarly, if a grid consisting of a series of uniform 

short lines is used, the surface density and the volume fraction 

can be obtained. 

Surface Density 
_2x 

Number of Intercepts 
Total length of lines 

Volume Fraction 
= 

Number of end points lying on pores 
Total number of end points 

There are many other stereological parameters which can be 

measured this way, including areas, intercept lengths9 diameters, 

size and shape parameters, Relationships are known between 

measured quantities in two-dimensional sections and calculated 

quantities in three-dimensional space. Table 4 shows how these 

parameters are related. These parameters are defined as follows: 

PP Number of points lying on a phase per unit number of points 

PL Number of intercepts per unit test line length 

PA Number of points per unit test area 

PV Number of points per unit test volume 

LL Length of lines on a phase per unit length of test lines 

LA= Length of lines per unit test area 

LV = Length of lines per unit test volume 

AA= Area of phase per unit test area 

SV = Surface area per unit test volume 

VV= Volume fraction = Volume of features per unit test volume. 

All the parameters per unit volume i. e. V,, S, L and P can be VVVV 

calculated from the remaining parameters. They are related by the 

following expressions: 
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VV =AA=LL=PP 

SV = (-ý) LA =2 PL 
TE 

LV =2 PA 

PV =ýLV SV =2 PA PL 

152 These expressions can all be derived from basic principles 

Curvature of points on a pore perimeter would be a useful 

parameter for classifying shape. ' The curvature of an element 

of perimeter can be obtained by sweeping test lines, which are 

uniformly orientated, over the image, and counting the number of 

lines that form tangents with that element of the perimeter. 

The mean curvature is related to the number of tangents formed 

by the following equation: 

Mean Curvature'= 2x Total number of tangents 
m er of feature intercepts. made by the test lines. 

Very little work has been carried out in this field and, as yet, the 

curvature cannot be measured *using a Quantimet. 

5.3.9.2. Technique. 

The Quantimetý an image analyzing computers can be used for 

carrying out stereological analyses. Depending on the attachments 

available, many, stereological parameters, including Feret diameters, 

i. e. maximum diameters in several directionssand shape factors 

can be calculated. The Quantimet can be interfaced with an optical 

microscopes a scanning electron microscope or an epidiascope taking 

either negatives or prints. It can be programmed to carry out the 
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required measurements in any order, and programmed to compute 

and further process the measurements if necessary. For studying 

the porosity in graphite, the graphite can be impregnated with coloured 

resin under vacuum, as described in Section 5.2.1. (sample preparation, 

optical microscopy). 

For a given graphite sample about 300 fields of view must be 

examined to obtain a statistical analysis of the pore system. 

The parameters measurable on. a basic Quantimet are averaged over 

each field, which is meaningless for pore-shape analyses. For 

this study, the basic parameters needed from the Quantimet are: 

perimeters, areasand diameters, at least in the vertical and 

horizontal direction, of individual pores. These three can be 

correlated to obtain a basic shape-factor; 

i: e. Area-: Perimeter 2 

Perimeter : Diameter, 

in order to identify each pore by a set of numbers. 

To obtain measurements on individual features, the Quantimet 

must have a feature data module attached to it. Once the feature 

data module is attached, a calculator interface or a light pen 

image editor can be used to obtain individual measurements. The 

calculator interface slows down the Quantimet so that the output 

can be processed through a calculator or a computer. Without the 

calculator interface the data from the individual pores cannot be 

processed. 
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The light-pen image editor can be pointed at the particular 

pore from which information is required. Heasurements are made 

on one pore at a time and printed out. The light pen can be moved 

onto the next pore by means of a foot switch. This method takes 

much longer than using a calculator interface. 

Preliminary work was carried out on the Quantimet 720 at 

B. C. R. A. Chesterfield. The Quantimet has a feature data module 

but until recently had no calculator interface or light-pen image 

editor. B. C. R. A. have carried out quantitative work on coke 

153 
structures using the Quantimet 72o and were able to carry out 

preliminary work on graphites. The porosity was compared in 

eight different graphitesp i. e. AGLMP, BAEL GCMB, AGLHP, Morgans 

EYC 9106, Lima, PGA L18, BAEL VQMB and BAEL VNMC. Each graphite 

was mounted in resin, with the surface area for analysis with the 

2 
Quantimet about 300 mm The. surfaces were polished, as for 

optical microscopy Section 5.2.1. but were not vacuum impregnated, 

i. e. there was no distinction between open and closed porosity. 

5.3.9.3. Results. 

The graphite samples were studied under an optical microscope 

attached to a Quantimetp with 200,000 picture points. The 

resolution was 0.77 gm, and each field studied was 1.2 mm x 1.2 mm. 

The instrument was programmed to give the total porosity and to 

categorize the pores and pore walls into eight selected size ranges: 
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>0 gm, >3 pm, >5 Vm, >10 pmp >20 pmp >30 Vmq >40 pm and >50 gm. 

The results obtained were processed through a computer to produce 

mean values for structural parameters, and standard errors. The 

results from the Quantimet are given in Table 5. These results 

give the total i. e. open and closedp porosity of the graphites 

down to 0.77 gm. The results are in the same order of magnitude, 

although obviously higher, for most graphite, than the open pore 

volumes down to 0.7 gm. obtained from the pore distribution curves 

from mercury porosimetry measurements. The Quantimet results 

give the porosityp the pore and pore-wall sizes, the number of 

pores per field and the homogeneity of*each graphite. Morgans EYC 9106 

graphite had the smallest pores, the most pores per unit area, the 

largest pore surface area per given volume and was the most 

homogeneous. BAELVQMB graphite was heterogeneous and gave variable 

measurements with high standard errors. AGLMP had the least number 

of pores per unit area. 

To calculate the pore distributions, the number of pores that 

have their longest intercept greater than each size range are 

counted. These distributions are plotted on Rosin-Rammler paper 

and are given in Figures 142 to 149. The scale used is a log-log- 

reciprocal scale where Y, the percentage oversize, is given by: 

y= 100 [1 - exp (M)n] where n slope of line 
R 

k intercept when -, y= 36.79. 

x= size in pm. 
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A log-log scale is used because as the pore size increases, the 

number of pores oversize decreases exponentially. Hencet a linear 

relationship between feature size and percentage oversize is obtained. 

on these graphst (Figures 142 to 149), the percentage number of porest 

pore intercepts and pore walls that are over each size, is given. 

The gradients of these distributions give a numerical indication 

of the shape and spread of the size distributions i. e. the greater 

the gradientg the more uniform the size distribution. It is probable 

that each distribution is best represented by two straight lines 

intersecting at an inflection point, rather than one line which 

would not pass through many points. This indicates that two 

overlapping size distributions exist which might possibly represent 

the distribution of the micropores within the wall material, and 

the distribution of ýhe macropores greater than the size of the 

inflection point (in general about 10 gm). For two graphites 

i. e. PGA L18 and AGLHP., the graph representing the pore intercepts 

has no inflection point and has therefore, been drawn as one straight 

line. 

For studying pores in the Quantimet, of size below 1.0 Jim, 

electron micrographs are needed in conjuctiDn with an epidiascope. 

Any magnification or size of print or negative can be used. The 

micrographs must have good contrast to distinguish between the grey 

levels representing pores and pore walls. 
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5.3.10., Pro&res_sive Polishing. 

Progressive polishing was carried out on the two Gilso-carbon 

graphites in order to follow the poresthrough the graphite body. 

The depth of polish was measured using a travelling microscope. 

Figures 130 to 133 are micrographs (SEM) and stereopairs of AGLMP 

graphite before and after polishing away 10 'Pm of graphite. The 

pore (40 pm long) in the top-left corner of the micrograph, has 

opened up after polishing, from having a width of "8 pm, to reveal 

a pore approximately spherical in shape, with a diameter of 24 Pm. 

This pore has many slitý-sbaped pores (-ý, 2 jim wide) inside it, which, 

when viewed in three-dimensions (Figure 133), have a flakey appearance, 

as if the pores have been revealed by a thin sliver being lifted from 

the pore. 

In Figure 130, the pore at the bottom of the micrograph appears 

to be separated from the large pore by a small (4 jim wide) piece 

of graphite, but in Figure 131, the two pores are joined together 

which shows that the pores were probably already joined below the 

surface in Figure 130. Figures 134 and 135 are micrographs of 

another area of AGLMP graphite, before and after removing about 

6 -pm during polishing. Here the two large pores ( -80 pm long), 

are joined by'a long, thin pore (40 pm long, 2 pm wide), which 

becomes more evident after polishing (Figure 135). The long, thin 

pore (2 pm wide) below this interconnecting pore is also opened up 
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during polishing and also connects the two larger pores. 

The slit-shaped pores inside the macropore, again appear to 

have a thin sliver of graphite down one side. 

Figures 136 to 139 are micrographs (SEM) and stereopairs 

of BAEL GCMB graphite, before and after polishing about 10 pm 

away, The polishing has closed down several long, thin pores 

(l pm to 2 jim wide) and has only opened up about two new pores 

(Figure 137). The pores within the large pore (100 pm wide) 

measure between 0.5 jim and 3 'pm wide, and 5 'pm to 30 jim long. 

These pores sometimes have smaller pores leading from them 

measuring about 100 nm (not resolvable at this magnification). 

These long, thin pores do not have the flakey appearance present 

in AGLMP graphite. Figures 140 and 141 are micrographs of 

another area of BAEL GCMB graphite, before and after polishing 

about 10 jim away. The large pore (500 pm long) has changed very 

little during polishing, although several small pores (- 2 Jim 

wide) have been revealed on the graphite surface. 

Pores can be followed through the graphite by progressive 

polishing, but it is a time-consuming tedious process. Gilso- 

carbon graphites were studied for this process because they have 

more pores, within large pores, than the other graphites. Hence, 

the pores can more readily be followed through the graphite body. 
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5.4. Discussion of Results. 

The optical micrographs (Figures 3 to 8) and the low 

magnification scanning electron micrographs (Figures 10,12,17, 

22,27,32 and 37) show that there are distinct differences 

between the six graphites. The stereopairs of the virgin graphites 

(Figures 11,19,24,29,34 and 39) are all taken at the same 

magnification for comparison and give a three-dimensional image 

of each graphite. 

5.4.1. Optical Microscopy. 

Each graphite has a characteristic pore structure which is 

P 
related to the manufacturing materials and processes. Examination 

of the optical textures of the graphite enable characteristics 

of the graphite components to be studied. The six graphites 

examined fall into three categories: graphites manufactured from 

Gilso-carbon, unipore graphites and graphites manufactured from 

petroleum coke. The Gilso-carbon graphites, i. e. AGLMP and BAEL 

GCMB (Figures 3 and 4) have the characteristic Gilso-carbon 

structure, with small, individual mozaics of texture compounded into 

spherules (300 jim to 700 pm diameter) in which there are 

established super-mozaics. There is a large irregular pore in 

the centre of the spherule with small pores (< 5 Vm) amid the mozaics. 
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These small pores are shrinkage cracks, which have some relation 

to the basic units of composition and which will be developed during 

graphitization, (probably formed at the mesophase - semicoke stage). 

In general, AGLMP has a macropore size greater than GCMB graphite. 

This has been confirmed using the Quantimet image analyzer (Table 5) 

(24.6 pm compared with 16.8 pm for the average pore intercept). 

The unipore graphites, i. e. AGLHP and Morgans EYC 9106, (Figures 

5 and 6) have a more uniform structure with higher total porosities 

(Table 5), than the Gilso-ýcarbon graphites. Their optical textures 

consist of a smaller mozaic size with isotropic areas (smooth 

purple) between several of the pores (Figure 6). 

The petroleum coke graphites, i. e. Limaand PGA L18, (Figures 7 

and 8) are heterogeneous and exhibit large isochromatic domains, 

with associated acicular pores (Figure 8). These acicular pores 

follow the flow-patterns of the plastic mesophase and are 

characteristic of this type of graphite. There are also many 

near-circular pores which could be formed due to bubble formation 

during the carbonization process. 

optical microscopy thus gives a clear indication of size/shape 

of polycrystallinity of the different types of graphite and their 

relative orientations in the material. 
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5.4.2. Scanning Electron Microscopy.. 

Scanning electron microscopy is advantageous over optical 

microscopy in that the scanning electron microscope has a larger 

depth-of-focus, and can be used at higher magnifications, enabling 

studies to be made on pores of size 100 nm to several hundred 

micrometres. The large depth-of-focus was-utilized by taking 

stereopairs to obtain. three-dimensional images of the samples. 

The micrographs, especially at low magnifications, show differences 

between the six graphites. The Gilso-carbon graphites have a 

large number of long, thin pores (1 pm to 10 jim wide) in the walls 

of the macropores, which may be shrinkage cracks produced during 

manufacture. The unipore graphites are more uniform (compare 

the standard errors in Table 5), have smaller pores and have 

more pores per unit area (Figure 27) than the other graphites 

examined. At higher mangifications, (Figures 25,26,30 and 31), 

as the pores are not very large (maximum 30 jim wide), it is 

difficult to take micrographs inside the pores, as in AGLMP and 

GCMB graphites. This is especially true for Morgans EYC 9106 

graphite where the average pore intercept is only 8.1 jim (Table 5). 

The petroleum coke graphites, i. e. Lima and PGA L18, exhibit 
I irregularly-shaped pores which are not easy to classify. Lima 

graphite has large pores, (50 Jim to 100ýjim wide), some of which are 
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near spheroidal, (Figure 32). It also has small pores (- 500 nm 

wide) which are acicular (Figure 36), but there are many different 

shapes e. g. elliptical, elongated, in between these two extremes 

(Figures 32 to 35). PGA L18 graphite has an uneven distribution of 

pores (Figure 37) in which there are flow areas (compare Figure 8) 

through the graphite bulk. PGA L18 graphite is slightly less 

heterogeneous in its pore size than Lima graphite (compare Figures 

37 and 32). This is confirmed by the Quantimet results (Table 5) 

(slightly lower standard errors on the pore walls and pore sizes), 

although when looking at the higher magnification micrographs, 

(Figures 40 and 41), this fact may not, at first, appear truel 

PGA L18 is, nevertheless, heterogeneous compared with the unipore 

graphites, and exhibits different shapes of pores including near 

circular, elliptical and acicular shapes. 
0 

5.4.3. High-Voltage Transmissibn, Electron Microsopy. 

The high-voltage electron-microscope did not give as much 

information about the graphite as anticipated. This was due to 

bad maintenance of the microscope which made focusing and manipu- 

lation of the sample difficult. Also, the fact that pieces of 

mercury vaporized during examination and were not always lying within 

the porous system, made the micrographs difficult to analyze. 

However, information on the porosity of Lima graphite was obtained, 

for pores of sizes 100 nm to 3 jim. The pores were well distributed 

between near spheroidal pores (100 nm to 800 ran diameter) and long, 
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-thin pores (200 nm to 600 rim wide) (compare the long, thin pores 

in Figure 36). 

5.4.4. High-Resolution Scanning Electron Microscopy. 

High-resolution scanning electron microscopy enabled the 

meso-porosity of the graphites to be examined. Pores examined were 

in the size range 5 nm to 300 nm. It is difficult to compare 

these micrographs with micrographs taken using the Cambridge 

"Stereoscan", because another dimension of surface topographical 

detail is being examined. ' However, the highlresolution micrographs 

are comparable with the high-voltage electron micrographs. In 

Figure 50 (Lima graphite) spheriodal pores (200 nm to 300 nm diameter) 

are visible (compare Figures 46 and 49). The AGLHP unipore graphite 

has a rounded structure (Figures 62 to 64), which is quite different 

from the macro-structure seen in Figures 22 to 26. Even in the lower 

magnification high-resolution micrographs (Figure 61) this type of 

structure cannot be detected. 

5.4.5. Metal Impregnation Methods. 

The micrographs taken of graphites (non-oxid. ised) impregnated 

with metals (namely gold) showed a distinction between the open and 

closed pores which gave useful information for building up models 

of the different graphites. The Gilso-carbon graphites had large 

areas (300 jim to 700 Jim diameter) of closed porosity which corresponded 

to the Gilso-carbon grist particles in the graphite. These areas 
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were often surrounded by open pores (Figure 76) which may 

correspond to the pitch binder used to'manufacture the graphite. 

- The petroleum coke graphites had areas with both open and 

closed porosity. Figure 79 (Lima graphite) shows a flow area, 

surrounded by open porosity. In an optical micrograph of Lima 

graphite impregnated with gold (Figure 70), there are pores 

which are incompletely filled, probably due to solidification 

of the gold before complete filling has taken place. There are 

two distinct types of porýs in the micrograph. One, thin 

acicular pores (shrinkage cracks)o which follow the flow-patterns 

of the plastic mesophase (Chapter 3) are seen in the centre 

of the micrograph. It is relevant to note that these consist 

of both open and closed porosity. Two, large near spheroidal 

pores, which could be due to bubble formation during carbonization 

of the fluid pitch, are seen on the left of the micrograph. These 

pores are closed. 

5.4.5.1. Oxidation of Impregnated Graphites. 

Impregnating the graphites with a metal, enables the graphite 

to be oxidized completely, having a metal open-pore replica behind 

for examination by electron microscopy. Micrographs of the gold 

replica show the shapes of individual open pores, giving a 

complex inter-connected system, due to the inhomogeneity of the 

graphites. Quantitative work on the scanning electron micrographs 
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is difficult because at low magnifications there is so much 

information present, and at high magnifications the area is 

so localized, that a large number of micrographs are necessary 

to obtain a representative picture of the bulk graphite. 

Stereopairs alleviate this problem to some extent, in that, when 

viewed stereoscopically, the three-dimensional image is simpler 

i. e. the positions of the gold particles with respect to each 

other can be located. Analysis is still difficult but it is 

possible to obtain shape/size information from instruments such 

as the EMPD 2, using stereopairs. 

In the Gilso-carbon pore replicas, (Figures 108 to 115) 

there are many areas with no gold present, whereas the pore 

replicas of Lima and PGA L18 are very compact with gold. showing 

that these two graphites have a higher open pore volume than the 

Gilso-carbon graphites. This is confirmed by the open pore 

volume measurements obtained from mercuiy porosimetry (Table 1). 

From this study of gold impregnated graphite samples, it 

is interesting to note that the closed pores have essentially 

the same shape and structure as the open pores. 

5.4.6. Thermal Oxidation in Air. 

From the micrographs taken of virgin AGLMP graphite, AGLMP 

oxidized to 5.4% weight loss and 10.5% weight loss, it is obvious 
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that there is a change in the surface topography of the graphites. 

The pores have opened up, especially the small pores (< 5 Jim) to 

give a very pitted surface, in between larger pores (compare 

Figures 91,92 and 93). The Gilso-carbon structure has also 

opened up, (Figures 88(b), 89(b) and 90(b)) to produce larger 

shrinkage cracks, which were probably present before oxidation, 

but were too small to be resolved at this magnification. From 

the micrographs Figures 88(a), 89(a) and 90(a)), there is 

a gradual increase in porosity from virgin graphite, through 

graphite oxidi zed to 5.4%'weight loss, to graphite oxidized to 

10.5% weight loss. 

5.4.7. Oxidation bX Atomic On. (,, en. 

Oxidation by atomic oxygen is carried out at a low temperature 

and may resemble radiolytic oxidation. The atomic oxygen etches 

the graphite surfaces revealing different types of pore structures, 

(Figure 100). By understanding how atomic oxygen oxidizes the 

graphite, we can get an insight into how the graphite behaves under 

radiolytic oxidation, (see Section 3.5). Again, as with thermal 

oxidation, the pores within the Gilso-carbon structure have opened 

up during oxidation. The surface appears to have a flakey nature 

(Figure 101) with pores (100 nm to 200 nm wide) in between the 

flakes. This flakey appearance could be due to small pieces of 

graphite (1 pm to 2 pm wide) lifting away from the surface during 

oxidation. More information and understanding of this effect on 
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the surface will be gained by taking high-resolution micrographs, 

(see Section 6.5.3. ). 

Lima graphite, when oxidised with atomic oxygen, shows up 

the flow area quite distinctly (especially in the right-hand-side 

of Figure 104). The direction of oxidation is not random, but 

is associated with the optical texture and follows the flow 

anisotropy through the graphite. An area of the oxidised Lima 

graphite taken at a higher magnification (Figure 105) shows a 

pitted surface. 

Atomic oxygen oxidizes graphitic materials in a different 

way to molecular oxygen. There are areas of preferential 

oxidation, i. e. some sections of the surface react at higher 

oxidation rates thýn other sections. Examples of the 'etching' 

processes of atomic oxygen are described in earlier publica- 

tions 
120,122 

This 'etching' is illustrated by the optical micrograph 

shown in Figure 153, which is not a graphite surface, but is 

the surface of a semi-coke (HTT 800 K) from a mixture of 50% 

Cilsonite pitch and 50% A200 Ashland petroleum pitch. It was 

tjxidized in atomic oxygenfor three minuteg at 300 K. Inspection 

of Figure 153, shows that there is preferential oxidation at the 

disclination centres i. e. Positions 1 and 2, where the oxidation 

pits occur at right angles across the disclinations, and are 

parallel to the layer planes. 
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These etch-pits are further illustrated by the micrographs in 

Figures 154 to 156. These are scanning electron micrographs, 

(where the optical texture is unfortunately not seen), taken 

of the surface of a semi-coke, (HTT 800 K), from a mixture of 

75% Ashphaltine and 25% A200 Ashland petroleum pitch. This semi- 

coke was oxidized in atomic oxygen for fourteen minutes at 300 K. 

In these micrographs, etching has taken place extensively over 

the surface. Figures 154 and 155 show deep etch-pits, whereas 

Figure 156 (in between the deep etch-pits) has an overall rough 

surface. 

These micrographs (Figures 153 to 156) show that attack by 

atomic oxygen is by no means uniform, but occurs preferentially, 

probably at disclinations, boundaries and shrinkage fissures. If 

radiolytic oxidation behaves similarly, porosity may be influenced 

by channelling as in Figures 153 to 156. This aspect of oxidation 

will be looked for in radiolytically oxidized specimens. 

5.4.8.. Photogrammetry. 

Photogrammetry can be used for drawing out contours and 

profiles of the graphite surfaces, and measuring depths of pores, 

but it is a very time-consuming operation. The best use it can 

be put to, in this pore analysis problem, is to analyze metal 

pore replicas, left after oxidation of the graphite. Here, there 

is too much information to carry out analyses on scanning electron 

micrographs i. e. using the Quantimet, and therefore, using photo- 

grammetry i. e. the EMPD 2, the shapes, sizes and relative positions 
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of the gold pieces can be established. Although the pore shapes 

can be drawn out visually, it may be better to use photogrammetry 

for drawing out certain classes or types of pores, when they have 

been classified. 

5.4.9. Stereology. 

Stereology will provide shape and size parameters for pores 

in different graphites. The Quantimet has been used to yield: 

porosities, pore sizes, pore intercepts, pore wall sizes, average 

perimeter per pore, number of pores per unit area and homogeneity 

for eight different graphites. The graphites are quite different 

(as seen from Table 5). Their pore shapes can be compared, e. g. 

Morgans EYC 9106 is the most homogeneous and has the most pores 

per unit area. 

0 

With suitable attachments, i. e. epidiascope, feature data 

module, programmable calculator, shape/size factors for individual 

pores can be measured. Pores can then be classified for each 

graphite. A large number of measurements are necessary for a 

statistically significant analyses. Progressive polishing was 

carried out on the Gilso-carbon graphites, in order to follow 

the pores through the bulk material. This could be coupled with 

the Quantimet, so that after each polish, the change in shape of 

the pores can be monitored. The Quantimet can yield a wealth of 

information, even from the preliminary test run shown in Table 5. 
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5.5. Diagrammatic Representation of Porosity. 

An initial attempt at the graphic. representation of the 

pore structures, in three types of graphite, i. e. Gilso-carbon, 

unipore and petroleum coke graphites, has been made in Figures 150 

to 152. These diagrammatic models of the graphites give an idea 

of how the. graphites can be distinguished and characterized by 

their pore structures. 

A serious attempt has been made to create representativq. 

diagrams of porosity in the three types of graphite examined. 

The diagrams do not describe porosity in any single, defined 

volume-element but contain essential features to be found through- 

out the bulk of the sample. The 'box' representation of porosity 

facilitates pictorial description. To do otherwise would have 

presented too difficult a problem. 

It is to be noted that the vertical dimensions of the pores 

are exaggerated by a factor of two to three, in order to create 

an effective three-dimensional model. 
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CHAPTER 6. 

EXPERIMENTS INTO THE USE OF CO-ORDINATED OPTICAL 

AND SCANNING ELECTRON MICROSCOPY TO 110NITOR THE 

GASIFICATION OF GRAPHITES 

6.1. Introduction. 

This Chapter describes experiments performed to study 

changes induced by gasification in surfaces of graphites 

using microscopic methods. The study was made in order to 

have available quantitative data describing changes of 

topography and porosity of graphite by gasifiýation under 

controlled conditions. 

Nuclear-grade graphites were gasified in air, carbon 

dioxide, atomic oxygen and atomic hydrogen. Optical and 

scanning electron microscopy were used to monitor the same 

area of the surface of the graphite before and after 

gasification treatments in order to correlate optical 

texture with the extent and location of gasification. 

This study studies gasification by carbon dioxide much 

more extensively than other gases. 

The graphites were thermally oxidised, in air and carbon 

dioxide, in order, specifically, to monitor the further 
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development of porosity and the topography of the pore walls 

before and after gasification. 

The graphites were oxidised in atomic oxygen to study 

the rather unique developments in porosity during oxidation 

with this species; this type of graphitic oxidation may have 

resemblances to radiolytic oxidation, as occurring in the 

nuclear reactor. 

Gasification with atomic hydrogen was carried out to 

obtain comparative information on the behaviour of graphite 

including relative rates of reaction and to build up a 

knowledge of topographical and porosity changes occurring 

in this type of reaction. 

6.2.. Samples and Sample Preparation. 

Three types of graphite were studied: Lima (a petroleum- 

coke graphite), Morgans EYC 9106 (a unipore graphite) and 

AGIMP (a Gilso-carbon graphite). The properties of these 

graphites are listed in Table 1 and their mercury pore-size 

distributions are given in Figures A9, A8 and A5 respectively. 

The graphites weie polished (without the use of resin) 

as for optical microscopy using the three grades of alumina 

powder (see Section 5.2-1. ). The graphites were cut into 
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pieces small enough for scanning electron microscopy, (SEM) 

i. e. less than 1.0 cm x 1.0 cm x 0.5 cm high, and ultrasonically 

cleaned to remove any alumina paste, or cutting debris. 

Microscopy and-gasification studies were then undertaken. 

6.3. Experimental Methods. 

Each sample was placed under the optical microscope and, 

using a micro-manipulator, a vertical and a horizontal line 

were made on the sample to correspond with the cross-wires 

in the eye-piece. This enabled exactly the same position to 

be located before and after gasification treatments. Two 

areas were marked with a vertical and horizontal line in case 

one position was lost during gasification. Optical micrographs 

were taken of each marked and recognizable area at increasing 

magnifications. Scanning electron micrographs were taken to 

characterize the marked areas before treatment. The graphites 

were not coated with gold for electron microscopy, so ensuring 

that the graphite surface was not contaminated. Traces of 

metal on the surface can catalyse the gasification reaction. 

However, there was some slight loss in resolution in the 

scanning electron microscope (caused by charging) due to 

the absence of gold coating. 

After microscopy, the samples were placed in a boat, 

weighed and gasified either thermally, or with an atomic 

species at room terTerature or about 300 K. 
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6.3.1. Thermal Gasification. 

The graphites were thermally gasified in *an electrical 

furnace at temperatures ranging from 800 K to 1,000 K. Air 

or carbon dioxide was passed through the furnace during the 

gasification, heating and cooling stages. Samples were 

gasified for various times dependant on the gas used. The 

sample was reweighed and optical and scanning electron 

micrographs taken of the marked areas in order to relate 

topographical features and porosity developments to 

original optical texture. 

6.3.2. Atomic Gasification. 

The atomic gases were produced using a "Microton 200" 

micro-wave power generator (see Section 5.3.7.3.2). The glass 

sample chamber which is part of a vacuum-line, was 

evacuated, and oxygen or hydrogen passed over the sample. 

The micro-wave cavity was placed directly over the sample. 

The gasification was carried out at about 300 K, for two 

to five minutes. After gasification the sample was reweighed 

and micrographs taken of the known, located areas. 

6.3.3. Extended Studies of Gasifications in Carbon Dioxide. 

Gasification took place at temperatures between 870 K 

and 1300 K. The samples were placed in the centre of the 

I 

furnace; carbon dioxide was passed over the samples during 
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the heating and cooling stages to ensure that no air was 

present in the furnace. The samples were reweighed and 

the marked areas on the surfaces restudied using optical 

and scanning electron microscopy. Some of the graphites 

were gasified several times, the surfaces being studied 

after each gasification .A few flow rates (-400 mm 
3 

S-1 

to 700 mm 
3 

S-1 ) of carbon dioxide were measured using a 

Meterate flow meter tube. 

Ultrasonic testing was carried out on selected 

graphites. These will be described in Chapter 7. 

6.4. Res ul ts. 

Figure 156.1 is a graph showing the calibration of 

the hot-zone of the furnace. Table 6 describes gasifications 

that were carried out on the three graphites and the weight 

losses sustained during each treatment. Figures 157 to 

262 show the micrographs taken at each gasification 

treatment. Table 7, gives weight losses sustained during 

further gasification by carbon dioxide carried out on the 

three graphites and the temperatures of each treatment. 

These weight losses are for each gasification and also 

cumulative values where two or more gasifications have been 

carried out on the same sample. Flow rates are given in 

Table 8. Table 9 relates each graphite with the figure 
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numbers of the corresponding micrographs, to facilitate 

location. In discussing the results, the three different 

types of graphite studied are compared at each temperature 

of gasification. 

6.5. Discussion of Results. 

6.5.1. Thermal Gasification in Air. 

Figures 157 to 182 are micrographs of Lima graphite 

(LGI, LG2 and LG3) before and after gasification in air. 

Figures 183 to 189 are micrographs of Morgans EYC 9106 

(MG1 and MG3) graphite before and after gasification in 

air. Figures 190 to 195 are micrographs of AGLMP graphite 

(AG1) before and after gasification in air. 

Lima Graphite 

Figures 157 to 162 are optical and scanning electron 

micrographs of one area of Lima graphite (LG1) before and 

after gasification in air at 973 K for one hour, giving 

a weight loss of 16.67%. The optical micrographs (Figures 

157 and 158) show the optical texture of the graphite. 

Flow areas can be clearly seen as blue and yellow colours, 

i. e. they run parallel to the basal planes. A pore 

structure is marked A, which runs along a flow area. Many 

shrinkage cracks are associated with these flow areas. 
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After gasification the surface topography is obviously 

associated with the optical texture (Figures 159 to 162) 

revealing many pores lying parallel to the basal planes 

and following the flow areas. Position A is also marked 

on the SEM micrograph. Figures 161 and 162 show where the 

layers gradually bend over from a prismatic edge presentation 

to a basal plane presentation. 

Figures 163 to 178 are optical micrographs and 

scanning electron micrograpts of an area of Lima graphite (LG2) 

before and after gasification in air at 873 K for one 

hour, giving a weight loss of 2.35%. Figures 163,164, 

166 and 170 are taken at the same magnification; the 

scanning electron micrographs appear to be lower in 

magnification; this is because the sample has a 45 0 

tilt to obtain the best SEH image. 

It is interesting to compare the same area before 

and after gasification with both the optical and the 

scanning electron microscope (Figures 163,164,167 

and 171). A reference point is taken as the pore marked 

B (Figures 163,164 and 167). To the right, at Position 

C and also at Position D there are areas of small mozaics 

as distinct from the flow anisotropy marked E. These 

types of areas of different optical texture and hence 
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structure oxidize quite differently as seen in Figure 171. 

Me area beneath the tip of the pore (yellow on Figure 163) 

marked E, has not oxidized as much as the small rDzaic area 

fdarked C. - In this area C many small near-circular pores 

(_ 0.5 pm) have developed (compare Figure 167 with Figure 

171). The area to the left of the flow area beneath the 

large pore Position D, also has many small pores (_ 0.5 Jim) 

which have developed during oxidation. 

It is interesting to note that at the boundary between 

Positions D and E (Figures 167 and 171), a gasification 

crack has developed right down the boundary. Higher 

magnification micrographs (Figures 173 to 178) were taken to 

Jillus trate the topographical dif f erences between the areas 

of small iwzaic, Positions C and D, and the flow anisotropy 

areas, Position E. In Figure 176, the gasification crack 

separating the two areas is clearly shown. 

Figures 179 to 182 show an area of Lima graphite (LG3) before 

and after it has been gasified in air at 823 K for one hour, giving 

a low weight loss of 0.38%. These micrographs illustrate two 

phenomena; one, the loss of colour contrast after gasification, 

and two, that clear definition is lost by this small percentage weight 
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loss. The yellow and blue colours which represent the prismatic 

edg es have faded throughout the surface after gasification, but 

the purple areas which represent the basal planes are as bright 

before as after gasification as at Position F. This could be 

due to the fact that the rate of gasification is higher at 

the prismatic edges than on the basal planes. 

ýIorgans Unipore Graphite 

Figures 183 to 187 show an area of Morgans EYC 9106 unipore 

graphite (MG1) before and after gasification in air at 973 K for 

one hour, giving a weight loss of 9.22%. It can be seen in 

Figures 184 and 185 that oxidation has taken place over most of 

the surface. In Figure 185 there is an area at the top of the 

micrograph Position G which has gasified much less than the rest 

of the graphite surface. This area corresponds to the purple 

area at the top of Figure 183, also marked G which is optically 

isotropic. This material could be isotropic in structure or it 

could be taken as a basal plane area. However, quantitative 

reflectivity measurements carried out in the optical microscope 

on this area and similar areas indicate that this is not a basal plane 

area . The ref lectivity value taken at a wavelength of 546 nm, 

for a basal plane in graphite is about 30%, whereas these isotropic 

areas gave a reflectivity value of about 15%. 

These isotropic areas are present in quite large volumes 

in this graphite and may be a binder material which is 

used in manufacture. Figure 186 shows the two areas that have 



155. 

gasified at different rates-. The prismatic edge area at 

the bottom of Figure 186 has become very rough and the pore walls 

have also been oxidized as seen in Figure 187. During gasification 

many small pores (_ 0.5 jim) have developed both on the surface 

and inside pores which are open to the surface. 

Figures 188 and 189 are micrographs of an area of Morgans unip6re 

graphite (MG3) before and after oxidation in air at 823 K for 

one hour giving a weight loss of 0.11%. From these micrographs 

there is no visible change in the oxidized surface at this 

magnification, either in terms of colour contrast or definition 

(compare Figures 179 to 182, Lima graphite under the same conditions). 

AGLMP Graphite 

Figures 190 to 195 show an area of AGLMP graphite (AG1) before 

and after gasification in air at 873 K for one hour, giving a weight 

loss of 0.48%. The optical micrographs taken after gasification 

have lost colour contrast and definition due to the polished surface 

becoming rough and the reflectivity diminishing. In the micrograph 

(Figure 191) the blue areas have become white, Position H, and the 

yellow areas have faded, Position J, as also seen in previous 

micrographs of Lima graphite (Figures 181 and 182). Most features 

are lost because of the very low depth-of-focus present in an optical 

microscope. I 
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The oxidation features are seen best in the scanning 

electron micrographs. At low magnification (Figure 192) the 

surface looks fairly smooth and there is little evidence of 

gasification as the effect is small. The positions of H and J 

are marked on Figures 192 and 193 to identify them with the 

optical micrographs. However, at higher magnifications (Figures 

194 and 195) the surface is very pitted with many small pores 

(-0-1 Ilm wide), many of which are long and thin, and a few nearly 

circular. 

The small pores (1 Jim wide) developed during gasification 

by molecular oxygen are clearly associated with the small mozaic 

structures of the optical texture of Figure 190. The long, thin 

pores could be the enlargements of shrinkage cracks already 

present in the graphitic material. 

6.5.2. Thermal Gasification in Carbon Dioxide. 

Figures 196 to 215 are micrographs of Lima graphite (LG4 

and LG6) before and after gasification in carbon dioxide. Figures 

216 to 222 are micrographs of Morgans EYC 9106 graphite (MG4 and 

MG6) before and after gasification in carbon dioxide. Figures 

223 to 232 are micrographs of AGLMP graphite (AG2)_ before and after 

gasification in carbon dioxide. 
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Lima Graphite 

Figures 196 to. 201 are micrographs of an area of Lima 

graphite (LG4) before and after gasification in carbon dioxide 

at 973 K foi 16 hours, giving a weight loss of 0.83%. Figures 

196 and 198 are taken at about the same magnification. Corresponding 

positions are marked K in both the optical and SEM micrographs. 

In these micrographs the complexity of the topographical changes 

created by gasification with carbon dioxide can be seen. Although 

corresponding areas can be identified in Figures 196 , 198 and 

199, there is a need for a very careful, detailed analysis of 

each area to relate texture to topography. 

The whole surface appears to be etched by the carbon dioxide 

forming channels (- 0.5pm wide) which accentuate the texture and 

run parallel to the basal planes (Figure 201). 

Figures 202 to 210 are high-resolution scanning electron 

micrographs taken using a JEM IOOC with the ASID-O scanning 

attachment. The micrographs are of Lima graphite (LG4) 

gasified in carbon dioxide at 973 K for 16 hours, giving a weight 

loss of 0.83%. ' Figures 202 to 205 show one area at increasing 

magnifications. Figure 203 is a similar area to those areas 

seen in Figures 200 and 201. Channelling of the surface has 

taken place during gasification. At higher magnifications of this 

surface, the whole area appears to have a spherical structure 

(Figures 204 and 205) with pores associated with these spheres. 
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These spheres may have been formed at the mesophase stage 

of manufacture. Their diameters are mostly 100 nm and smaller. 

Figures 206 to 210 show another area of Lima graphite (LG4) 

gasified in carbon dioxide. This area is similar to the previous 

ares, with 100 nm spheres visible in 
_Figures 

208 to 210. In 

Figure 206 the channelling effect can again be seen, due to the 

gasification on the surface. In Figure 209, a pore with a narrow 

constricted neck can be seen on the right side of the micrograph, 

half -way down (marked 1) . This is the type of pore known as an 'ink-bottle 

pore'. The larger pores present in Figures 209 to 210 represent 

the smallest pores that are being examined in this study (- 50 nm). 

Figures 211 to 215 are micrographs of an area of Lima graphite 

(LG6) before and after gasification in carbon dioxide at 873 K 

for 25 hours, giving a weight loss of 0.03%. There is little change 

in the topography of the surface during gasification, but it can be 

seen that in the optical micrographs, the blue and yellow colours 

have faded, Positions L and M. The blue colour appears to have 

faded more than the yellow, but that may be due to the colour 

composition, rather-than the blue areas becoming more gasified than 

the yellow areas. The purple colour representing the basal plane 

areas has remained the same after gasificationý Position N. The 

scanning electron micrographs (Figures 213 to 215) show no sign of 

gasification attack, even at high magnifications. 
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The colour sensitivity is more developed than the 

topographical change induced by oxidation. . 

Morgans Unipore Graphite 

Figures 216 to 220 are micrographs of Morgans EYC 9106 unipore 

graphite (MG4) before and after gasification in carbon dioxide at 

973 K for 16 hours, giving a weight loss of 0.67%. The smooth 

purple area, Position P, in the optical micrograph is an isotropic 

material which is only attacked very slightly by oxidation. At 

low magnifications (Figure 217) the surface appears quite smooth, 

but at higher magnifications, in a small mozaic area, Position 0, 

(Figures 218 to 220) the surface is quite rough. There are two 

types of gasification attack, as seen in Figure 218. One is on 

the isotropic material, Position P, and the other is on the small 

mozaic area, Position 0. The carbon dioxide has attacked the isotropic 

material to a lesser extent (Figure 219) than the small mozaic 

area (Figure 220). 

Figures 221 and 222 are micrographs of Morgans EYC 9106 

graphite (MG6) before and after gasification at 873 K for 25 hours, 

giving a weight los*s of 0.02%. These micrographs show that there 

is no change in the optical texture, or the surface topography at 

this magnification. (Compare Figures 211 and 212, which Are areas 

of Lima graphite (LG6) gasified under the same conditions, but 

giving a loss in the interference colours). 
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AGLMP Graphite 

Figures 223 to 232 are micrographs of AGLMP graphite (AG2) 

before and after gasification in carbon dioxide at 973 K for 

sixteen hours giving a weight loss of 0.40%, and 1073 K for 

sixteen hours giving a further-weight loss of 0.76%. 

The interference colours (Figure 224) have become quite dull 

after gasification at 973 K, although the pore structure is quite 

clear after gasification. 

The scanning electron micrographs (Figures 225 to 228) show 

signs of gasification at high magnification (Figures 227 and 228) 

where the surface is pitted. The graphite surface has white 

patches on it, which could be due to irradiation damage in the 

electron microscope, together with slight charging of the specimen, 

due to the specimen not being gold coated. The area Q which is 

marked in both the optical and the scanning electron micrographs 

lies on a boundary line around the edge of the Gilso-carbon structure. 

This area is a band of small mozaics as seen in Figure 223. After 

oxidation the mozaic structure has almost disappeared (Figure 224) 

and the area has become pitted with pores (- 100 nm wide) (Figures 

227 and 228). 

Figures 229 to 232 are scanning electron micrographs of 

AGLMP graphite (AG2) after gasification at 1073 K for sixteen hours. 

The surface has become well pitted during gasification giving a very 

flakey appearance (Figure 232). The area studied at high 
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magnification, an area between two pores, has collapsed (Figure 232) 

and the pores have all joined up leaving very thin slivers of 

graphite on the surface. Many pores (- I pm wide) have appeared 

around the Gilso-carbon structure, (Figure 232) which lie parallel to the 

pores already present. These pores may have been created, 

during gasification or they could be pores which have become 

enlarged and were beyond the resolution of the microscope before 

gasification. 

6.5.3.. Gasification in Atomic Oxygen. 

Figures 233 to 257 are micrographs of Lima graphite (LG7 LG8 

and LG9) before and after gasification in atomic oxygen at room 

temperature. 

Figures 233 to 242 are micrographs before and after gasification 

for f ive minutes (LG7) giving a weight loss of 0.98%. Figures 233 and 

234 were taken at similar magnifications. Corresponding -Positions 

R and S are marked. The channelling effect over the whole surface 

in Figure 234, is associated with the optical texture seen in 

Figure 233. The area in Figures 235 and 236 is an area of flow-type 

anisotropy around Position S. Oxidation has taken place inside 

the pores, as seen in the pore at the top of Figure 235 (above 

Position Sy. The structure inside this small pore (- 5 pm) looks 

similar to the surface structure, but a higher magnification 

micrograph is necessary to establish this. 
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Figures 237 to 242 are high-resolution micrographs taken 

of Lima graphite (LG7) after gasification in atomic oxygen at 

about 300 K for five minutes. These micrographs again show the 

spherical structure with spheres of diameter ab6ut 100 nm, many of 

which have agglomerated to form larger spheres, leaving thin pores 

(_ 10 nm) in between the individual spheres (Figure 242). 

The micrographs (Figures 237 to 242) are taken of an area 

of Lima graphite (LG7) showing the effect of the gasification 

(Figure 237). The structure inside the pore in this micrograph 

is channelled similarly to the surface. The top of Figure 238 

shows how rough the pore wall is. This area is magnified in Figures 

240 to 242, The pore wall is made up of spheres about 100 nm diameter 

which have pores associated with them. 

Figures 243 to 250 show an area of Lima graphite (LG8) before 

and af ter gasif ication in atomic oxygen at about 300 Kf or three 

minutes, giving a weight loss of 0.57%. In the scanning electron 

micrographs the effect of gasification is seen by comparing 

Figures 246 and 247 with Figures 249 and 250. Corresponding 

positions are marked T. The channelling parallel to the basal 

planes has opened up many long thin pores in Figure 250, of size 

about 100 nm. In the optical micrographs the texture has become 

very dull, e. g. Position U, making it difficult to distinguish 

between the different optical textures. 
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Figures 251 to 257 are micrographs of Lima graphite (LG9) 

before and after gasification in atomic oxygen at about 300 K for 

two minutes, giving a weight loss of 0.15%. The interference 

colours have again faded, although the yellow colour, Position V, 

has not faded as much as the blue colour, Position W. Many areas 

which were originally blue, are yellow after oxidation. 

In the scanning electron micrographs (Figures 255 to 257) 

the gasification effect can be seen at high magnifications (Figures 

256 and 257). Many long pores (- 100 nm wide)have developed on 

the surface giving a channelling effect which follows the 

texture of the graphite surface. 

6.5.4.. Gasification in-Atomic Hydrogen. 

Figures 258 to 262 show an area of Lima graphite (LG10) before 

and after gasification with atomic hydrogen at ibout 300 K for twenty 

minutes, giving a weight loss of 0.08%. The optical micrographs 

before gasification (Figure 258) and after gasification (Figure 

259) show that the yellow interference colour has faded, Position X, 

the blue colour has faded to a creamy-white colour, Position Y, 

and some of the purple areas (basal planes) have remained purple, 

Position Z Other areas of purple have changed_colour, Position 

Z these are the purple -areas representing the prismatic edges, . ý2 

half-way between blue and yellow colourp. 
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f 

Figures 260 to 262 are scanning electron micrographs 

of Lima graphite (LG10) after gasification in atomic hydrogen. 

The gasification on the surface is only visible at high 

magnifications (Figure, 262). Here the surface pitting can 

be seen, with small pores about 100 nm diameter developing 

on the surface. 

6.5.5, Extended Studies of Gasifications in Carbon Dioxide. 

Figures 263 to 289 show micrographs of the three graphites 

(LG12, MG7 and AG5) gasified in carbon dioxide at 1073 K for 

sixteen hours, giving the following weight losses: Lima 

graphite 1.64%, Morgans unipore graphite 0.60% and AGIMP 

graphite 1.34%. From both the weight loss and a study of 

the micrographs, it can be seen that Lima graphite is the 

most reactive. 

Figures 263 to 270 show Lima graphite (LG12) before 

and after gasification. In the optical micrographs, Figures 

263 and 264, the surface has changed so much that the areas 

are almost uncomparable. With careful study it is possible to 

relate certain areas, i. e. Position A, which is a pore. The 

surface in Figure 264 has become very porous. The pores are 

depicted as black or green areas on the micrograph. The black 

pores are very shallow pores (- 1 jim to 2 pm deep) and the green 

pores are deeper (- 10 -pm to 20 jim deep) . Most of the black 

areas are pores which have appeared during gasification. 
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Position A is marked on the scanning electron micro- 

graphs. Again the surface has changed a great deal during 

gasification. Many long thin fizzures, ranging from 100 nm 

to 1 jim wide have appeared over the whole surface (Figures 

269 and 270). In Figure 269 below J? osition A, there is a 

herring-bone structure of fizzures. This appears to 

correspond to a yellow area in the optical micrograph (Figure 

263), although complete correlation is difficult because the 

surface has changed so much. Above the herring-bone structure 

is a smooth non-porous structure which corresponds to a 

purple area in the optical micrograph. This is a basal-plane 

area, which has not become heavily oxidised. Figure 270 

shows very thin layers of graphite left after gasification, 

measuring about 200 nm. 

At low magnifications (Figures 265 and 268) it can be 

seen that the larger pores (20 ým to 50 jim diameter) have 

remained the same size during gasification, whereas smaller 

pores (1 pm to 10 11m) have become larger, by a factor of 

two or three. However, the much smaller pores (- 50 nm to 

2OOmn) (Figures 266 and 269) have increased their size by 

ten or more, and many did not appear to exist before gasification. 

Figures 271 to 276 sbow an area of Morgans unipore grapbite 

(MG7) before and after gasification in carbon dioxide at 1073 K. 
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Again the surface has changed considerably as seen in the 

optical micrographs (Figures 271 and 272). Me area marked 

B shows a pore at the edge of a purple area and a nozaic area. 

This area is also marked on the scanning electron micrographs. 

The area which is purple in the optical micrographs does 

not stand out in the scanning electron micrographs (Figures 273 

and 274) before gasification, but after gasification (Figure 

275) it is very distinct as it does not oxidise to the same 

extent as the mozaic areas. The purple area is not a basal 

plane area because of its reflectivity properties which were 

discussed in Section 6.5.1. (p. 154) It is an isotropic material 

which is found extensively in this graphite, and remains fairly 

smooth during gasification. 

The mozaic areas gasify non-uniformly, leaving short thin 

pores (- 1 pm long and 200 nm wide). None of the pores are very 

long apart from a few along the boundary between the different 

optical textures, which are about 5 pm long. Again the large 

pores remain unchanged during gasification. 

The scanning electron micrographs give very bright edges 

to the bottom side of the pores. This is due to charging of 

the specimen during examination. The samples were not coated 

with a conducting material, giving rise to slight 1 oss in 

resolution. 
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Figures 277 to 284 show an area of AGLMP graphite (AG5) 

before and after gasification incarbon dioxide at 1073 K. 

The surface topography has only changed slightly compared 

with the previous two graphites, as seen in the scanning 

electron micrographs (Figures 280 and 283). The optical 

micrograph has changed colour completely (Figure 278) to 

all purple, but the purple does not have the same intensity 

as the purple seen in the virgin graphite (Figure 277). 

The surface features are still present, and stand out through 

the purple colour i. e. Position C. 

This colour could possibly be due to formation of the 

surface oxygen complex during the following reaction: 

c+ Co 2 -* Co +c (0) 

which is an intermediate reaction on the surface during 

gasification of graphite with carbon dioxide. (This is 

described in Section 3.2). The surface oxide will alter 

the electronic structure of the basal planes and may produce 

the purple colour as seen in the polarized light micro- 

scope. The surface complex may be removed by polishing the 

surface very lightly, and by heating to higher temperatures 

in vacuum or an inert gas, or by heating in hydrogen. 

The loss in colour may be due simply to the induced surface 

roughness following gasification. 
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In the scanning electron micrographs (Figures 279 

and 282) there are signs of slight gasification on the 

surface. Small pores (- 500 run wide) are starting to 

appear and the long thin pores (- 100 run wide) at 

Position C are becoming more prominent. 

This sample was gasified further to a temperature 

of 1198 K, having a weight loss of 3.44%. Figures 285 

to 289 show scanning electron micrographs of the area 

after further gasification. Optical micrographs could 

not be taken because the surface was too rough to 

obtain a clear image. 

From the scanning electron micrographs (Figures 

285 to 289) it can be seen that the surface topography 

has changed a great deal during gasification. Many 

pores have appeared at the surface, which accentuate 

the surface structure, especially the area shown in 

Figures 288 and'289. This area is seen in Figure 277 

Position C. In this micrograph the area was depicted by 

a yellow flow area. The pores developed (Figure 288) 

during gasification run parallel to the layer planes. 

The long thin pores (- 2 pm wide) developed during 
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gasification are quite deep (- 3 Jim). The, same pores 

before gasification had no depth to them at all (Figure 281). 

Figures 284 and 289 taken of the same area, are difficult to 

recognize as such, due to the extent of gasification. In 

Figure 289, thin (100 m) sheets of graphite are well defined. 

Figures 290 to 304, show micrographs of two of the graphites; 

Lima (LG13) and AGLMP (AG6)jbefore and after gasification in 

carbon dioxide at 1088 K for forty-eight hours and 1173 K for 

sixteen hours. -The weight losses sustained during the two 

gasifications are: Lima graphite 1.42% and 2.63% and AGLMP 

graphite 0.48% and 1.39%. Again, Lima graphite is the most 
3 -1 reactive. The flow rate of carbon dioxide was. 500 mm s 

Figures 290 to 296 show Lima graphite (LG13). Optical 

micrographs were not taken before gasification but Figure 290 

shows the graphite after gasification at a temperature of 

1088 K. It is noted that there is no blue colouration in the 

micrographs. This is due to a colour change during gasification. 

The blue colour has become a cream colour, Position D, but the 

yellow colour has remained yellowjosition E. This could be due 

to a change in the adsorptive properties on the surface of the 

graphite. 

Positions D and E are also shown on the scanning electron 

micrographs, but they do not stand out in the micrographs taken 
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before gasification (Figures 291 and 292). After gasification 

at 1088 K (Figures 293 and 294) many gasification fizzures 

200 nm wide) have appeared, following the optical texture 

of the graphite surface. This is seen clearly in Figure 293. 

At Position D the gasification fizzures are parallel to a north- 

east direction up the paper, whereas at Position E the 

gasification fizzures are paralled to a south-east direction, 

i. e. they are at right angles to each other. This is consistant 

with the fact that the gasification fizzures run parallel to the 

basal planes and that the cream colour (previously blue) indicates 

basal planes orientated at right angles to the basal planes in the 

yellow areas. 

After further gasification the fizzures have widened to 

about 500 nm (Figures 295 and 296) and a few more fizzures have 

appeared. The area below the pore next to Position D (Figure 296) 

is a purple area and is quite free of gasification fizzures. This 

could be an area where the basal planes are running parallel to 

the surface under observation, and none or very little gasification 

has taken place (see Figurel. for an qnalysis of the 

interference colours). This purple area should not be confused 

with the area at Position F which is purple and indicates an 

orientation of the basal planes which is half-way between blue 

and yellow, hence giving: basal planes and gasification fizzures 

in a north-south direction (Figure 295). 



171. 

Figures 297 to 304 show AGMP graphite (AG6) before and 

after gasification in carbon dioxide at 1088 K and 1173 K. 'The 

optical micrographs (Figures 297 and 298) show very little change 

after gasification. The pore, Position G, has changed 

appearance, and become more diffused (Figure 298) after gasification. 

The pore is no longer in focus due to gasification of the pore wall. 

There were no scanning electron micrographs taken before gasification, 

but Figures 299 to 301 show the surface after gasification. Around 

the pore, Position Clthere are many fizzures (- 100 nm wide) 

which account for the diffused appearance of the pore in Figure 298. 

After further gasification more fizzures develop (Figure 303) 

which are about 150 im wide. The fizzures already present have 

become slightly larger (- 500 nm). .- 
The extent of gasification 

is not quite as great as with Lima graphite under the same 

conditions (Figures 295 and 296). 

Figures 305 to 333 show micrographs of the three graphites 

(LG14, MG8 and AG7) gasified in carbon dioxide at 1138 K 

and 1223 K for sixteen hours each. The following weight 

losses were sustained during gasification: Lima graphite 2.00% 

and 9.40%, Morgans tnipore graphite 0.85% and 7.57%, and AGUIP 

graphite 0.81% and 2.28%. 

Figures 305 to 313 show Lima graphite (LG14) before and 

after gasification. In the optical micrographs (Figures 305 and 

306) there is very little change in the Optical texture after 
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gasification at 1138 K. This is confirmed by studying the 

scanning electron micrographs (Figures 308 to 311) which show 

that there is no change in-the surface topography apart from 

the development of an occasional fizzure, below Position H, 

(Figure 311). The width of the fizzure is about 50 nm. 

On further gasification the surface changes a great deal 

as seen in the optical micrograph (Figure 307) and the scanning 

electron micrographs (Figures 312 and 313). In Figure 307, the 

blue and yellow areas, corresponding to prismatic edges have 

disappeared but the purple colours still remain. The black lines 

to the right of Position H are shallow pores which have been 

enlarged during gasification. Their depth is about 1 pm to 2 Vm. 

The green colour represents deeper pores (- 10 jim to 20 pm deep) 

which were already present before gasification. The disappearance 

of the blue and yellow colours could be due to preferential 

oxidation taking place on the prismatic edges, rather than on the 

basal planes. The area is difficult to identify because the 

surface is rough and the depth of focus is low in the optical 

microscope. 

In the scanning electron micrographs (Figures 312 and 313) 

the gasification fizzures follow the optical texture as in the area 

to the right of Position H. This area was purple before gasification, 

representing half-way between blue and yellow orientations. The 

pores are about 1 ýM wide and about 100 Jim to 150 Jim long. 
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Many shorter pores, which are about 10 Pm long, have also 

appeared during gasification. Gasification attack on the pore wall 

can be seen by comparing Figure 313 with Figures 309 or 311. 

Figures 314 to 321 are micrographs of Morgans unipore 

graphite (MG8) before and after gasification. Position J marks 

the pore which has been observed at higher magnifications. 

There appears to be no change in the optical texture and the 

topography before and after gasification at 1138 K. The only 

observed change was the development of a fizzure seen in 

Figure 319. In Figure 317 a thin pore was barely visible, 

Position Jtbut after gasification the width of the fizzure could 

be measured as about 70 nm. A pore which was filled with loo$e 

graphite particles (above Position J in Figure 316) has lost 

the loose graphite during gasification (Figure 318) and a piece of 

debris on the surface above the loose particles has been removed 

and left -a light area on the graphite surface. This debris could 

have influenced the gasification reaction (2Ltjý. a piece of alumina 

powder may possibly catalyse the reaction). 

After further gasification, the surface topography is 

completely changed (Figures 320 and321). The whole surface has 

become covered with very small pores (- 100 nm to 200 nm wide). 

In Figure 321 a large amount of graphite has disappeared, and two 

pores that were previously linked by a very thin pore (< 100 rLM 

in Figure 317), -Position J, are now joined together by a pore 

about 2 pm wide. 
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Figures 322 to 333 are micrographs of AGLMP graphite 

(AG7) before and after gasification giving a weight loss of 0.81%. 

Again, in Figures 322 to 329, there is very little change in both 

the optical texture and the topography after gasification at 1138 K. 

The pore, Position K, is marked for identification. Figure 323 

is slightly darker in colour than Figure 322, which could be due 

to a slight loss in reflectivity of the polished surface. The 

high-lighted areas in the scanning electron micrographs e. g. 

Figures 324 and 327, are due to electrostatic charging on the 

graphite surface, caused by non-coating of the surface with a 

conducting material. 

Figure's 330 to 333 are scanning electron micrographs of 

sample AG7 taken after further gasification at 1223 K. In these 

micrographs the whole surface is pitted with very small pores, 

which are less than 100 nm wide and 1 pm long. In Figure 333, 

the interior of the pore wall can be seen, and small fizzures 

(100 nm wide) are present running along the wall. The pore 

wall has gasified in a similar way to the graphite surface. 

Figures 334 to 341 are micrographs of Lima graphite (LG15) 

before and after gasification in carbon dioxide at 1173 K 

and 1223 K for sixteen hours each. The weight losses sustained 

during gasification were 3.65% and 9.29%. The flow rate of the 

3 -1 carbon dioxide was 700 mm s.. The optical micrographs (Figures 

334 and 335) show a complete c6lour change after gasification. 

The surface is isotropic, as shown by the purple colouration. 
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Although the optical texture of the surface has changed 

completely, the topography has changed only slightly (compare 

Figure 336 with Figure 338). Position L has been marked on 

the micrographs. A few small pores (- 100 nm wide) have 

developed on the surface as seen in Figure 338. These pores 

are very narrow (- 100nm) and extremely shallow. They are only 

just detectable as a pore, even at high magnifications 

(Figure 339). 

On further gasification the surface became completely pitted 

with small pores (Figures 340 and 341) which were not at all 

evident after the first gasification. Optical micrographs could 

not be taken at this stage because the surface was too rough. 

Many of the pores are about 50 jim long and 200 nm wide. The larger 

pores (20 jim wide) have not changed during gasification but one 

pore, Position M, has almost disappeared after this further 

gasification (Figures 338 and 340). This is because it was a 

shallow pore (ý- 2 Vm) and it has become incorporated into the 

roughness of the surface. 

The pores at the bottom of Figure 341 (- 300 rim) were . 

beginning to appear in Figure 399, butmany, especially on the 

pore wall at the top of Figure 341 appeared after the second 

gasification at 1223 K. They have developed to the same size 

as the pores at the bottom of Figure 341 (200 nm to 300 nm 

wide). The pattern of the pores in Figures 340 and 341 
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are related to the optical textures seen in Figure 334 before 

gasification. Around the pore Position M, there is a yellow 

flow area. This area has beýome covered with long thin pores 

200 nm wide) running parallel to the basal planes. There is 

a mozaic area to the right of this, above a large pore, Position 

N. After gasification the developed pores in this area are not 

all in one direction, but change direction many times. 

Figures 342 to 367 are micrographs of samples (LG16, MG9 and 

AG8) after gasification in carbon dioxide at 1198 K and 1273 K 

for sixteen hours at each temperature. The weight losses 

sustained were: Lima graphite 5.31% and 37.65%, Morgans unipore 

graphite 1.40% and 16.19%, and AGU-T graphite 1.07% and 8.12%. 

Figures 342 to 351 show Lima graphite (LG16) before and after 

gasification. The optical micrographs (Figures 342 and 343) have 

lost the interference colours during gasification. This indicates 

that the surface topography has changed, together with the adsorptive 

properties of the surface. The pore shapes are still detectable, 

although the detailed surface structure has disappeared. Position 

0, marks the position of a pore seen in most of the micrographs. 

In comparing the scanning electron micrographs (Figures 344 

to 349) it can be seen that after gasification the surface is rougher, 

and pores have developed as seen in Figures 348 and 349. Most of 

the developed pores are less than 50 nm wide, one pore just below 

Position 0 is larger (0.5 lim wide). 
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After further gasification (Figures 350 and 351) the 

surface has changed a great deal, especially around the centre 

of Figure 350. The surface was too rough for optical micrographs 

to be taken. At higher magnifications, the area became barely 

recognizable (Figure 351) with pieces of graphite (- 2 pm Wide) 

flaking off the surface. The interior of the poreg can be *seen 

in Figure 351. The pore walls contain thin slit-shaped pores 

which are about 1 pm wide. Higher magnification micrographs 

W. ere not taken because there were many loose pieces of graphite 

on the surface which made focussing very difficult. 

Figures 352 to 359 show Morgans unipore graphite (MG9) before 

and after gasification. There was no change in either the optical 

texture as seen in Figures 352 and 353, or the surface topography 

as seen in Figures 356 and 357, after 1.4% weight loss. Position 

P is marked on the micrographsfor identification. 

Figures 358, and 359 show Morgans graphite (MG9) af ter f urther 

gasification. The whole surface has become covered with very small 

pores (- 200 nm to 300 run wide). There are a few areas which have 

not become as pitted during gasification as most of the surface. 

These areas are seen as plain purple areas in the optical micrographs 

(Figures 352 and 353) i. e. they are pieces of isotropic material 

which could be inerts present in the starting material. This area is seen 

in Figure 359, it is much more porous after gasification (compare 

FigureS355 and 357) having pores about 100 nm in diameter, but it 
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i. 

has not gasified to the same extent as the mozaic surface which 

is seen at the bottom of Figure 359. This type of area which 

covers most of the surface-has many pores 200 nm wide and 

2 pm long. 

Figures 360 to 367 show AGLMP graphite (AG8) before and 

after gasification. The optical texture as seen in Figures 

360 and 361 has changed during gasification. Many of the yellow 

areas have become purple around the pore marked Position Q. 

This is a surface effect which is not seen in the scanning electron 

micrographs (Figures 364 and 365). It could be a very thin layer of 

surface oxide which affectsthe optical texture but not the 

topography, giving a change in the adsorptive properties of the surface. 

Af ter f urther gasif ication the surf ace has become very rough. 

Several large pores have developed which are about 5 pm to 10 pm 

diameter e. g. the pore below Position Q in Figure 366. These pores 

must have beenjust below the surface before gasification as it is 

unusual for pores of this size to develop during gasification. 

Many smaller pores (- 300 nm wide) have developed on the surface. 

At Position R there is a band going across the micrograph 

this is seen as a distinct line in the optical micrograph 

(Figure 360) before gasification, and as a less distinct line after 

gasification (Figure 361). This is the boundary of the Gilso-carbon 

/ 
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area which is generally not seen on scanning electron micrographs 

(Figure 362) but after heavy gasification (Figure 366) it is seen 

as a band which has not oxidisea to the same extent as other areas 

i. e. it is not pitted with pores (500 nm wide) as much as the rest 

of the surface. 

Figures 368 to 385 show micrographs of the three graphites 

(LG17, MG10 and AG9) before and after gasification at 1243 K for 

sixteen hours, giving the following weight losses: Lima graphite 

5.99%, Morgans unipore graphite 6.04% and AG111P graphite 3.30%. 

Figures 368 to 373 show Lima graphite (LG17) before and after 

gasification having a weight loss of 5.99%. The optical texture has 

changed completely and the surface has become isotropic (Figure 369). 

There are many long, thin pores 1 jim wide) covering the surface, 

especially along the blue flow areas seen in Figure 368. Position S 

marks a pore which can be seen in both the optical and scanning 

electron micrographs. The green colouration in Figure 369 depict 

most of the larger pores (> 5 jim deep) already present before 

gasification (Figure 368). The-black areas are smaller pores 

(< 2 jim deepi many of which have developed during gasification. 

In the scanning electron micrographs (Figures 370 to 373) 

the topography is quite different after gasification (Figures 

372 and 373). Many long, thin pores (- 200 rm wide) have 

developed along the flow areas i. e. parallel to the basal planes. 
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In Figure 373 there is a 90 0 change in direction of the pores 

as the basal planes change direction. This is depicted in 

the optical micrograph (Figure 368) as a blue flow area, with 

a yellow area (8 pm wide) adjacent to it, by Position S. The 

high magnification micrographs (4,300 X) (Figures 371 and 373) 

show no resemblance to each other, because the surface has 

changed so much. The flow area can just be detected at the 

top of Figure 371, before gasification. 

Figures 374 to 379 are micrographs of Morgans unipore graphite 

(MGIO) before and after gasification giving a weight loss of 6.04%. 

Position T marks the area which has been studied. In-the optical micro- 

graphs the pore structure is well def ined af ter gasif ication, but the 

optical texture has become quite dark and ill-defined. Around 

Position T the optical texture has a mozaic structure. On 

gasification, this type of structure behaves quite differently 

from the flow areas in the previous sample. This is seen in 

Figure 379, where many short, thin pores (200 nm wide) have 

developed during gasification. The pore in the centre of Figures 

377 and 379 has enlarged slightly during gasification from 200 nm 

to 300 run, but larger pores (> 1 jim wide) have remained the same 

size after gasification. Pores of size 100 nm after gasification 

have opened up from about 50 rim size i. e. above the centre pore 

in Figure 377. 
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Figures 380 to 385 are micrographs of ACLMP graphite (AG9) 

before and after gasification-in carbon dioxide at 1243 K for 

sixteen hours to 3.30% weight loss. The micrographs show one 

side of a Gilso-carbon pore structure. At a position marked U 

the Gilso-carbon boundary, can be seen. This may' be the 

'glue' used for 'glueing' the Cilso-carbon particles during 

manufacture. In many of the optical micrographs the 'glue' 

is depicted by a mozaic band around the Gilso-carbon 

structure (see Figure 360). This structure behaves differently. 

from the adjacent area during gasification. The boundary is 

still visible in the optical micrograph after gasification 

(Figure 381) although most of the other optical textures have 

disappeared. 

In the scanning electron micrographs (Figures 382 to 385) 

many fizzures have appeared during gasification. The Gilso- 

carbon boundary stands out as having fewer pores after the gasification 

reaction, than other areas on the graphite surface. In between 

the large slit-shaped pores (at the top of Figures 382 and 384) 

small pores (200 nm wide) have developed, which are parallel to 

the large pores (2 Jim to 3 pm wide) already present. A change in 

direction of the gasification fizzures is indicated by a change in the 

interference colours in the optical microscope i. e. a change in 

the optical texture of the graphite surface. In Figure 385, the 

gasification fizzures are all running in a direction parallel to 

the pores already present. 
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Two graphite samples, Lima graphite (LG18) and AGIMP 

graphite (AGIO) were gasified in carbon dioxide at three 

temperatures (873 K, 973 K and 1073 K) over long periods of 
3 -1 time (96 hours) at constant flow rate of carbon dioxide, (700 mm s 

The purpose was to compare pore development, at increasing 

weight losses, in graphites oxidised at different temperatures, 

using the same piece of graphite. 

Figures 386 to 400 show micrographs of Lima graphite (LG18) 

giving weight losses of 0.45%, 3.23%, 1.34% and 4.89% before and 

after successive gasifications. In the optical micrographs the 

optical texture has changed after each gasification, as seen in 

Figures 386 to 388. The surface structure has also changed even 

after the first gasification, at 873 K for sixteen hours giving a 

weight loss of 0.45%. This change is seen to the left of Position 

V in Figures 387 and 393. In Figure 387 many of the blue areas 

have lost their colour, but the yellow areas remain. At the present 

moment there is no explanation why the blue colouration should be 

lost before the yellow colouration, as the structure of these two 

areas are the same, the only difference being a 90% change in the 

orientation. The pore structures in Figure 387 are less well 

defined after gasification due to loss of the polished surface 

and hence reflectivity around the edges of the pores. 

In the scanning electron micrographs (Figures 389 to 394) 

the surface topography has changed slightly after the first 
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gasification. Gasification fizzures have appeared in Figures 393 

and 394. These are between 50 nm and 100 nm wide, and are visible 

all over the surface (Figure 394). In Figure 393, certain areas 

stand out beca use they are affected by gasification in different 

ways. These differences are related to the optical textures of 

the surface as seen in Figure 386. 

After further gasification at 873 K, giving a weight loss of 

3.23%, the surface has become more porous. Figure 388 shows the 

same area as Figure 386. Here, the surface structure is more 

diffuse; it is difficult to see certain pores and certain optical 

textures. Position V can just be distinguished. The dark areas 

in Figure 388 consist of fizzures, many of which have developed during 

gasification, thus making the surface very rough (Figures 395 and 396). 

Many of the pores (- 1 pm) that are present in Figure 395 were just 

visible as small pores (- 0.5 pm) after the first gasification in 

Figure 393. In Figure 396, the pore which is about 1 Jim wide, across 

the bottom of the micrograph has become larger on gasification. it 

was only 100 nm in Figure 394 after the first gasification. 

After further gasification now at 973 K, to a further weight 

loss of 1.34% the surface was too rough for optical micrographs 

to be taken. The large pore (6 'Pm wide) at the top of Figure 394, 

has lost its identity in Figure 398. The gurface has become so 

rough that it has incorporated this pore. The orientation 

of the graphite layers is' seen in Figure 
_397, 
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where the etching of the surface runs parallel to the graphitic 

layers. In the centre of Figure 398, there is a very thin lace- 

like structure with 400 rm pores held together by thin layers 

(< 50 nm wide). 

After further gasification. now at 1073 K to a further weight 

loss of 4.89% (Figures 399 and 400) the surface was unrecognisable. 

The only way that the same area could be found was by locating the 

marks made using the micromanipulator. These marks were deep so that 

they would not be lost during the gasification. In Figure 400, sheets 

of graphitic layers can be seen with fizzures in between the layers. 

The fizzures vary in size from 200 nm to 10 pm. The edges of the 

layers are rough where they have been exposed. 

Figures 401 to 415 show micrographs of AGUIP graphite before and 

after successive gasifications at 873 K, 973 K and 1073 K, (Table 7) giving 

weight losses of 0.67%, 4.29%, 1.83% and 5.23%. Again, as with Lima 

graphite, the blue colour has disappeared, but the yellow remains. 

Several pores have developed after the first gasification at 873 K to 

0.67% weight loss as seen by comparing Figure 405 with Figure 408. 

The developed pores are about 400 nm wide. Smaller pores that have 

developed are seen at the top of Figure 409, these are leas than 

50 run wide. 

After further gasification at 873 K to 4.29% weight loss, the 

surface has become very porous as seen in Figure 410 and 411. The 

small pores that had developed in Figures 408 and 409 have enlarged 

to about 1 jim. The central pore W had lost a large piece of graphite 

from the centre. 
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In Figure 411 pores have developed which are about 2 pm wide. 

The internal pore wall seen in the centre of Figure 411 is also 

very rough, with pores (- 1 pm) in between the flakes of graphite. 

In the optical micrograph (Figure 403) the interference colours 

have almost disappeared completely. A few purple areas remain 

which are more resistant to oxidation than the prismatic edges 

depicted by the blue and yellow colours. 

After further gasification, now at 973 K with an additional weight 

loss of 1.83% (total 6.69%) an optical micrograph could not be taken 

because the surface was too rough. The porosity of the surface has 

increased as seen in Figure 412, but it is interesting to note that 

the small pores (< 2 Vm) have increased bya factor of up to 5, whereas 

the large pores i. e. at the top of Figure 412, have only increased by a 

very small amount (- 2 11m) around the edges of the pore. i. e. a factor 

of 1.1. A few pores (- 2 pm) have developed in the pore wall. 

After the final gasification at 1073 K (additional weight loss 

5.23%) the surface has completely changed, even the large pores 

have changed their topography. The area was difficult to find but 

was located by-having marked the graphite, and by locating the 

Gilso-carbon pore structures, two of which are seen in Figure 404 

before gasification. The located area is seen in Figures 414 and 

415. Figure 415 is uncomparable with Figure 405. The surface is 

very rough and flakey, which makes focussing difficult. In the Gilso- 

carbon areas, the initial pores (- 5 Jim) have become larger by a 

factor of 4, and many smaller pores (- 1 jim) have developed parallel 

to the oiiginal pores. 
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Figures 415.1 to 415.20 are scanning electron 

micrographs of Lima graphite (LG19) and AGLMP graphite 

(AG11) before and after gasification in carbon dioxide 

with a flow rate of 440 mm 
3 
S-1 at 913 K for sixteen hours, 

giving weight losses of 1.48% and 0.42% respectively. 

Pores of different sizes are studied at high magnification 

(Figures 415.4 and 415.5 and Figures 415.14 and 415.15) 

to distinguish any differences during gasification. 

During gasification of Lima graphite (Figures 415.1 

to 415.10) many small pores (0.5 pm to 1 pm) develop 

throughout the whole surface as seen in Figures 415.7 and 

415.8. In Figure 415.8 the area (top left of micrograph) 

has gasified less than the other areas and there is a 

boundary, Position X, separating these areas. These 

two distinct areas have different optical textures. The 

area on the right of the boundary has a fine mozaic texture, 

whereas the area on the left has a large isochromatic 

optical texture., The boundary between these two areas is 

just visible before gasification as an indistinct line, 

Position X (Figures 415.2 and 415.3). During gasification, 

the boundary develops many small pores (_ 2 pm diameter) 

some of which are near-circular, others are long (_ 5 lim) 

thin cracks (_ 1 Jim wide) . 
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Figures 415.4 and 415.5 are micrographs of two different 

sizes of pores (4 jim wide and 45 jim wide) taken before and 

after gasifilcation. Figures 415.9 and 415.10 are micrographs 

of the same pores after gasification. Figure 415.9 is not 

well focussed because the surface was very rough. Before 

gasification, the pore in Figure 415.4 measured 4.0 pm and 

1.5 jim wide, at two particular positions, after gasification 

the pore was 4.75 jim and 2.75 pm wide at the same positions. 

Before gasification the pore in Figure 415.5 was 13 pm and 

47 pm wide at two particular positions and after gasification 

it was 15 jim and 48 pm wide at the same positions. This 

showed that after gasification the two pores lost the same 

a unt of graphite from their walls (between 0.75 ý= and 

2 pm). Measurements made on the smaller pores were raore 

accurate because the resolution was higher. 

Figures 415.11 to 415.20 are scanning electron 

micrographs of AGtMP graphite (AG11) before and after 

gasification having a weight loss of 0.42%. The extent of 

gasification is 'not as high in this graphite as seen by 

comparing Figures 415.8 and 415.18, but the surface is 

still pitted with many small pores *(0.5 pm to 1.0 11m). 
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Figures 415.14 and 415.15 show two different sized. pores 

The pore in Figure 415.14 is a long, thin fizzure which has 

become very blurred in Figure 415.19 and is not measurable. 

However, the pore at the bottom ofYigure 415.13 can be 

measured and is 5.5 Jim and 9 pm wide before gasification and 

6 pm and 10 Jim wide after gasification. The large pore in 

Figure 415.15 was 26 Jim and 11 pm wide before gasification 

and 26 pm and 11 Jim after gasification (weight loss 0.42%). 

These measurements show that after gasification the smaller 

pore (- 5 pm) lost about I Jim of graphite during gasification 

whereas the larger pore (- 25 pm) did not increase its 

diameter at all during gasification. 

Figures 415.21 to 415.30 are scanning electron micrographs 

of AGLMP graphite (AG12) before and after gasification in 

carbon dioxide with a flow rate of 530 mm 
3 

S-1 at 1073 K for 

sixteen hours, giving a weight loss of 1.13%. The surface 

has become very rough during gasification as seen in Figure 

415.28. Gasification has taken place to a greater extent in 

this sample, due to a higher temperature and a faster flow rate 

of carbon dioxide. This causes carbon monoxide, which acts 

as an inhibitor, to be drawn away from the surface of the 

sample, hence the surface is less inhibited. The very rough 

surface due to gasification has made pore size measurements 

very difficult, as seen in Figures 415.29 and 415.30. 
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PositionY has been inserted for identification. Both pores 

studied at higher magnifications have increased their 

diameter, the pore in Figure 415.30 was 4.5 Jim wide before 

gasification and 8 pm. wide after gasification. In Figure 

415.27, two large circular pores (- 10 Pm wide) have 

developed. There was no trace of these pores before 

gasification (Figure 415.22). They may have been just under 

the surface and been enlarged during gasification. 

Figures 415.31 to 415.51 are optical and scanning 

electron micrographs of Lima graphite (LG20) and AGIMP 

graphite (AG13) before and after gasification in carbon 
3 -1 dioxide, flow rate of 700 mm s, at 1173 K for sixteen 

hours, giving weight losses of 6.78% and 3.68%. The 

optical micrograph (Figure 415.31) shows a mesophase-type 

sphere (170 Jim wide) in the graphite surface with bands of 

yellow, blue and purple around the edges, and a nozaic 

structure in the centre. 

The scanning electron micrographs of Lima graphite 

(LG20) (Figures 415.32 to 415.40) show extensive gasification 

over the entire surface (weight loss 6.78%). Position Z on 

Figures 415.33 and 415.37 identifies the same area before 

and after gasification. At higher magnifications, Figure 415.39 

it is difficult to identify individual pores. The pore at the 
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bottom of Figure 415.33 was 20 jim wide . before gasification 

and 26 ýn wide after gasification. Figures 415.31 and 

415.40 are corresponding micrographs. Gasification 

has created*a fizzure at the edge of the sphere of anisotropic 

graphite with thin fizzures (- 2 jim wide) radiating from the 

centre to the outside of the sphere. The areas with fizzures 

correspond to 'the blue and yellow areas inside the sphere in 

Figure 415.31. The purple area at Position A1 does not 

contain fizzures, but is a smooth surface as in Figure 415.40. 

This could be a basal plane surface which oxidiset to a lesser 

extent than the prismatic edges, where the fizzures develop. 

Figures 415.41 to 415.51 are scanning electron 

micrographs of AGLMP graphite (AG13) before and after extensive 

gasification having a weight loss of 3.68%. The pores are 

easily identifiable (Figure 415.46) but increases in the 

diameter of the small pores (- 2 pm) (Figure 415.44) are 

difficult to measure. Before gasification, the pore in 

Figure 415.44 was 2.5 jim wide (centre) and 1 pm wide (top). 

After gasification, the pore was still 2.5 pm wide (centre), 

but 2 pm to 2.5 jim wide (top), i. e. the shape of the pore 

has changed on gasification. The large pore in Figure 415.45 

remained unchanged in shape after gasification, but increased 

in size (width: 12.5 Ilm to 13.5 jim) . 
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6.6. Conclusions. 

Different graphites gasify at different rates. Lima, 

a petroleum-coke graphite, is the most reactive to gasifica- 

tion, as seen in Table 6. Different oxidants attack the same 

graphites aý different rates. Atomic oxygen is the fastest 

type of oxidation, having an oxidation rate of 12% h-1 at 

300 K, on Lima graphite. Air is the next most reactive 

oxidant, having an oxidation rate of 2.5% h-1 at 873 K. 

Carbon dioxide is a very slow oxidant having an oxidation 

rate of 0.007% h -1 at 873 K, on Lima graphite. 
4 

In the gasifications carried out where the flow-rates 

were measured, the rates of gasification of the graphite 

surface were dependent on the rate of flow of the carbon 

dioxide. Lima graphites (LG13 and LG15) were gasified at 

1173 K, at flow rates of 500 um 
3 

S-1 and 700 =3 S-1 to give 

weight losses of 2.63% and 3.65%. The surface topography 

also changed to a greater extent when the flow rate was 

high (700 mm 
3 

S-1 ). e. g. Lima graphite (LG18). Perhaps 

accumulated carbon monoxide is inhibiting the gasification. 

The topographical changes induced by gasification are 

related to the optical textures. Surface changes can be 

predicted from optical textures, e. g. in blue and yellow 

flow areas gasification fizzures develop running parallel 

to the flow lines. In mozaic areas, many small near-circular 

pores develop. 
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Gasification causes a loss and/or change in the 

interference colours, as seen in Figures 181 and 212. 

This loss of colour could be due to a slight roughening 

of the surface causing a change in the reflectivity of the 

surface. It is the blue and yellow colours which change, 

the purple areas remain the same. This could be due to 

preferential gasification taking place at the prismatic 

edges. The loss of colour is clearly represented in the 

samples that have been gasified with atomic hydrogen 

(Figures 258 and 259). 

When studying the gasification behaviour of different 

sized pores, it is found that the same aimunt of graphite 

is being lost from the pore walls whether the pore is 

1 pm or 20 'pm wide. Small pores (- 100 nm) which develop 

during gasification are not seen in the scanning electron 

micrographs taken before gasification. It is unlikely that 

the pores do not exist initially, but that they are beyond 

the resolution of the micrographs taken. 

The overall conclusions from this work are: 

(1) topographical changes and porosity development can 

be predicted by studying the optical texture prior 

to gasification, 
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I 

(2) similar forms of anisotropy behave similarly when 

gasified with different gases, 

(3) similar forms of anisotropy in different graphites 

behave similarly when given identical gasification 

treatments. 

I 



194. 

CHAPTER 

NON-DESTRUCTIVE TESTING OF GRAPHITES BY 

ULTRASONIC PULSE VELOCITY NEASUREMENTS. 

7.1. Introduction. 

The velocity of ultrasonic pulses travelling in a solid 

material depends on the density and elastic properties of that 

material. The measurement of ultrasonic pulse velocities in 

some materials can be used to indicate their quality, i. e. any 

flaws or cracks in concrete, as well as to determine eldstic properties. 
0 

The velocity of a pulse of longitudinal ultrasonic vibrations 

travelling in an elastic solid is given by: 

V=I! (1-v) 
sJ P (1+v) (1-2v) 

Where E is the dynamic elastic modulus 

P is the density 

and v is Poisson's Ratio 

This equation can apply to the transmission of longitudinal pulses 

through a solid of any shape or size, provided that the dimension 

measured perpendicular to the path of the travelling pulse is not 
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less than the wavelength of the pulse vibrations. The pulse 

velocity is independent of the frequency of the pulse; hence the 

pulse velocity will depend on the properties of the material, 

and by measuring this velocity, an assessment can be made of the 

condition of the material. 

The pulse velocity is decreased when pores are present in 

a material. Therefore, the velocity of pulses travelling through 

a very porous material will be less than the velocity travelling 

through a less porous material. The time taken for the pulse to 

travel a certain path length is a function of the size of the pores 

in the material. 

The application of sonic and ultrasonic techniques to the 

testing and examination of carbon has been carried out and 

154 discussed by Davidson He detected internal stress cracks, 

and measured non-uniformities which influence the physical and 

mechanical characteristics, i. e. variations in hardness, density 

and porosity. He also measured elastic constants using sonic 

resonance and ultrasonic pulse velocity measurements. The tests 

were all non-destructive and could be used to replace or 

supplement standard destructive methods. 

Ultrasonic testing can be used to detect changes in the 

porosity and strength during oxidation. Several investigators 

have carried out work on the effect of oxidation on the strength 
ý55,156 

157 
and mechanical properties of graphite . Board and Squires158 
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investigated the effect of oxidation in carbon dioxide on the 

tensile, flexural and compressive strength of nuclear graphite. 

They found that the fall-off in strength with burn-off closely 

followed the fall-off in flexural moduli, indicating that the 

graphite fails at constant. strain. 

Morgan and Becker159 carried out ultrasonic testing on a 

particular type of manufactured graphite before and after 

oxidation in carbon dioxide. They developed relationships between 

the changes in ultrasonic velocity and the change in strength. 

These relationships could be used to determine accurately and 

non-destructively the compressive strength of the graphite. 

0 
In this study, ultrasonic pu'lse velocity measurements were 

made on graphites before and after gasification to find out if the 

method gave useful information on poroýity changes during gasification. 

7.2. Samples and Sample Preparation. 

The samples that were tested were Lima graphite, Morgans EYC 

9106 graphite and AGLMP graphitebefore and after gasification 

in carbon dioxide. The samples were cut into 1 cm cubes with 

parallel sides. Each sample was ground with two grades of emery 

paper to give a smooth surface; there was no need for the samples 

to be polished for ultrasonic testing. Each side of the sample 

was marked so that it could be recognised after gasification. 
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7.3. Experimental Methods.. 

The instrument used for ultrasonic pulse velocity 

measurements is a Pundit (Portable Ultrasonic Non-destructive 

Digital Indicating Tester). It generates ultrasonic pulses 

and measures the time taken for them to pass from one transducer 

to the other through the graphite which is interposed between 

them. The construction and specifications of the Pundit are 
160 described in the Pundit Manual The transducers used for 

testing the graphite, have a frequency of 500 kHz, which corresponds 

to a wavelength of 8 mm, i. e. the dimensions of the graphite must 

be greater than 8= in a direction perpendicular to the path 

travelled by the pulse. 

Before using the instrument on a sample, the zero on the 

instrument is checked by using a referepce bar which has the 

pulse time engraved on it. The transducers are coated in grease, 

e. g. water pump grease, to ensure a close contact with the 

Sample. They are then placed on opposite sides of the sample, 

one acting as a transmitter of the pulse and one as a receiver, 

so that the pulse passes through the material. The instrument will 

give a direct read-out in microseconds of the time taken for the 

pulse to travel across the sample. The path length is measured 

at the test points. 
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The pulse velocity(V) is given by 

v 
Path length 
Transit time. 

If the two transducer leads come into contact with each other 

while transit time measurements are being made, it is possible for 

the receiver lead to pick up unwanted signals from the transmitter 

lead. This must therefore, be avoided. 

Pulse velocities were measured in the virgin graphites, which 

were then weighed, and gasified in carbon dioxide at temperatures 

ranging from 873 K to 1243 K. Some graphites were gasified several 

times and velocity measurements made after each gasification. 

Weight losses were determined and correlated with velocity 

changes. On each block of graphite, the velocity was measured 

in three directions to determine the velocities in the longitudinal 

and transverse directions. 

F 

7.4. Results. 

Table 10 ýives a list of the gasified graphites studied in 

Chapter 6, corresponding to the graphites tested using the 

Pundit. The corresponding Figure nurbers for the micrographs 

taken of graphites gasified to the same temperatures as the graphites 

studied with the Pundit are also given. The graphites. were 

placed together in the gasification furnace, but the graphites 

for ultrasonic testing had to be larger than the maximum 
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size which is suitable for the scanning electron microscope. 

Hence, the same graphite sample could not be used for both tests. 

Tables 11 to 13 give the pulse velocities of the three types 

of graphites tested, and the change in velocity after gasification. 

Graphs were drawn of the change in velocity per unit percentage 

weight loss against gasification temperatures. These are given in 

Figures 416 to 418 for the three types of graphite tested. Figure 

419 is a model which was drawn to represent the velocity of the 

pulse in the three directions. 

7.5. Discussion of Results. 

Each graphite had two distinct velocities. This is due to 

bulk anisotropy in each graphite, the properties being quite 

different in the longitudinal and transverse directions. 
F 

For each graphite the velocity was measured in three directions. 

The velocity in two directions were very similar whereas the velocity 

in the third direction was either lower or higher than the other two 

directions. The two similar velocities suggest that the 
I 

crystallites are aligned such that the pulse is travelling predominantly 

along the graphite planes rather than across them. This effect results 

from the extrusion process during manufacture. Porosity also 

influences the velocity of the pulse through the graphite sample. 

The time taken for the pulse -to travel through a graphite 

s. ample is controlled by the size of pores in the graphite 
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The orientation of the pores is also important as this changes the 

time týaken for the pulse to pass through the graphite indifferent directions. 

Figure 416, which represents the change in velocity through 

Lima graphite gasified in carbon dioxide, shows plots of the change 

in velocity per unit weight loss against gasification temperatures 

in the three different directions. The curve representing the 

directions across the layer planes, Direction Dl, shows a 

continuing decrease in the change in velocity per unit weight loss 

as the temperature incr eases, whereas the other two curves, which 

represent the directions parallel to the layer planes, D2 and D 3' 

show an initial increase in the velocity from a temperature of 

873 K to 973 K and a decrease from 973 K to 1073 K, followed by an 

increase from 1073 K up to the maximum temperature reached, 1273 K. 

Figure 417, which represents the change in velocity through 

Morgans EYC 9106 unipore graphite gasified in carbon dioxide, shows 

that the plots of the change in velocity per unit weight loss against 

gasification temperature follow a similar trend in all three 

directions. There is an increase in the velocity from 873 K to 

10 73 K. followed by another increase to 1273 K. In Morgans EYC 9106 

graphite the pores do not occur in any particular orientation. 

Hence, the changes in velocity in the three directions are similar. 
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In AGUIP graphite, represented in Figure 418, the changes in 

velocity in the three directions again follow similar trends, 

indicating that the pores are arranged equally in the three directions. 

This may be true for the Gilso-carbon pore area which may 

be a spherical structure. In the plots of change in velocity per 

unit weight loss against gasification temperature (Figure 418) 

there is a small increase in velocity up to 1073 K, then a sharp 

increase in velocity up to 1100 K, followed by a decrease to 1200 K. 

Figures 416 to 418 show that there are both positive and 

negative variations in the change in velocity per unit weight 

loss measured through the graphites gasified at different 

temperatures to different weight losses. This indicates 

that the velocity through the graphite may either decrease 

or increase following gasification. it is to be expected that 

the velocity would always decrease as porosity was developed 

during gasification. If gasification occurred entirely under 

conditions of chemical control of reaction rate then change in 

velocity per unit weight I*oss should be independent of gasification 

temperature. 

14owever, the increase in velocity associated with gasification 

at higher temperatures is rather difficult to explain. Possible 

explanations are listed below together with critical comments: 

(1) Carbon monoxide could be trapped in the pores, such that this 

gas is replacing air of the original, non-gasified graphites. 
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Different gases have different values of ultrasonic velocity. 

However, this change of gas is unlikely to have any measurable 

effect with these graphites, as the velocity of sound through 

carbon monoxide is 338 m, s-1 whereas the velocity of sound through 

_1 . _1 * 
air is 331 ms i. e. a small difference in the 2000 ms of graphite. 

(2) Small pores (_500 nm) which are initially present may be 

closed up. This can occur by slip-movement of layer planes. 

It could be verified experimentally using the ASID-4D scanning 

attachment on the JEM 100C. Initially, as distinct from 

surface topography, trates of oxidation may remove 'pinning' 

structures so allowing some movement of layers within and so 

closing some of the pores. 

(3) Where surface oxygen complexes are formed, the possibility 

exists of strong, hydrogen-bonding via chemi-sorbed water molecules 

on the surface. At room temperature after gasification, water 

from the atmosphere may condense in the open pores. The velocity 

of sound through water is greater than through air (1461m s 

compared with 331 m. s-1) - 

Figure 419 is a simple diagram to illustrate the bulk 

anisotrdpy of extruded graphite and explain the equal values of 

ultrasonic velocities in directions D2 and D3 (along the layers) 

and the different value in direction D1 (across the layers). 
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It is not yet possible to elaborate upon the model to 

show the variations between the graphites, and to show'how the 

ultrasonic velocities change the way they do (both increasing 

and decreasing) following gasification at different 

temperatures. 

7.6. Conclusions. 

The use of ultrasonic pulse velocity measurements was 

explored as a tentative method to study changes in the internal 

porosity of graphites during gasification. Changes in pulse 

velocity could be measured after gasification. Velocity decreases 

are probably due to increased porosity i. e. decrease in bulk 

density, whereas velocity increases after gasification are more 

difficult to explain but may be due to annealing of small 

fizzures (<500 run). The PUNDIT is an additional complementary 

instrument for studying porosity changes but, in order to draw 

more conclusions from the method, the observations made would need 

to be examined further by some or all of the following methods: - 

a) testing graphites gasified in different 

gases , 

b) degasifying the graphites before testing with 

the Pundit, 

C) carrying out density and pore size distribution 

measurements before and after gasificationj 

d) using high resolution scanning electron microscopy 

to establish whether small pores are being created, 

enlarged or lost. 
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CHAPTER 8 

ANALYSIS OF POROSITY CHANGES IN RADIOLYTICALLY 

OXIDISED GRAPHITES 

8.1. Introduction. 

In a graphite-moderated nuclear reactor, which is cooled 

by carbon dioxide, the graphite undergoes radiolytic oxidation 

by oxidising species which are created by irradiation of the 

carbon dioxide, (Section 3.5. ). The study described in this 

Chapter is a characterization of dimensional changes in pore 

structures of radiolytically oxidised graphites. This study 

is made using optical and scanning electron microscopy and 

quantitative image anilysis, with the Quantimet 720. 

8.2. Samples and Sample Preparation. 

8.2.1. Microscopy and Quantimet Analyses of Radiolytically oxidised 

Graphites and their Controls. 

Five radiolytically oxidised graphites were studied; details 

are given in Table 14. Table 15 gives pre- and post-irradiation 

properties of graphite H24, which had been irradiated in carbon 

dioxide containing 0.051% carbon monoxide. Properties for other 
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graphites are not available. Each oxidised graphite had a 

corresponding non-oxidised control cut from'the same block 

of graphite. The graphites were oxidised, in the DIDO 

reactor at Harwell, in-carbon dioxide with a small amount 

of carbon monoxide at about 620 K for one to two cycles, 

each cycle being thirty days. The graphite samples had been 

ouCthe reactor for-several years to 'cool' to a low level 

of radioactivity. ' 

The samples were cylindrical in shape, 8 mm diameter by 

10 ram length. Sections were cut off the length, and polished 

for optical and scanning electron microscopy. Unpolished 

samples were also studied in the scanning electron microscope 

to examine the topography of the surface as it was when it 

came out of the reactor. For the image analysis, a small 

block of each graphite was impregnated with gold 
141 to fill 

the open pores and hence to distinguish between open and 

closed porosity. The samples were ippregnated-at a., ý, pressure 6f 

14.8 NPa. The minimum pore entrance diameter to be impregnated 

at this pressure is 300 nm. It can be calculated from the 

equation: 

P=2T cosO 
D 

where P is the pressure applied, 

T is the surface tension of gold, 

6 is the contact angle 

and D is the diam6t-er of the pore. 
4< C"ý 
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After impregnation *'a maximum of surface area of graphite 

was exposed by cutting it into very thin slices. These were 

mounted in an epoxy resin and the surface roughly polished 

with four grades of emery paper and finely polished with 

three grades of alumina powder using a Pellon pad rather than 

Selvyt cloth to minimise relief. The surface had to be completely 

scratch-free otherwise each scratch would be counted as a pore 

on the image analyser. The gold impregnated graphites were 

more difficult to polish because of differences in hardness 

between gold and graphite. Finally the resin blocks were 

ultrasonically cleaned. Unimpregnated graphite samples were 

also prepared for the Quantimet by cutting very thin slices, 

mounting them in an epoxy resin and polishing as for optical 

microscopy. 

8.2.2. Microscopy of Radiolytically Oxidised Lima Graphites. 

Three samples of Lima graphite, radiolytically oxidised 

to different extents, were studied by optical microscopy and 

scanning, electron microscopy. 

These had been oxidised in the BFB reactor to weight losses 

of 1.26%, 9.48% and 22.6% (Table 16). They were exposed to 

2% carbon monoxide, 200 ppm methane and 400 ppm hydrogen and 

water. Each sample was cut from a cylindrical rod with a 
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centre core, and hence had an outside surface and an inside 

surface (see Diagram 8.1. below). 

A 

-0.7 cm 
Outside surface 
Inside surface 

Diagram 8.1. Diagram of shape of radiolytically oxidised 

Lima graphite as cut from cylinder. 

The coolant gas flows perpendicular (upwards) to the 

plane of the paper i. e. up through the centre of cylinder of 

the graphite. Thermocouples are present in this central cavity 

and may cause-turbulance of gas' over the surface. This turbulance, 

in turn, may cause unevenness of density of deposit (from the 

methane) on the surface. For this reason pieces of the-specimen 

were taken from both the outside and inside 
-surfaces 

(at Positions 

A and B) and studied 'as received' by scanning electron microscopy. 

The top or bottom flat surfaces were prepared and polished as for 

optical microscopy, as normal procedure. 

cm 
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8.3. Experimental Methods. 

8.3.1. Microscopy of Radiolytically Oxidised Graphites and their Controls. 

The unpolished pieces. of graphite were mounted-on stubs 

.. and studied by scanning electron microscopy. Each radiolytically 

oxidised sample was compared with its non-oxidised control. 

-. Micrographs of similarareas of each sample were taken for 

comparison. The same areas of polished surfaces were also 

studied by optical ihicroscopy and scanning electron microscopy. 

This enables the optical textures to be compared and related 

to the surface topography. Photo. -montages of an area of each 

graphite were taken at a magnification of 100 X in the 

scanning electron microscope. This enabled a comparison of 

the general surface of the graphites to be made. 

8.3.2. Quantiiet Analyses Of Radiolytically Oxidised I Graphites. 

The radiolytically oxidised graphites, in resin blocks, 

were studied by an optical microscope attached t8 the Quantimet 

720 (see Section 5.3.9). Three thermally oxidised AGLMP 

graphite samples (3.1%, 5.4% and 10.5% weightlosses) were also 

examined. Two of these (5.4% and 10.5% weight losses) are studied 

in Section 5.3.6. Measurements of percentage porosity, mean 

intercepts on pores and pore walls (Diagram 8.2(a) below) and 

perimeters were made initially, but with further experience to 

remove relief, feature data parameters could be obtained including 

I 
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number of features (pores), mean area per pore and Feret's 

diameters (Diagram 8.2(b) below) in four directions at-450 

to each other, i. e. longest diameter in four directions. 

Feret's 
diameters 

Pore 
intercepts 

(a) (b) 

Diagram 8.2. Illustration of a) intercepts and b) Feret's 

diameters on circular pores as measured on the 

Quantimet 720. 

8.3.3. Microscopy and EDAX Studies of RadiolyticallZ Oxidised Lima Graphite. 

The three samples of Lima graphite (Table 16) radiolytically 

oxidised to different extents were studied using optical 

microscopy and scanning electron microscopy. The pore size 

distributions obtained from mercury porosimeter measurements 

for the virgin, 1.26% and 9.48% weight losses are shown in 

Figures 510 to 512. The distribution for the 22.6% weight loss 

sample is not available. For EDAX analyses (energy dispersive 

0 

Pore wall 
intercepts 
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analyses of X-rays)161,162 the graphites are mounted as for 

examination by SEM except that coating by carbon replaces 

gold coating. When the graphite is scanned by the electron 

beam the X-rays which originate from the elements in the 

graphite are analyzed according to the energy of the photon 

of the characteristic X-ray radiation. A spectrum containing' 

lines associated with the X-ray energies of the elements is 

displayed on a flourescent screen and this spectrum can be 

photographed and analyzed. 

Analyses were made of the outside and inside edges of the 

three graphites radiolytically oxidised to different extents, 

with the exception of the sample oxidised to 9.48%. This had 

been cut at a very sharp angle and did not exhibit an inside 

edge. Scanning electron micrographs were taken of all these 

surfaces to compare topography. The polished faces of the 

graphites (with control) were studied, using comparable areas, 

by optical and scanning electron microscopy to study optical- 

texture, pore sizes and the topography of the pore walls. 

8.4. Results. 

8.4.1. Microscopy of Radiolytically Oxidised Graphites and their Controls. 

Figures 420 to 509 are optical, scanning electron m1crographs 

and photo-montages of the radiolytically oxidised graphites 

and their controls (T. ýble 14). 
1 



8.4.2. Quantimet Analyses of Radiolytically Oxidised Graphites. 

Table 17 gives preliminary results from the Quantimet 

obtained on the. five radiolytically oxidised graphites and 

their controls together with some measurements made on three 

thermally oxidiS'ed graphite samples'(studied by microscopy in 

Section 5.3.6. ). These results are preliminary because they 

were obtained when the graphite surfaces still had large amounts of 

relief. Table 18 gives better field data for pores above 

-5 Um after the surfaces were repolished to remove this relief. 

Table 19 gives feature data (measurements on each recognisable 

pore above -100 um) for the graphite samples. 

Figures 513 to 521 are examples of the type of data and 

dist - ributions . which can be obtained from the Quantimet 720. 

These examples are from the second set of data collected on the 

-five radiolytically oxidised graphites and their controls 

. 
(Tables 18'and 19). All-the compfiter print-out (raw data) from 

the Quantimet. are in Appendix I 

Table 20 gives the results obtained from'the five radiolytically 

oxidised graphites and their'controls which were gold impregnated. 

The porosity column (Table 20) gives a value for the open porosity 

whereas the porosity column in Table 18 gives a value for'the total 

porosity (open and closed), i. e. closed porosity can be deduced 

211. 

I 
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from the difference between the porosity in Table 18 and the 

porosity in Table 20 for a particular graphite. The intercepts 

in Table 20 give a value for the mean intercept across the open 

" pores and across the rest of the graphite sample i. e. the closed 

porosity plus the graphite between the pores (pore walls). Field 

data only was carried out on the gold impregnated radiolytically 

oxidised graphites and their controls. Tables 21 and 22, and 

25 to 27 give size distributions of areas of pores present in 

Q4/1 and H24 radiolytically oxidised to 8.8% weight loss, and AGLMP 

graphite thermally oxidised to 3,1%, 5.4% and 10.5% weight loss. ' 

Tables 23 and 24 give distributions of Feret's diameters present 

inQ4/-I and H24. Distributions for the other samples studied are 

only given in Appendix I because these do not show significant 

changes in their distributions after oxidation. 

8.4.3. Microscopy_and EDAX Studies on Radiolytically oxidised Lima Graphite. 

Figures 520 to 552 are scanning electron micrographs of 

the rough 'as received' inside and outside surfaces of the 

cylindrical cuts of the radiolytically oxidised Lima graphites 

(Table 16). Figures 553 to 574 show EDAX data f, or the inside 

and outside surfaces of the four Lima graphites (virgin, 1.26%, 

9.48% and 22.6% weight losses). Table 28 gives the elements 

found in the graphites to which the energy peaks correspond in 

the X-ray spectrum. The figures in brackets are secondary peaks. 

I 
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Figures 575 to 578 are optical micrographs of the 

polished surfaces of virgin and radiolytically oxidised 

Lima graphite samples. Figures 579 to 582 are photo-montages 
I 

of polished surfaces showing the differences in the general 

pore structure from virgin to radiolytically oxidised graphite 

(22.6% weight loss). Figure 583 is a photo-montage of Lima 

graphite thermally oxidised to 9.2% weight loss, to be compared 

with Figure 581 which is Lima graphite radiolytically oxidised 

to 9.48% weight loss. 

8.5. Discussion of Results. 

8.5.1. Microscopy of Radiolytically Oxidised Graphites and their 

Controls (Table 14). 

Figures 420 to 435 are examples of optical and scanning 

electron micrographs of BAEL pitch coke graphite H24 and its 

control Q4/1 (Tables 14 and 15). The weight loss sustained 

during radiolytic oxidation was 8.8%. Micrographs of the 

surface were taken before any surface preparation was carried, 

out, in order to look at the topography of the external surface. 

Figures 420 to 427 show micrographs of the 'as received' surfaces. ' 

It was noted that the surfaces were generally smoother after 

oxidation (Figures 424 to 427) as if the roughness had been 

preferentially oxidised. The surface of the control sample 

had many pieces of loose graphite on it (Figures 421 to 422). 

These are not seen after oxidation (Figures 425 and 426). 

0 
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The machine cutting marks on the surface were also more 

prominent after oxidation (compare Figure 420 with Figure 424). 

The control sample was taken from a position next to the 

radiolytically oxidised sample. Therefore, assuming the two 

blocks were machined in an identical way, the sresses- and 

strains incurred on the surface during machining may have 

been sufficient to produce many active sites on the surface 

causing preferential oxidation. 

After polishing the surface, more differences were seen 

between the graphites. Figures 428 and 429 are optical micrographs 

taken of the surface. There was no difference in the optical 

texture of the two graphites, but the macroporosity of H24, 

the radiolytically oxidised sample, was greater than that of 

Q4/1, the control sample (compare Figure 428 with Figure 429). 

The same areas were studied in the stanning electron microscope 

(the same areas are marked for identification). Again, (Figures 430 

to 433) it can be seen that the macroporosity is higher after 

radiolytic oxidation (Figure 432). The pores seen here are about 

15 pm wide. At high magnifications (Figures 431 and 433) the 

graphites look similar. Inside the pores, there are long thin 

pores (-500 nm wide) in both graphites. The area around the pore 

is fairly smooth, although very small pores (-200 nm) can be 

seen on the surface after oxidation (Figure 433). 

I 
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The general macropore structure of the control Q4/1 and 

H24 are shown in Figures 434 and 435. The porosity in pores 

above 5 Pm has increased by 5.6% (see Table 18). This 

indicates that imst of the increase in the porosity during 

radiolytic oxidation takes place in the macroporosity, above 

about 5 li'm. From the photo-montages it can be seen that many 

of the 10 Pm pores have expanded and joined together to form 

pores 20 -pm to 50 ým wide. In the control sample (Figure 434) 

there are several areas where no pores are visible. Here, the 

size of any pores is below the resolution of these micrographs. 

Possibly, after radiolytic oxidation, any such pores have developed 

and become visible (Figure 435). 

Figures 436 to 451 are optical and scanning electron 

micrographs of PGA. graphite C79, and its control C7/1, 

(Table 14). The weight. loss sustained during radiolytic 

oxidationwas 6.2%. Figures 436 to 443 are micrographs of 

the surfaces of the 'as-received' samples. On studying the 

micrographs,, it is evident that the surface is smoother after, 

oxidation. This is seen by comparing Figures 436 and 437- 

with Figures 440 and 441. It appears, that the sharp edges of the 

eurf ace in Figure 436, have been smoothed. It should be possible to 

determine, the height of these-edges and the decrease in height following 

4 
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oxidation by taking atereopairs and making beigbt measurements. 

The higher magnification micrographs show a pore wall inside a 

I 
pore. The internal surface is very jagged in both samples. 

The area in Figure 443 appears to be under a great strain, as 

if the graphite is being twisted and pulled apart. Long thin 

pores (-100 rm wide) are present either side of the central area 

in Figure 443. 

Figures'444 and 445 are optical micrographs of the two PGA 

graphite surfaces (C7/1 and C79). This graphite (PGA) is very 

heterogeneous, with many changes in the orientation of the graphite 

layers across the surface. This is shown by the abrupt changes 

in the interference colours seen in the optical micrographs. Most 

of the optical textures are flow-type anisotropy. There are very 

few fine-mozaic areas as were present in the ]3AEL pitch coke 

graphites-(Figures 428 and 429). 

The same areas were studied in the scanning electron microscope 

(Figures. 446 to 449). The same areas are marked for identification. 

In between the large pores the surface is not very smooth, but is 

covered with very small pores down to 500 nm. Pores smaller than 

500 rLm are not resolvable at this magnification (Figures 446 and 

448). There are no smooth areas free from porosity in either the 

control or the radiolytically oxidised sample. In the higher 

magnification micrographs (Figures 447 and 449) the inside of the 

6 
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pore is smooth, but no differences can be detected between 

the two samples. 

Figures 450 and 451 are photo-montages taken in the scanning 

electron microscope. They show a general area of the two samples. 

The micrographs are difficult to analyse because the porosity is 

high and very complex. Although the porosity is high, it is 

- possible to see a slight increase in the porosity after radiolytic 

oxidation (Figure 451). It is difficult to assess the percentage 

increase in porosity from the micrographs, but from the Quantimet 

the increase is 3.2% (Table 18). 

Figures 452, 'to 467 are optical and scanning electron micrographs 

of AGLMP graphite M38 and its control 1OF49, (Table 14). The weight 

loss sustained during radiolytic oxidation was 3.7%. Figures 452 to 

461 are scanning electron micrographs of the surface before any prepa- 

ration has been carried out. The surfaces do not look significantly 

rougher in Figures 452 to 456 than in Figures 457 to 461 but in the 

micrographs taken of the radiolytically oxidised sample the machine 

lines stand out very prominently as seen in sample H24. This suggests 

that the machining of the graphite blocks influences oxidation on the 

machined surface. Scanning electron micrographs were taken inside a 

pore (Figures 455,456,460 and 461). The internal surface of the 

pore wall is very smooth in both samples. In the control sample 

1OF49 (Figure 456) there is a rough edge around the pore which is 

shown in the micrograph. 
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After polishing the surfaces, optical and scanning electron 

micrographs were taken (Figures 462 to 467). ln the optichl 

micrographs, Gilsocarbon areas are seen, which are made up of 

. .. 
small mozaics, 'predominantly blue and yellow, depending 

on the orientation of the graphitic layers. The same areas were 

studied in the scanning electron microscope. There is no significant 

difference in the polished surfaces of the graphite taken at a 

magnification of 500 X (Figures 464 and 466). At a higher magnification 

(Figures 465 and 467) the pore wall is perhaps smoother in 

the control sample than in the radiolytically oxidised sample. 

Figures 468 to 493 are opticabscanning electron and high 

resolution micrographs taken of AGLMP graphite M28 and its control 

584/195 (Table 14). The weight loss sustained during radiolytic oxidation 

was 3.5%. Figures 468 to 477 are micrographs of the unpolished 

samples. In Figures 468 and 473 there is no difference in the surface 

roughness or the grooves made during machining. Cý 0, At high magnifications 

(Figures 470 and 475) the surface looks slightly smoother after 

radiolytic oxidation but it is difficult to assess the degree of 

smoothness by'looking at several micrographs. Micrographs taken 

of the internal pore walls are shown in Figures 471,472,476 and 

477. The internal surfaces of both samples are very smooth with a 

few very narrow pores (-200 nm wide) in the pore walls of the control 

sample and a few larger pores (500 run wide) in the pore wall of the 

radiolytically oxidised sample. 
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After polishing the surface, the optical micrographs (Figures 

478 and 479) both show many small pores (2 pm to 4 pm diameter) 

all over the surface, integrated in fine mozaic areas. The Gilso- 

carbon boundary can be seen in Figure 479 as an area of slightly 

larger mozaics. The pores associated with this larger mozaic area 

are also larger (-5 pm). There is no obvious difference between 

the two samples. The same area has been studied using the scanning 

electron microscope (Figures 480 to 483). The surfaces consist 

of many pores as seen in the optical microscope. At high magnifications 

(Figures 481 and 483) it is seen that the pores have rough edges in 

both samples. The edges of the pore walls are slightly rougher in 

the control sample than in the oxidised sample. 

Figures 484 to 491 are high resolution scanning electron 

micrographs of AGLMP graphite M28, taken using a JEOL 100C - 

ASlD-4D electron microscope. The sample was not polished prior to 

examination. Figures 484 to 486 show an area of graphite where the 

structure appears to twist and turn under strain (Figure 485). In 

these micrographs pores down to 10 nm in size can be resolved. The 

strain area in Figure 485 consists of pores that are 20= to 50nm 

wide. The strain area appears to f orm af lowing type of structure 

through the graphite. 

Figures 487 to 491 show a second area of AGLMP graphite 1128 

which has a large pore about 25 pm wide with. a smooth inner surface. 
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Figure 489 shows the area in the centre of Figure 488. In this 

area there are some fizzures about 4 pm deep. The walls of 

these fizzures are quite rough with 100 nm to 200 nm pores in 

the pore walls. Figure 490-shows the area in the centre of 

Figure 489. Here many pores (40 nm) are seen which were 

unresolvable at lower magnifications. The piece of graphite in 

the centre of Figure 490 appears to be almost loose with a large 

- amount of porosity associated with it. Figure 491 is a porous 

area, the pores range from 200 run down to 5 mn. There are many 

rounded structures which have pores associated with them. 

Figures 492 and 493 are photo-montages of AG114P graphite 

584/195 and M28. The area shown is fairly small but it gives a 

general view of the macroporosity in the two samples. The 

change in the porosity is small and is difficult to ascertain 

from the photo-monta . ges shown here, but analyses on the Quantimet 

confirm a slight increase in the porosity after oxidation (Table 18). 

Figures 494 to 509 are scanning electron micrographs of BAEL 

pitch coke graphite H30 and its control Q6/1 (Table 14). The 

weight loss sustained during radiolytic oxidation was 0.6%. Figures 

494 to 503 are micrographs taken before the surfaces were polished. 

The two surfaces have the same degree of roughness (Figures 494 and 

499). The machining marks are again more prominent in the sample 

after radiolytic oxidation. In both samples, the surface is very rough 
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but the pore walls are smooth, with small fizzures ranging from 

50 nm to 500 nm wide (Figures 496 and 503). The 50 nm fizzures 

in Figure 503 appear to have a fold associated with them, where 

the graphite has buckled. -This could be an oxidation effect, or 

a straining effect during machining. 

The scanning electron micrographs taken of the polished 

surfaces are shown in Figures 504 to 509. The edges of the pores 

in the control sample are much more jagged than the edges of the 

pore after oxidation. From the low magnification micrographs 

(Figures 504 and 507) the macropore structure appears slightly larger 

in the radiolytically oxidised sample. 

8.5.2. Quantimet Analyses of Radiolytically Oxidised Graphites (Table 14).. 

The preliminary Quantimet results, given in Table 17, serve as 

a guide-line to the changes in porosity because of problems over the 

control of surface relief. In Table 17, some porosities from 

U. K. A. E. A. are given for comparison to ensure that the results 

obtained are in the right order of magnitude. These apply to 

both the open and closed pores down to a lower pore size than 

that studied with the Quantimet. The porosity given by the Quantimet 

is the total porosity. i. e. open and closed porosity, down to 5 'Pm. 

Each field studied was 2.5 mm x 2.5 mm. The mean intercept gives 

an indication of the size of the pores and pore walls. The total 

perimeter is given for the number of fields studied, and the total 

number of pores measured is given by the count. 
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After re-polishing, more reliable data on pores in different 

size ranges were obtained in order to assess which particular 

size of pore is being affected most during oxidation. 

Considerable care was taken not to lose any specimen. The 

graphites that were impregnated with gold, in order to distinguish 

between open and closed porosity, were more difficult to polish 

without relief due to the difference in hardness between gold 

and'graphite. Cold was used because small parts of the sample 

c9uld be used to study the gold pore shapes after oxidising- 

the graphite completely. '' 

The data obtained from the Quantimet enable distributions 

of size of pores and thicknesses between the - pores (poreLwalls) to be 

compared before and after radiolytic oxidation. Figures 513 to 

516 are originally from the computer attached to the Quantimet. 

However, their "y-axes" differed for each sample. Hence, these 

graphs have been re-drawn. Although for these two graphites 

(Q4/1 and H24) there was a noticeable difference between the 

control and the oxidised specimen, for many of the other 

graphites the weight losses were very low and differences were 

small. These distributions have not been re-drawn but original 

graphs are given in Appendix I. For many of the specimens, the 

mean intercept values and their standard deviations (Table 18) 

give sufficient information to show that the change in pore sizes 

after oxidation is not significant. 
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Figures 513 and 514 are distributions of the number of 

chords in each size range present in 100 mm2 area of graphite 

surface (BAEL pitch-coke Q4/1, (control of H24) and H24,8.8% 

weight loss). The chords are measured at intervals across the 

pores and are a function of the pore size, but they are not 

direct diameters. The distributions show an increase in the 

lower size range (up to -150 Um after oxidation) of the number 

of both pores and pore walls (graphite between the pores) (compare 

Figures 513 and 514). The number of pore walls above 150 Um 

decreases but the number of pores has only a slight increase in 

the number above 200 pm. After oxidation the change in distribution 

of the pore walls could be due to the larger pore walls 

i. e. above -200 pm, being decreased in size after oxidation 

due to increases in pore sizes. Table 18 (Q4/1, H24) shows a 

decrease in the mean intercept of the pore walls, from 410 um to 

267 pm after gasification. 

Figures 515 and 516 are histograms representing the areas 

of pores. Each pore area has been measured and the area 

converted into an equivalent circular pore. These histograms 

(Figures 515 and 516) give a measure of the changes in the 

distribution of pore areas after oxidation. Figures 515 and 516 

represent BAEL pitch coke graphite Q4/1, (con. trol for H24) and 

H24, radiolytically oxidised to 8.8% weight loss. 
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The distributions show an increase of 850 pores per 100 mm 
2 

in the number of pores with equivalent circular diameters of' 

between 10 jim and 40 jim after radiolytic oxidation. A smaller 

increase in the number of pores present (-200 pores per 100 =2 

is seen between 40 pm and 200 ýn. Above 200 jim'the number of 

pores remain approximately the same. This result is consistent 

with increases in the number of pores seen in Figure 514. The 

2 
number of counts per field and the total counts per 100 mm 

are given in Table 18 for each graphite. These are seen to be 

larger for H24 than Q4/1. Tables 21 and 22 give lists of the 

distributions from which the histograms were drawn. 

Tables 23 and 24 are distributions of Feret's diameters of 

pores measured on Q4/1 BAEL pitch coke graphite and H24, 

radiolytically oxidised to 8.8% weight loss. The centre column 

represents the maximum of the four Feret's diameters measured in 

four directions on each pore. The right-hand column represents 

the mean of the four Feret's diameters measured on-each pore. 

The mean of these two distributions are given in the feature data 

in Table 19. The ratio of the maximum Feret's diameter to the mean 

Feret's diameter for a pore gives an indication of the shape of 

the pore. This ratio (shape factor) has been tabulated in 

Table 19. If the pores were circular then this value would be 1.0. 

Any variation from this number indicates an elongated pore. 
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I The three thermally oxidised samples of AGLMP graphite 

(last four lines, Table 18) show a steady increase in the nunber 

of pores present per field, and the total nunber of counts per 

100 mm 
2. 

Because of this i ncrease, it is necessary to draw 

histograms representing the areas of pores, with corrected scales 

(Figures 517 to 519, AGLMP graphite, thermally oxidised to 3.1%, 

5.4% and 10.5% weight losses). The distribution for the virgin 

graphite was not available. Tables 25 to 27 give lists of 

distributions from which the histograms were drawn. 

The distributions show that from 3.1% weight loss to 5.4% 

weight'loss there is an increase of 700 pores per 100 mm 
2 

with 

equivalent circular diameters between 10 jim and 50 Jim and between 

50 -pm and 300 pm there is a slight decrease of about 20 pores per 

100 mm 
2 

after oxidation. From 5.4% weight loss to 10.5% weight 

loss there is an increase of about 850 pores per 100 mm 
2 

with 

equivalent circular diameters between 10 pm and 70 Jim, but there 

is approximately no change in the number of pores with diameters 

above 70 pm. 

These results show that when studying changes in porosity 

caused by oxidation, the major effect is to create pores in the 

size range of graphite 10 Vm to 70 Um. 
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The total number of counts per 160 mm 
2 (Table 18) show 

that from 3.1% weight loss to 5.4% weight loss, the increase 

in the number of pores is 674, and from 5.4% to 10.5% weight loss, 

the increase in the number of pores is 900. These results are 

consistent with the distributions in Figures 517 to 519. 

The feature data (Table 18) for individual pores, give 

mean perimeters per pore, mean areas per pore, mean Feret's 

diameters per pore, and shape factors. The shape factors are 

derived from two measurements, i. e. the ratio of maximum to mean 

Feret's diameters and the area divided by perimeter2. For a 

circular pore, these shape factors should be 1.0 and 0.0796 

respectively. Deviations from these nunbers indicate elongated 

or elliptical shaped pores. A pore shape which approximately 

fits the second set of shape factors given in Table 19 is shown 

in Diagram 8.3 (below). This gives a shape factor, area divided 

2 by perimeterp of -0.03 but gives a shape factor, maximum Feret Is diameter 

divided by mean Feret's. diameter4 of -1.4 which is slightly higher 

than those given in Table 19. These shape factors are mean 

values and Diagram 8.3 gives a shape which may be present in many 

of the graphite samples. It shows also Feret's diameters measured 

in four directions. 

Cý3 >, 
*-Pore 

Feret's diameters 

Diagram 8.3 Pore shape giving shape factors similar to 
those in Table 19. 



227. 

Table 20 gives field data on the gold impregnated samples. 

The porosity measurements are those for the open pores now 

filled with gold. In order to obtain a value for the closed 

porosity, these values are taken from the porosity values in 

Table 18. The mean pore intercepts refer only to open pores. 

13istributions and Tables for the other samples studied 

are given in Appendix I. Many of the distributions were so 

similar for the control and the radiolytically oxidised sample, 

that it was felt unnecessary to correct all the scales and redraw 

the graphs for all the samples studied. 

8.5.3. Microscopy and EDAX Studies on Radiolytically Oxidised Lima 

Graphite Samples. (Table 16). 

Figures 520 to 523 are scanning electron micrographs of a 

rough surface of virgin Lima graphite. This was studied as a 

control for the radiolytically oxidised graphites. The entire 

area has a very rough appearance with large pores (-30 pm wide) 

visible in Figure 520. 

Figures 524 to 535 are scanning electron micrographs of 

rough 'as-received' surfaces of Lima graphite radiolytically 

oxidised to 1.26% weight loss. The inside and outside surfaces 

are both examined, (see Diagram 8.1, Section 8.2). Figures 524 

to 527 are micrographs of the inside surface. The overall 
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appearance of, the surface is rough but at higher magnifications 

(Figures 526 and 527) many areas of the surface are quite smooth 

wi th pieces of loose graphite scattered over the surface. 

Figures. 528 to 535 are micrographs of two areas of the 

outside surface- The first area (Figures 528 to 531) shows a 

large pore (- 60 Jim wide) with very flat smooth pieces of 

graphite inside the pore. The surface of the graphite is quite 

rough but inside the pores the walls are relatively smooth, with 

some loose graphite present (Figure 531). Figures 532 to 535 

show a second area of the outside surface of Lima graphite 

(Table 16) radiolytically oxidised to 1.26% weight loss. 

This shows a rough area at low magnification (Figure 532) but at 

higher magnification (Figure 534) the surface is made up of 

many smooth hillocks with rough areas between them. Figure 535 

shows otie of these hillocks. The surface is very smooth with 

flakes having small pores associated with them of -200 nm wide. 

The rough areas between these hillocks have loose particles as 

if flaked from the graphite surface. 

Figures 536 to 539 are scanning electron micrographs of 

Lima graphite (Table 16) (no inside, surface) radiolytically 

oxidised to 9.48% weight loss. The outside surface is rough 

but with smaller hillocks than in Figures 532 to 535. The 

hillocks have smooth surfaces with loose flakes between the 

hillocks. 
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Figures 540 to 552 are scanning electron micrographs of 

the 'as-received' surface of Lima graphite (Table 16) 

radiolytically oxidised to 22.6% weight loss. Figures 540 

to 548 are micrographs of the inside surface. These micrographs 

show a deposit which has accumulated on the surface. Between 

the areas of deposit is a very rough, speckled surface seen in 

Figure 542. This deposit may be a protective layer which 

builds up when methane is used as an inhibitor. The C 

molecules present in the coolant gas could crack under the 

conditions of temperature, pressure and radiation to produce 

this deposit. The deposit is shapeless in appearance. The 

surface of the deposit looks smooth at low magnification 

(Figure 541) but at higher magnification the surface is 

covered with small circular pieces of material about 200 nm to 

300 nm in diameter. This deposit only appears on the inside 

surface of the graphite specimen and not on. the outside surf4ce 

(see Figures 549 to 552). It is possible that thermocouples. 

and other controls present. in the annulus could introduce a 

micro-diffusion environmefit, which facilitates the accumulation 

of the deposit. (For EDAX analysis, see below). 

Figures*545 to 548 show a second area of the inside surface 

of Lima graphite radiolytically oxidised to 22.6% weight loss 

(Table 16). The deposit in certain areas is present at the pore 

entrances i. e. Position 9 in Figure 5459,, Figures 546 to 548 show 
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areas between the deposits. These areas have very 'fluffy-like' 

surfaces with many loose circular areas of material ranging 

from 200 nm to 5 Jim in diameter. 

Figures 549 to 552 are micrographs of the outside surface of 

the above Lima graphite. This surface is quite different from 

the inside surface with no deposits and no flakey areas (cf. 

Figure 547). The surface is generally rough at low magnification 

but certain areas are smooth at higher magnifications, Figure 552, 

which shows many small pieces of material on the surface about 

100 nm to 200 nm in diameter. The surface in Figure 549 looks 

as if it has been etched by gases flowing over it giving flow 

patterns towards the bottom of the micrograph. The topography 

of Figure 550 also appears to flow from the top of the micrograph 

to the bottom. This topography could be induced by gasification. 

Figures 553 to 574 are EDAX studies of the four Lima 

graphites (Table 16). Each 'as-received' inside and outside 

surface has been examined. Figures 553 to 555 are X-ray spectra 

of virgin Lima graphite. The X-ray spectrum in Figure 553 

shows aluminium, silicon, chlorine and iron. Table 28 shows 

which energy peaks correspond with the elements present in 

graphite. Aluminium is always detected because of the aluminium 

stub on which the sample is mounted and because of the use of 

alumina powder in polishing. Iron is always detected from the 



final lens in the electron microscope. Figure 554 shows 

positions where silicon is present in the area shown in 

Figure 555. Some areas may be shadowed from the electron 

beam, i. e. no spectra are possible (cf. Figures 554 and 555) 

Ihe whole sample has a low concentration of silicon 

distributed across it (Figure 554). 

Figures 556 to 559 show X-ray analyses of the inside 

surface of Lima graphite radiolytically oxidised to 1.26% weight 

loss (Table 16). The X-ray spectrum (Figure 556) shows 

aluminium, nickeig silicon, and low concentrations of sulphur, 

chlorine, potassium, calcium, and iron. The silicon EDAX 

analysis (Figure 557) shows perhaps, a higher concentration 

of silicon than in the virgin sample (cf. Figure 554). The 

analysis for nickel was carried out and reproduced because 

nickel was not present in the virgin sample. Figure 558. 

shows that the concentration is small and uniform over the 

whole area. 

Figures 560 and 562 show X-ray analyses of the outside 

surface of Lima graphite radiolytically oxidised to 1.26% 

weight loss (Table 16). The X-ray spectrum (Figure 560) shows 

aluminium, silicon, (sulphur, chlorine and iron in low 

concentrations) present on the surface. The silicon analysis 

231. 
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shows similar concentrations on inside and outside surfaces 

(Figures 557 &nd 561) with a uniform distribution of silicon. 

Figures 563 to 566 show X-ray analyses of the outside surface 

of Lima graphite radiolytically oxidised to 9.48% weight 

loss (Table 16). The X-ray spectrum (Figure 563) and 

analyses are very similar to those of the graphite oxidised. 

to 1.26% weight loss. 

Figures 567 to 570 show X-ray analyses of the inside 

surface of Lima graphite radiolytically oxidised to 22.6% weight 

loss (Table 16). In this sample there is a higher concentration 

of silicon and nickel present than in the other radiolytically 

oxidised graphites. 7here are also aluminium and small 

concentrations of sulphur, chlorine and iron present. 

The X-ray analyses for silicon and nickel in the deposit 

(Figures 568 to 570) show a lower concentration of these 

elements present in the deposit than elsewhere (see Figure 570 

(the area analysed)). The X-ray analyses of this inside 

surface (Figure 570) for aluminium, sulphur, chlorine and 

iron show low concentrations of each element distributed 

uniformly over the deposit and elsewhere. It would therefore 

appear that the deposit consists essentially of carbonaceous 

material and contains no large concentration of elements 

that could be detected using the EDAX system. 
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Figures 571 to 574 show X-ray analyses of the outside 

surface of Lima graphite radiolytically oxidised to 22.6% 

weight loss (Table 16). These analyses are similar to those 

reported for the Lima graphite radiolytically oxidised to 

1.26Z weight loss. 

Figures 575 to 578 are optical micrographs of porous 

areas of the four Lima graphites (Table 16) showing their optical 

textures. Figure 575 (virgin Lima graphite) shows flow-type 

anisotropy 50 j= to 100 Jim long with pores, e. g. Position 10, 

alongside the flow areas, with walls consisting predominantly 

of basal planes. Figure 576 (Lima graphite radiolytically 

oxidised to 1.26% weight loss) is similar to Figure 575 with flow- 

type anisotropy, and mozaics (Position 11). 

Figure 577 is an optical micrograph of Lima graphite 

radiolytically oxidised to 9.48Z weight loss. This is 

more porous than shown in Figures 575 and 576, with a 

similar optical texture. Figure 578 is an optical micrograph 

of Lima graphite radiolytically oxidised to 22.6Z weight loss 

and shows an evident increase in porosity. Flow-type 

anisotropy and mozaics are present. Figures 575 to 578 

indicate that radiolytic oxidation does not change the optical 

texture of the graphite, even when the porosity is 

considerably increased. 
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Figures 579 to 582 are photo-iwntages of similar areas 

of the four graphites (Table 16), each taken at the same 

magnification. The montages represent an area of about 

3.5 = by 2.0 imm. Figure 579 is a photo-montage of virgin 

.. Lima graphite. In this montage there are several areas 

which are non-porous or contain a few almost unresolvable 

pores at the magnification shown. In general, the pores 

are -30 Jim wide with a few larger pores -50 jim. wide. 

Figure 580 is a photo-montage of Lima graphite radiolytically 

oxidised to 1.26% weight loss. The whole surface is more 

porous than the virgin sample. There are less non-porous 

areas and many more pores between 10 )jm and 20 Vm than in 

the virgin sample. 

Figure 581 is a photo-montage of Lima graphite radio- 

lytically oxidised to 9.48% weight loss. This photo-montage 

shows the number of pores above 10 pm to have increased and 

non-porous areas to be less than 100 jim wide. In the virgin 

sample (Figure 579) there are several non-porous areas, 

about 300 jim wide and in the 1.26% weight loss sample 

(Figure 580) there are areas about 200 )in wide which are 

non-porous, 
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Figure 582 is a photo-montage of Lima graphite radio- 

lytically oxidised to 22.6% weight loss. In this montage 

there are no non-porous areas. The poTosity has increased 

and there are more larger pores present, about 50 Pm wide, 

than seen in the less oxidised or virgin graphites. The 

number of smaller pores between 10 pm and 20 jim has 

increased and these cover a large area of the surface. With 

these radiolytically oxidised samples it was not practical 

to gold impregnate and use the Quantimet. 

Figure 583 is a photo-montage of Lima graphite 

thermally gasified in carbon dioxide to 9.18% weight loss 

(Table 7 (LG18)) and can be compared with Figure 581 

(radiolytic oxidation). The surfaces are quite different, 

the radiolytically oxidised sample being covered with 

small pores between 10 pm and 20 pm, whereas the thermally 

oxidised sample still has many non-porous areas as seen in 

the virgin sample. There are many large pores between 

50 ý= and 150 jim, which are not seen in the radiolytically 

oxidised sample, even at a higher weight loss (Figure 582). 

Although only a small area was studied for each sample 

(about 3.5 mm by 2.0 mm) an area typical of the sample was 

photographed. 
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8.6. Conclusions. 

Scanning electron microscopy of the radiolytically oxidised 

graphites shows that the 'as-received' surfaces are similar 
I 

whether or not methane is present in the carbon dioxide 

during radiolytic oxidation (i. e. Tables 16 and 14 respectively). 

Where machining grooves are present before oxidation, they 

become more prominent after radiolytic oxidation. 

Although it is difficult (because of different extents of 

oxidation) to compare directly the porosity of the graphites 

radiolytically oxidized with and without the inhibitor 

methane in the coolant carbon dioxide it would appear that 

the modes of radiolytic oxidation are comparable. Even though 

rates of oxidation must have been lower in the presence of 

methane the mechanisms of increase of pore volume are comparable. 

The radiolytically oxidised graphite oxidised in the 

presence of methane (Table 16) to a weight loss of 22.6% 

exhibits a carbonaceous deposit on the inside surface. This 

deposit is without crystalline structure, is irregular in shape 

and contains a lower concentration of nickel and silicon than 

is present on the surface surrounding the deposit. Such deposits 

are not observed in the absence of methane. 
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Photo-montages (SEM) of the virgin and radiolytically 

oxidised graphites (Table 16) (in the presence of methane) 

show the expected increase in porosity with increase in 

weight loss. The increase is mainly in the pore size range 

10 j= to 50 pm. Non-porous areas are present in the virgin 

graphite but not in the radiolytically oxidised graphites 

(at low magnification). 

A comparison of radiolytic and thermal oxidation of 

graphite (weight losses of about 9%) shows that small pores 

between 10 pm and 20 jim. diameter develop uniformly over 

the surface during radiolytic oxidation. The average 

distance between pores is about 75 jim. During thermal 

oxidation larger pores between 50 pm and 150 pm diameter 

-A. A LL- ý 
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develop. The distances between the pores iS about 200 Jim. 

No porosity or change in the graphite surface could be detected 

in the areas of surface between the porosity. The origins 

of porosity in radiolytic oxidation remain obscure. 

The Quantimet data show that for the H24, BAEL pitch-coke 

graphite (radiolytically oxidised to 8.8% weight loss, Table 14), 

there is an increase in the frequency of all pores in the size r, 

range 10 Vm to 150 pm when compared with the control. The 

extent of increase in frequency declines from 10 Pm to 150 I'm 
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as shown below. Thý frequency is expressed as the number 

of chords measured across the pores. 

Size Increase in Frequency 

10 PM 17,000 

30 pm 11,000 

50 PM 6,000 

70 PM 4,500 

90 PM 2,500 

110 Jim 2,000 

130 Jim 1,000 

150 PM 700 

The number of chords measured across the pore walls 

behaves comparably to changes in pore diameter, but the 

number of chords measured above 200 jim decreases by 30% 

after oxidation. This decrease is due to existing pores 

increasing in size; hence, increasing the number of smaller 

pore walls (10 jim to 50 pm). 

For H24, BAEL pitch-coke graphite (radiolytically oxidised 

to 8.8% weight loss. Table 14) the number of pores with 

equivalent circle diameters in the range 10 M to 40 Jim 

increases by 850 pores per 100 =2 and in the range 40 pm 
2 

to 200 pm by 200 pores per 100 =n . Shape factors show that 

the majority of pores are elliptical. 
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CHAPTER 9 

MICROSCOPIC EXAMINATION OF NEUTRO14 - IRRADIATED GRAPHITE 

9.1. Introduction. 

Microscopic examinations are made of neutron-irradiated 

graphites to monitor changes in topography and pore structure 

of the graphites caused by neutron-irradiation. A pitch-coke 

based graphite (VQMB) and a Gilso-carbon based graphite (AGLMP) were 

irradiated in the Dounreay FAST REACTOR (623 K to 823 K) to 

163 
compare their behaviour under irradiation 

The individual crystallites grow parallel to the hexagonal 

c axis and shrink parallel to the basal planes at practically 

constant rate and constant volumel64 under irradiation at 

temperatures around 623 K to 823 K. 

Until the present time, Gilso-carbon graphite has been used 

in the Advanced Gas-cooled Reactors but because of the uncertainty 

of obtaining quantities of Gilso-coke, alternative graphites for 

future Reactors are being considered i. e. a pitch-coke graphite. 
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9.2. Samples and Sam2le Preparation. 

Six samples of two graphites were studied, details of 

which are given in Table 29. The graphites were VQMB, a 

pitch-coke graphite and AGLMPp a Gilso-carbon graphite. Two 

of the samples were controls without irradiation. The samples 

of graphites were cylindrical in shape, 4 mm diameter by 

10 mm length. One thin sliver from each bylinder was cut off 

and examined by scanning electron microscopy before polishing. 

This enabled the topography of the 'as received' surface (the 

end surface, not the cut surface) to be studied. In order to 

prepare a polished surface of the graphite samples a further 

sliver of each sample was cut off from the cylinder and the 

slýyer mounted in resin. The surface was initially abraided 

with emery paper and then finally polished using three grades 

of alumina powder. 

9.3. Experimental Methods. 

The unpolished samples were mounted on stubs for scanning 

electron microscopy. Eai-'-h irradiated sample was compared with 

its control. Energy dispersive analysis of X-rays (EDAX) was 

carried out on each surface in order to find out if any inorganic 

elements were present in the graphite (see Section 8.3.3. ). 
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The polished samples were studied using both the optical 

and scanning electron microscope. The same area of the polished 

surface of graphite was studied by each instrument. This 

enabled the optical textures (in colour) obtained via the optical 

microscope to be compared and related to the surface topography 

of a particular area as photographed by scanning electron 

microscopy. 

9.4. Results. 

Figures 584 to 589 are photographs of the X-ray spectra and 

scanning electron micrographs of the 'as received' surfaces 

from which the spectra were. taken for samples of the non-irradiated 

(control) and of the irradiated VQMB graphite. Figures 590 to 

608 are scanning electron micrographs of the 'as received' surface 

(before polishing) of samples of the non-irradiated (control) 

and of the irradiated VQMB graphite. Figures 609 to 614 are 

photographs of the X-ray spectra and scanning electron micrographs 

of the 'as received' surfaces (before polishing) from which the 

spectra were taken for samples of the non-irradiated (control) 

and of irradiated AGLHP graphite. 

Figures 615 to 629 are scanning electron micrographs of the 

'as received' surfaces (before polishing) of samples of the non- 

irradiated (control) and of irradiated AGLMP graphite. 
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Figures 630 to 671 are optical and scanning electron 

micrographs of polished surfaces of VQMB graphite and AGLMP 

graphite, both non-irradiated and irradiated. 

Table 28 gives the elements to which the peaks correspond 

in the X-ray spectra. The figures in brackets are secondary 

peaks. 

9.5. Discussion of Results. 

9.5.1. Edax Spectra. VQMB Graphite. 

The X-ray spectra in Figures 584,586 and 588 show that 

aluminium, silicon and iron are present in both the virgin and 

the neutron-irradiated samples of VQMB graphite. A small 

amount of aluminium is generally detected because of the aluminium 

stub on which the sample is mounted. Iron is always present 

because it is in the final lens in the electron microscope. 

Figure 586 which represents LZAA (-1.99% linear growth) has a 

larger amount of iron present than is expected from the lens. 

This must be present in the graphite together with the silicon 

which is present in all the graphite samples. 

9.5.2. VQMB Graphite. Non-pOlisbed Surfaces. 

Figures 590 to 594 are scanning electron micrographs of an 

'as received' surface of virgin VQMB pitch-coke graphite. The 
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graphite has a very smooth, almost polished surface, with 

scratch marks across it. The large pores on the surface 

(Figure 590) are about 30 pm to 50 Um wide. The smoother areas 

in Figure 590 contain much smaller pores, about 2 pm wide. 

Figures 595 to 601 are scanning electron micrographs of an 

'as received' surface of the pitch-coke graphite (LZAA) after 

neutron-irradiation (-1.99% linear growth). The graphite has a 

slightly rougher surface than the control, although the large 

pores present are still about 50 Um wide. The surface roughness 

extends right across the whole sample. In some areas there occur 

hillocks (Figure 597). A stereo-pair of this hillock is shown 

in Figure 601. The height of the hillock is about 15 Um, as 

measured from the stereo-pair. 

Figures 602 to 608 are scanning electron micrographs of an 

'as received' surface of pitch-coke graphite (SBO) after neutron- 

irradiation (+3.99% linear growth). The graphite has a very rough 

surface with many large pores about 100 ýjm wide (Figure 602). 

The surface has a few small protrusions on it as seen in 

Figure 604. The stereo-pair in Figure 608 shows the height of 

this protrusion to be about 20 pm. At high magnification 

(Figure 607) the surface is seen to be very rough when compared 

with the same magnification micrographs of LZAA (Figure 600) 

and virgin VQMB graphite (Figure 594). The irradiation has also 
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removed the machining marks on the side of the graphite 

cylinder (as seen in Figure 602).. The overall surfac6 is 

quite smooth; the peaks of themachining marks have been removed. 

9.5.3. Edax Spectra.. AGLMP Graphite. 

The X-ray spectra in Figures609,611 and 613 show that 

aluminium, silicon and iron are present in both the virgin 

and the neutron-irradiated samples of AGLMP graphite. Small 

amounts of sulphur, chlorine, potassium and calcium are also 

present in the virgin sample but not the neutron-irradiated 

samples. The areas which are photographed (Figures 610,612 

and 614) show the differences in surface roughness between the 

three samples. 

9.5.4. AGUIP Graphite. Non-polished Surfaces. 

Figures 615 to 619 are scanning electron micrographs of 

an 'as received' surface of the virgin AGLMP Gilso-carbon (NA) 

graphite. The graphite has a fairly smooth surface but there 

are many scratch marks and rough areas to be seen (Figure 617). 

There are many pores about 30 Um to 50 Um on the surface (Figure 

615). 

Figures 620 to 624 are sr-arming. electron mi-crographs of 

an 'as received' surface of Gilso-carbon (NA) graphite (FRC) 

after neutron-irradiation (-0.00% linear growth). The graphite 
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has been severely damaged as seen in Figure 620. The surface 

has become very rough with hillocks protruding on the surface. 

The main hillock seen in Figure 621 is about 40 pm high. There 

is no distinct edge around the hillock (Figure 622), its surface 

has a roughness comparable to all of the graphite surface i. e. a 

rough surface over the entire sample. The large pores (50 Vm) 

are not as distinct as in the control sampl e (compare Figure 620 

with Figure 615); the roughness has made the pore less easily 

detectable in the scanning electron microscope. 

Figures 625 to 629 are scanning electron micrographs of an 

'as received' surface of Gilso-carbon (NA) graphite (HAB) after 

neutron-irradiation (+4.0% linear growth). Again the graphite 

has been severely damaged as seen in Figure 625 and similar 

hillocks have appeared on the surface. The hillocks are of 

various sizes ranging from 500 pm (in the centre of Figure 626) 

to 70 pm (below and to the left of the large hillock in Figure 626). 

The surfaces of these hillocks are quite smooth when compared 

with the rest of the graphite surface. Many shrinkage cracks 

have appeared on the surface after neutron-irradiation; in 

Figure 625 cracks of 30 pm have appeared and in Figure 626 there 

is a shrinkage crack of 20 Um leading away from the central hillock. 

9.5.5. VQMB Graphite. Polished Surfaces. 

Figures 630 to 636 are optical and scanning electron micrographs 

of a polished surface of virgin VQMB pitch-coke graphite. 
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Figure 630 shows the optical. texture of this graphite to 

possess a fine-mozaic structure containing little porosity. 

Figure 631 shows an anisotropic flow area with many long thin 

pores (5 pm, to 10 pm wide) and flow-type anisotropy down the 

centre of the micrograph. This area has been studied by 

scanning electron microscopy as seen in Figures 633 to 636. 

Position A has been marked on the micrograph to identify the same 

area photographed using the optical and scanning electron 

microscopes. Figure 632 shows an overall picture of the graphite 

surface. The pore sizes have two distinct catagories; -150 pm 

and -10 pm wide. Figure 633 shows an area of these smaller pores. 

Figures 637 to 643 are optical and scanning electron micrographs 

of a polished surface of pitch-coke graphite (LZAA) after neutron- 

irradiation (-1.99% linear growth). Figure 637 shows the 

optical texture to be of fine mozaics (see Section 1.4. ) with 

low porosity very similar to Figure 630 which is a micrograph 

of the control sample. Figure 638 shows flow-type anisotropy 

with long thin pores (5 Um to 10 pm wide). The area selected here 

is not as porous as the area selected in the control sample 

(Figure 631). The same area is shown in Figures 640 to 643; 

Position B has been marked on the micrographs for ease of 

identification. Figure 639 shows an overall low magnification 
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micrograph of the graphite surface. Again, as in the control 

sample, there are two distinct pore sizes; -150 pm and -10 pm 

wide. The surface shown here is very similar to the control 

sample (Figure 632). This type of surface is observed when the 

rough 'as received' end-surface of the sliver is studied 

(Figures 590 and 595) by scanning electron microscopy. There 

was little change in the surface topography. Even at high 

magnification (Figure 643) the topography of the'surface is very 

similar to that of the control. 

Figures 644 to 650 are optical and scanning electron micrographs 

of a polished surface of pitch-coke graphite (SBO) after neutron- 

irradiation (+3.01% linear growth). Figure 644 shows an optical 

texture of fine-mozaics with many small pores (-2 pm wide) across 

the entire surface. This is quite dif f erent to the area seen in 

the previous two samples; there are many small pores present. 

Figure 645 shows an area with larger pores (-20 Um to -50 Vm) 

and many small pores (-2 pm) covering the surface. This is 

more clearly seen in Figures 647 and 648 which are scanning 

electron micrographs of the same area. Position C is marked 

on the micrograph for identification. The shaded areas, i. e. around 

the 50 Vim pore at the top of Figure 647, are the resin in which 

the sample was embedded for polishing. Figure 646 shows an 

overall low magnification micrograph of the surface. The pores 

are very similar in size to those of the control sample, although 
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there appear to be more small-pores (-10 Vm) present than there 

are in the control. At high magnifications (Figure 650) the whole 

surface is seen to be pitted with very small pores (-0.3 Vm) which 

arequite different from those in the previous two samples, as 

already seen by comparing Figure 602 with Figures 590 and 595. 

9.5.6. AGLMP Graphite. Polished Surfaces. 

Figures 651 to 657 are optical and scanning electron micrographs 

of a polished surface of virgin AGLMP Gilso-carbon (NA) graphite. 

Figure 651 shows an area with many long thin pores (-l pm to 

5 Um wide). This area is also seen in Figures 654 to 657. 

Position D is marked on the micrographs for identification. 

Figure 652 is an optical micrograph of an area showing the 

characteristic concentric pore structure of Gilso-carbon graphite 

with an optical texture of small size. Figure 653 shows an 

overall picture of the area of the surface. Many of the pores 

are about 50 pm and about 10 Um in size. There are smaller 

pores present which are not visi. ble at this magnification. 

Figures 654 to 657 show long, 'thin pores which are interconnecting. 

At high magnification (Figure 657) the surface is smooth and free 

from very small pores (-0.5 Vm). 

Figures 658 to 664 are optical and scanning electron micrographs 

of polished surfaces of Gilso-carbon graphite (FRC) after neutron- 
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irradiation (-0.00% linear growth). Figure 658 shows an area 

which is quite heterogeneous in terms of optical texture with 

many anisotropic areas of different sizes. The same area is seen 

by scanning electron microscopy in Figures 660 to 664. Position E is 

marked on the micrographs for identification. Figure 659 is 

an optical micrograph of a Gilso-carbon pore area and shows 

the characteristic circular anisotropic structure. Some of 

the concentric pores have been filled in with anisotropic 

material (notethe blue and yellow areas). Figure 660 shows an 

overall micrograph of the surface at low magnification. The 

large pores are slightly larger than in the control sample 

i. e. about 100 Um. The area shown in Figure 661 has many 

small pores about 2 Um wide. Some of the pores on the surface 

have been filled with resin when'the sample was embedded for 

polishing. At high magnification (Figure 664) the surface is 

found to be more porous than the surface of the control graphite. 

Figures 665 to 671 are optical and scanning electron micrographs 

of a polished surface of Gilso-carbon graphite (HAB) after neutron- 

irradiation (+4.0% linear growth). Figure 665 shows an area with 

several pores ranging from about 2 um to 60 Vm. The plain, dark 

purple areas on this micrograph are surfaces of resin. This 

graphite has many areas filled with resin, as seen in Figure 

668. Position F is marked on the micrographs to identify the 
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same positions. The characteristic Gilso-carbon pore areas 

are difficult to find in this irradiated graphite; they have 

apparently disappeared during irradiation. Figure 666 shows 

structures which are the nearest that could be found to the 

concentric pore structure. Despite the irradiation damage, 

most of the optical texture is retained. Figure 667 shows the 

overall surface at low magnification. Gilso-carbon pore 

structures cannot be seen in this micrograph. This irradiated 

sample differs from the control in that there are less small 

pores (cf. Figure 653). The large pores (80 pm to 100 Um) are 

slightly larger than those present in the control. There are 

also long, thin pores (10 Um to 20 Vm) which are filled with resin. 

Many of these pores are interconnecting as seen in Figure 668. 

At high magnification (Figure 671) the surface is free from 

small pores, unlike the previous sample (Figure 664), where the 

surface was pitted with pores about 0.2 pm wide. 

9.6. Conclusions. 

From the EDAX analysis the irradiated samples did not contain 

any elements that were different from the control samples. 

From studying the topography of the 'as received' surfaces, 

the two pitch-coke irradiated samples (VQMB graphite) showed 

different topographical features. LZAA (-1.99% linear growth) 
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has a slightly roughened surface with a few quite smooth hillocks 

present (Figure 597). SBO (+ 3.99% linear growth) has a very 

roughened surface as if it had been severely damaged. There were 

a few protrusions which were quite rough (Figure 604) on the 

surface of the graphite. 

The two Gilso-carbon irradiated samples (AGLMP graphite) 

have surfaces of similar topography. Both surfaces are rough 

compared with the control and both have hillocks present on the 

surface. FRC (- 0.00% linear growth) has hillocks with rough 

surfaces (Figure 621) which merge gradually into the surface 

of the rest of the sample. HAB (+ 4.0% linear growth) has 

hillocks with quite smooth surfaces (Figure 626) which have a 

distinct edge to them, adjoining the rest of the surface. 

These hillocks vary in size from 50 lim to 500 'pm and have 

shrinkage cracks running from the centre outwards. 

From studies of polished surfaces, the two pitch-coke 

irradiated samples (VQMB graphite) were different. LZAA (- 1.99% 

linear growth) shows little difference from the control; there 

are a few larger pores present (50 pm to 100 pm). SBO (+ 3.01% 

linear growth) is more porous and has many small pores (_10 Pm wide) 

on the surface. In studies of the two Gilso-carbon irradiated 

samples (AGLMP graphite), the characteristic Gilso-carbon 

pore structure has almost disappeared in the FRC (0.00% linear 
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growth) sample and has completely disappeared in the HAB 

(+4.0% linear growth) sample. In the FRC sample, the large 

pores are slightly larger than the control (about 100 Vm). 

In the HAB sample the large pores are about 80 um to 100 pm, 

but there do not appear to be as many small pores (-5 Vm) on 

the surface. Some long, thin pores (10 pm to 20 pm wide) 

have become filled with resin during preparation for polishing. 

Neutron-irradiation appears to completely change the 

topography of surfaces of the graphite samples inducing 

roughness and causing hillocks to grow on the surface. However, 

polished surfaces show little changes in the optical texture 

apart from increases in porosity. This non-destruction of the 

optical texture indicates that the main 'crystallinity' (size 

and orientation of the 'crystals') of the graphites withstands 

the irradiation. It was not possible to monitor the optical 

texture of the hillocks. The pitch-coke and Gilso-carbon 

graphites behaved similarly under irradiation conditions. 

Although the size of, and the bulk orientation of the 

constituent units within the crystals remains unchanged as shown 

by the optical texturet there must occur changes in structure at 

dimensions <50 nm. These changes in the orientation and size 

of the constituent units (layers or molecules) may be revealed 

by phase-contrast electron microscopy. 
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CHAPTER 10 

FURTHER STUDIES OF POROSITY BY PROGRESSIVE POLISHING OF 

VIRGIN GRAPHITES 

10.1. Introduction. 

In order to ascertain the feasibility of analysis of 

pore structure in the bulk material, optical and scanning 

electron microscopy studies are made of virgin graphites, 

using progressive polishing, i. e. the study is a progressive 

one. It is a requirement to know if the interconnectivities 

of pores and their relative positions can be monitored by 

progressively polishing into the bulk of the graphite. Photo- 

montages are constructed from scanning electron micrographs 

of each progressive layer exposed by polishing, and porosity 

in these successive photo-montages is analyzed to create a 

three-dimensional model. 

10.2. Samples and Sample Preparation. 

The samples studied by microscopy were: 

VQMB 

VNMC pitch-coke graphites 

VNEA 

I 
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AGLCP a unipore cold - pressed graphite 
UMP unimpregnated AGLMP gilso-carbon graphite 
GG a German natural graphite 

Figure 672 is a mercury pore-size distribution for AGLCP graphite. 

Pore-size distributions for VQMB and VNMC are shown in Figures All- 

and A12. Progressive polishing was carried out on AGLMP and 

VQMB graphite. The graphite surfaces were prepared and polished 

for optical microscopy (see Section 5.2.1. ), The graphites 

for progressive polishing were marked with a clear, well-defined 

notch down one edge of the piece of graphite so that each area 

could be related to the notch after each polish in order to 

correlate, precisely the tortuosity of the porous system. 

10.3. Experimental Methods. 

10.3.1. Microscopy of Virgin Graphites. 

Typical areas of the six virgin graphites were located. 

Optical and scanning electron micrographs of these areas were 

taken and studied. 

10.3.2. Point-counting on AGI24P Graphite. 

Point-counting was carried out on AGLMP graphite in order 

to find out what percentage of graphite was present in the 

characteristic Gilso-carbon structure. A Swift point-counter 

was used which consists of a stage (attached to the microscope 
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stage) movable in two directions which holds the sample. The 

surfaceýof the graphite is viewed using the cross-wireS of 

the eyepiece. The sample surface is scanned at 50 pm intervals 

by displacement using the point-counter. At each interval the 

position of the surface lying on the cross-wire is described 

using one of the four classifications; porous and non-porous 

in a characteristic Gilso-carbon structure, and porous and non- 

porous in any other area. Each point is counted on a register 

by pressing down a button on the counter which automatically 

moves the specimen by one interval. Three adjacent faces of the 

AGIMP graphite were so classified. Three thousand counts 

were made on each face and the average value calculated for each 

classification. 

10.3.3. Progressive Polishing of Graphites. 

Photo-montages were taken of two areas on the AGLMP 

graphite and two areas on the VQMB graphite. The depth of polish 

was measured by focussing onto the polished surface in the optical 

microscope and then focussing on an easily recognisable area 

down the pore wall, or-at the bottom of the pore. The distance 

travelled by the optical stage was calibrated in the optical 

microscope and gave (in micrometres) the depth of the pore and hence 

depth of surface polished away. Six to eight measurements were 

made on each graphite before and after each polish. 
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In the electron microscope the x and y positions of the 

notch and the x and y positions of each micrograph were recorded. 

During polishing the sample was not removed from the microscope 

stub. This helped in correctly al: i'gn*ing the sample in the microscope. 

overlapping micrographs were taken of each area in order to 

build up complete photo-montages. 

10.4. Results. 

Figures 673 tq 709 are optical and scanning electron ndcrographs 

of virgin VQMB, VNMC, VNEA, AGLCP, and UMP graphites and a 

German natural graphite. 

Figure 30 gives the average values obtained from point 

counting studies made in each direction on virgin AGLMP graphite. 

Figures 710,711,716 and 717 are photo-montages showing 

a largeý area (-2 mm2) of AGIMP and VQMB graphites before and 

after progressive polishing. 

Figures 712.1 to 715.10 are photo-montages of progressive 

polishing through ten layers of two areas of AGLMP graphite 

and two areas of VQMB graphite. 
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Table 31 shows the extent of graphite removal after each 

polish. Table 32 gives reference positions for each photo- 

montage from the well-defined notch made on the two graphites. 

10.5. Discussion of Results. 

10.5.1. Microscopy of Virgin Graphites 

Figures 673 to 680 are optical and scanning electron 

micrographs of virgin VQMB pitch-coke graphite. The optical 

texture seen in Figures 673 and 674 shows large areas of fine- 

mozaics which contain little or no porosity (centre area of 

Figure 674, around Position H). These fine-mosaics have coarse- 

mozaics surrounding them, as seen in both Figures 673 and 674. 

The area in Figure 673 (optical micrograph) is shown in 

Figures 675 and 676, (scanning electron micrographs). Position G 

is marked in order to identify the same area. At low magnification 

(Figure 675) this area ts seen to contain pores about 10 pm to 

20 pm. The area of the optical texture (Figure 674) is 

shown. in Figures 677 to 680 (scanning electr6n micrographs). 

The two areas shown are both typical areas seen in VQMB graphite. 

Figure 677 shows several areas of low porosity (around Position H 

and at the top of the micrograph) of fine-mozaics. Around the 

circumference of these fine-mozaics (Position H) is a series of 

small pores, about 1 um to 5 pm wide (Figure 677). This area 
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is the area of coarse-mozaics (Figure 674). Even at a higher 

magnification (Figure 679) the fine-mozaics are non-porous. 

Figures 681 to 688 are optical and scanning electron 

micrographs of virgin VNMC, 'pitch-coke graphite. This graphite 

has a more heterogeneous optical texture than the above VQMB 

graphite. Figure 681 shows coarse-mozaics and near-circular 

pores, 20 Um to 30 um diameter. Figure 682 shows flow-type 

anisotropy with long, thin pores, running parallel to the 

flow-type anisotropy. These pores are about 10 Um wide. The 

scanning electron micrographs (Figures 683 to 688) show two 

typical areas; the second of which is seen in Figure 682. 

Figure 683 contains large pores (50 pm wide) surrounded by 

non-porous areas, or areas with pores beyond the resolution 

of the micrograph. Figure 685 shows flow-type anisotropy with 

pores (10 Um to 20 Um diameter). Position J identifies the same 

area of Figure 682. This graphite VNMC is highly porous with 

a heterogeneous range of pore sizes contained within flow-type 

anisotropy of similar appearance to the petroleum-coke graphites, 

e. g. Lima and PGA L18 graphites. 

Figures 689 to 696 are optical and scanning electron 

micrographs of VNEA pitch-coke graphite. Figure 689 shows an 

optical texture (medium and large mozaici) similar to the graphite 
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VNMC (Figures 681) but with smaller curved pores (5 Vm to 10 pm 

width).. Ih Figure 690 a central, isotropic, non-porous 

purple area is surrounded on three sides by a long, thin pore 

varying in width from 5 Um to 40 Vm. This central area is 

probably carbon from the resin which is used as an impregnant 

during graphite manufacture. Figures 691 to 696 are scanning 

electron micrographs of the two areas in Figures 689 and 

690. Figures 691 and 692 show that the pore str ucture consists 

of two size ranges;. 1 vim to 5 lim and 20 Um to 30 pm. There may 

also be pores present below the resolution of these micrographs. 

Figure 695 and 696-show the boundary between the resin and 

the graphite with a fizzure to the left but continuous to the 

right. In Figure 695, the upper smooth carbon from the resin 

is distinguishable from the lower porous (-1 Vm) surface of 

the graphite. The pore structure in VNEA is fairly uniform, 

the majority of pores being about 5 pm wide. 

Figures 697 to 701 are optical and scanning electron 

micrographs of AGLCP unipore graphite. The optical micrograph, 

Figure 697, shows fine-grain mozaics and isotropic material 

about 40 pm wide seen in the centre of the micrograph. The 

polished surface shows uniform pores of -20 pm width. The 

scanning electron micrographs (Figures 698 to 701) show this 

uniformity of pore size (similar to Morgans EYC 9106 graphite, 

Figures 27 and 28). 
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Figures 702 to 708 are optical and scanning electron 

micrographs of UMP, unimpregnated AGIMP graphite. This graphite 

was studied in order to determine where the impregnant goes in 

AGLMP graphite. However, the optical texture and pore structure 

were indistinguishable from AGIMP graphite. 

Figure 709 is an optical micrograph of the German natural 

graphite. This graphite is difficult to polish. It produced 

a surface which scratched easily. This graphite is homogeneous 

with an optical texture of large mozaics and low porosity 5 -om to 

10 pm in width. 

10.5.2. Point-Counting on AGLMP Graphite. 

Table 30 lists percentages of a) porosity in the two structural 

components to this graphite and b) the contents of these two 

components. These percentages are given for surfaces polished 

in three directions through the graphite and are taken from three 

thousand counts on each surface. In the characteristic Gilso-carbon 

area the percentages in the first and second direction (Table 30) 

are closer in value than the percentages in the third direction 

which indicates that this structure is not symmetrical in all 

three directions i. e. it is not spherical in shape. 
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10.5.3. Progressive Polishing of__Graphites. 

Figure 710 is a photo-montage from scanning electron 

micrographs of AGLMP graphite with the two areas of study 

(Area 1, Area 2) marked as Al and A2, these areas being of 

the circular Gilso-carbon found in AGIMP graphite. 

Figure 711 is a photo-montage from scanning electron 

micrographs of VQMB graphite with the two areas of study 

(Area 1, Area 2) marked as V1 and V2 with different pore 

structures. Area 1 has many individual pores with one large 

pore in the centre whereas Area 2 has a series of interconnecting 

transport pores. 

Figures 712.1 to 712.10 are photo-montages from scanning 

electron micrographs of Area I(Al) of AGINP graphite (Figure 710) 

through ten polishes. Position X-is marked on Figures 712.3 

to 712.10 at equal distances from the notch made on the sample 

edge, These positions mark the reference point for each 

photo-montage. The pores were traced from the SEM photo-montages 

onto transparent acetate paper for each layer to enable the 

porosity to be superimposed and visible. This technique indicates 

how the porosity changes direction and shape within the three 

dimensions of the graphite i. e. the tortuosity of the pores. 
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These acetate overlays are in an envelope in the rear 

cover of this Thesis. 

The transparent photo-montages show, for the porosity, 

changes in shape, the appearances and disappearances with 

distance and the interconnectivities in the graphite. 

The photo-montage (Figure 712.1) shows the initial area 

of study of the Gilso-carbon constituent of the AGIMP graphite. 

Figure 712.5. i. e. the 'surface' 29 pm below that of Figure 712.1 

shows that the pore, Position M, has disappeared and the concentric 

pores, Position N, around the centre pore are becomming very 

shallow. The pore, Position 0, has become narrower (-60 pm to 

40 pm) from Figure 712.1 to Figure 712.5. In Figure 712.7 a 

new pore is present in-the centre of the Gilso-carbon area, but 

in Figure 712.10 (26 Um below the 'surface' of Figure 712.7) 

the pore has disappeared. 

Figures 713.1 to 713.10 are photo-montages from scanning 

electron micrographs of the surface of AGLMP graphite taken 

of an area (A2) larger than in the series of Figures 712.1 to 

712.10. The characteristic porosity of Cilso-carbon is seen 

together with larger open pores at the top of the photo-montage. 

These two large pores are connected by very thin pores (<I jim)., 
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Position P in Figure 713.1. In Figure 713.2 these thin pores, 

Position Pj have disappeared. and the large pores are no longer 

connected. As polishing continues (Figure 713.4,19 pm below 

the ', surface' of Figure 713.1) the pore to the right of Position P 

has split into two pores. By following these pores through the 

graphite the irregularity in the pore shapes can be seen. 

Figures 713.1 to 713.10 show that the central pore of the 

Gilso-carbon becomes both wider and longer from -15 pm wide and 

-130 pm long (Figure 713.1) to -20 pm wide and -200 pm long 

(Figure 713.4). The width decreases with constant length to 

-8 pm in Figure 713.10. By measuring the distance of the pore 

from Position X it is found that the position of the pore moves 

down away from the centre of the Gilso-carbon area in Figure 713.10. 

A circular pore (80 Vm wide), Position Q , has appeared in 

Figure 713.9 (not visible in Figure 713.8). This pore must be 

shallow (-10 pm) as it appeared after removing only 5 pm of 

graphite. In Figure 713.10, the base of the pore is now level 

with the polished surface. 

Figures 714.1 to 714.10 are photo-montages from scanning 

electron micrographs of Area 1 (Vl) of VQMB graphite through 

ten polishes. Figure 714.1 shows a large pore (-150 pm. wide) 
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in the centre which enlargens (-200 pm wide) as polishing 

progresses. A pore Position R, has appeared after the second 

polish (Figure 714.2). This is a shallow pore (Figure 714.3) 

with a depth of -15 Vm and a width of -75 Vm. The curved pore, 

Position S, (-50 Pm long after the first, initial, polish) 

gradually increases in length to -250 pm (Figure 714.10) 

by coalescing with other pores. This pore could be classed 

as a transport pore, because it connects pores together. 

Figures 715.1 to 715.10 are photo-montages from scanning 

electron micrographs of Area 2 (V2) of VQMB graphite. This 

area shows a transport pore system, Position'T, at the top of 

the photo-montage. By following these pores through the polished layers 

they are seen to connect., with pores in Figure 715.6 and link a large pore, 

Position U, with a pore, Position V, in Figure 715.10; the pores 

are connected from one side to the other side of the photo-montage. 

Figures 716 and 717 are the areas shown in Figures 710 and 

711 after the tenth (final) polish. After the final polish the 

two areas Vl and V2 in Figure 717 are almost connected 

together by pores, whereas in Figure 711 after the first 

(initial) polish, there were few pores between them. In 

Figure 716, the Gilso-carbon areas that were present in Figure 710 

are all still distinct after the ten polishes. 
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10.6. Conclusions. 

Point-counting on AGLMP graphite shows that the characteristic 

Gilso-carbon structure accounts for 23% to 30% of the total 

area, but only 2% to 3% of the total porosity. 

Progressive polishing is a new technique for visually 

following the pore system through the three-dimensions of the 

graphite and studying interconnectivities between pores. Transport 

pores were identified when pores gradually connected up 

across the piece of graphite. 
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CHAPTER 11 

CONCLUSIONS 

1'. optical and scanning electron microscopy, coupled with 

Quantimet analyses have proved to be the best methods 

of assessment of porosity in the graphites of this study. 

2. By correlating the optical texture of polished surfaces of 

graphites with surface topography following gasification, itis 

shown that fizzures develop in directions parallel to 

the basal planes", in flow-type anisotropy and near-circular 

pores develop at the position of mozaics. Similar forms 

of optical texture behave similarly when oxidised with 

molecular oxygen, carbon dioxide and atomic oxygen, to 

comparable weight losses. 

Non-destructive ultrasonic testing of graphites can detect 

changes in porosity following gasification. It has another 

advantage, that with progressive polishing the uniformity 

of gasification within the graphite can be assessed. But, 

it is not yet feasible to relate, quantitatively changes in 

pulse velocity to pore-size and shape and to extent of porosity. 
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4. 

5. 

Comparisons are made between the radiolytically oxidised 

graphites (BAEL pitch-coke graphites) and their controls. 

Porosity increases are mainly in the pore-size range 10 um 

to 50 pm. It is difficult, because of different extents 

of oxidationto ascertain precisely the effect of methane 

on the development of porosity during radiolytic bxidation e 

of graphites, but it would appear that the mechanisms of 

increase in pore volume are comparable. A comparison of 

a polished surface of radiolytically oxidised Lima graphite 

with thermally oxidised Lima graphite (-9% weight loss) 

shows that during radiolytic oxidation pores between 10 pm 

and 20 pm develop evenly over the surface. During thermal 

oxidation, many non-porous areas (-200 pm wide) remain 

and large pores develop 50 pm to 150 pm in diameter. It 

has not been possible to ascertain those factors which are 

responsible for the origin of a pore, in radiolytic oxidation, 

in. the graphite surface. 

V, M13-e 
Quantimet data has been processed to give the number -of pores 

present in each size range, for the radiolytically oxidised 

samples and their controls. There is an increase of 850 

pores in the size range 10 pm to 40 pm per 100 mm2 of area 

after radiolytic oxidation of BAEL pitch-coke graphite to 
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8.8% weight loss. Field data show increases in: porosity, 

mean chords (intercepts) per pore (up to 150 pm), mean 

chords (intercepts) per pore walls (up to 150 pm), but a 

decrease in chords per pore walls above 150 Vm. Shape 

factors show that the majority of pores are elliptical. 

6. Neutron-irradiation of graphites completely changes the 

topographical features of the graphite surface and 

results in bulk damage within the graphite. Hillocks 

are produced which could be caused by differences in density 

between filler and binder. Neutron-irradiation does not 

destroy the optical texture. This indicates that the 

size and orientation of the 'crystallites' in the graphite 

remain unaffected during irradiation. 

7. Progressive polishing and Quantimet analysis of each 

surface is a new approach to the study of porosity in 

graphites. It gives an assessment of porosity in three- 

dimensions within graphite. The application of this method 

to the problem of ventilation of porosity in graphites is 

possible. The presentation of a three-dimensional approach to the 

UKAEA was a major objective of this study. This has been 

accomplished and the method and data are now being applied 

by the staff of the UKAEA at Springfields. 
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TYPE OF BULK DENSITY O. P. V. C. P. V. DIFFUSIVITY 

-3 AGLMP GRAPHITE g cm %% RATIO 

Virgin 1.78 11.70 8.10 0.039 

5.4% oxidized 1.72 20.17 3.81 0.019 

10.5% oxidized 1.62 25.69 2.89 0.003 

Table 2. Pore Structure Data of AGMP Graphite. 



FIGURE POSITION PORE SHAPE 

43 A Circular pore 300 nm diameter. 

44 B L-shaped pore, 900 ran long, 
300 nm wide. 

44 C Thin, curved pore. 

44 D Triangular-shaped pore. 

44 E Long, thin pore 3 Jim long, 
600 nm wide, forming two 
channels at one side. 

45 F Heart-shaped pore, 700 nm wide. 

45 G Circular pore, 800 nm diameter 

45 H Long, thin pore 3 pm long 
200 nm wide. 

46 1 Long, thin pore 1 Jim long 
200 ran wide. 

46 j Circular pore 400 nm diameter. 

48 K Pore 800 nm long, 300 nm wide. 

48 L Spherical piece of mercury 
lying on the surface. 

48 M Spherical piece of mercury 
lying independent of the 
pore structure. 

49 N Superimposition of a circular 
pore, 300 nm diameter above 
another pore. 

49 0 Pore, 1.5, pm long, 300 nm wide. 

Table 3. Pore Shapes detected in Lima Graphite using 
the High-Voltage Electron Microscope. 



FEATURES 

mmo mm-1 

DIMENSIONS 

rmn -2 

Points PP pL pA 

Lines LL LA Lv 

Areas AA Sv 

Volumes vv 

Table 4. Relationship between Two Dimensional and Three 

Dimensional Parameters. 

mm- 

Pv 
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Weight losses/ % 

Gasification Temp/ Time LIMA MORGANS EYC 9106 AGUIP 

Treatment 

IK 

GRAPHITE GRAPHITE GRAPHITE 

Air 973 1 hour LGI 16.67 MGI 9.22 

Air 873 1 hour LG2 2.35 MG2 0.77 AG1 0.48 

Air 823 1 hour LG3 0.38 MG3 0.11 - 

co 2 973 16 hours LG4 0.83 MG4 0.67 AG2 0.40 

C02 1073 16 hours AG2 0.76 

co 2 873 16 hours LG5 0.11 MG5 0.04 AG3 0.27 

co 2 873 25 hours LG6 0.03 MG6 0.02 - 

0. 300 5 mins . LG7 0.98 

0. 300 3 mins LG8 0.57 AG4 0.32 

0* 300 2 mins LG9 0.15 

H* 300 20 mins LG10 0.08 

H* 300 105 mins LGll 0'. 12 

Table 6. Description of Thermal and Atomic Gasification Treatments. 
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Samples Flow Rate/ 
3 -1 mm s 

Temperature/ 
K 

LG13 AG6 500 1173 

LG15 700 1173 

LG18 AG10 700 873 

LG19 AG11 440 913 

AG12 630 1073 

LG20 AG13 700 1173 

Table 8. Flow Ra. tes of Carbon Dioxide during 

GasificAtion Treatments. 



LIMA MORGANS AGLMP 
GRAPHITE FIGURES GRAPHITE FIGURES GRAPHITE FIGURES 

W-- 

LG1 157-162 MG1 183-187 AG1 190-195 

LG2 163-178 MG2 - AG2 223-232 

LG3 179-182 MG3 188-189 AG3 - 

LG4 196-210 MG4 216-220 AG4 - 

LG5 - MG5 AG5 277-289 

LG6 -211-215 MG6 221-222 AG6 297-304 

LG7 233-242 MG7 271-276 AG7 322-333 

LG8 243-250 MG8 314-321 AG8 360-367 

LG9 251-257 MG9 352-359 AG9 380-385 

LGIO 258-262 MG10 374-379 AG10 401-415 

LGIl - AG11 415.11-415.20 

LG12 263-270 AG12 415.21-415.30 

LG13 290-296 AG13 415.41-415.51 

LG14 305-313 

LG15 334-341 

LG16 342-351 

LG17 368-373 

LG18 386-400 

LG19 415.1-415.10 

LG20 415.31-415.40 

Table 9. Relationship between Gasification Samples and 

Figure Numbers. 



Pundit Samples Gasification Samples Figure Nos. 

LP1 LG13 290-296 

LP2 LG16 342-351 

LP3 LG17 368-373 

LN LG18 386-400 

mpi MG9 352-352 

MP2 MG10 374-379 

MP3 - 

AP1 AG6 297-304 

AP2 AG8 360-367 

AP3 AG9 380-385 

AP4 AGIO 401-415 

Table 10. Corresponding Pundit and Gasification Samples. 

6 



0 0 1 0 0 1 0 1 0 0 

c; (5 cý c; M 
C> 

W2 
N ri M P-4 Co N 

E-4 C, 4 r, 00 v) tn ri P. 4 
0 0 

c; 

cyl ". 4 0 00 0 LM rlý rlý 
P-4 CN cylý m ri m (14 C) 

c; c; c; + + 

00 %D 0 cli 

V-4 m cyl %D m rlý 0 Cy% ýT _T 
1 p 1 (D CD 1 P-4 C% 1 _T 1 "4 0 P-4 

r» d c; c; d d c; c; A 1 1 1 1 1 1 1 1 
w 00 rý. 

. %D rý. P-4 c114 U) M 
u c9 CD C, 4 ri rý %0 00 P--4 V) 

rZ cý cý 1 1 1 c2 1 CD 0 0 
0 (D 0 0 0 c; 

%0 r- Le) L') CY% 
in ý4 LM 1 P-4 0 1 00 1 0 00 r4 

0 C) c4 t*-4 CD 0 

c; 
+ + + 

r-4 cn LM Ln 0 00 0 0 -7 0 
0 %0 M 't ýI 0 Lri LM V-4 

0 C3N 
' 

C% 0 0 V-4 0 00 CD 
1 

Co 4 m4 lý c4 4 lý c4 1: cz 
A 0 rq cyl 't 00 rý ýc LM CY% r, ýt %D 

cli P-4 C: ) 00 C, 4 c> _T Ln CYN %D Co Ln ýd 
>I rZ rli CD CY% r-4 CYN "l P-4 rý P-4 
E-4 
)--4 

00 0 V) LM 00 r_ ýt %D LM CVI 
r_z ri ý4 rý r. LM %D Co 0 LM Ln ri 00 

lý vý %ý c2 vý L2 

lý 
tn W 

E-4 Ln 0 m rq Ln 
H C, 4 r" -t ri LM 0 0 CN 

., 4 clo M ., 4 00 H .,. 4 
to 00 r- to olt ci to CVI ÖD cn M cli 
P CD r4 w P-4 r- W -e P r, r, r- 

., 4 P-4 r-i ., 4 e1q ., 4 rq .,. t 00 CYN 0 

> > V-4 > r-i > 

7-4 P-4 P-4 e4 cli 
P. 4 p4 P-4 P. 4 21 p P., 

.4 ol 
u2 

z 
10 
0 

0 

L) 

I'd 
a) 

-, 4 
4-4 
., 4 

14 

. 
r. 

W 
. r4 

u 
0 

0 
U) 
cil 
ý4 
41 

r-4 

Ff 



LM Uli 00 r-4 rlý 
ý4 m ý. 0 %D U) m 

A rn ri 9 ý, 9 9 0 Z 1 1 CD 0 C) 

m 

cn r1q Lel %0 LA IZ M -4 ., 4 
pl C-) CD n 1 00 c4 

1 V-4 1 1. -4 r-1 (D 0 4 CD 0 f-4 0 C) 0 
c; c; 

C) 
,4w 0 
w >-Z r-i M ýt ý-4 

cu > c*A 0 C 
(D CD CD (D (D 0 ci 

1 1 + + 

Iti 

44 
f. -4 C3IN cyl ., 4 
*lo C) c4 0 

C) 0 C) cu 

w LM cýA %0 "4 en c4 C 
C D N -t Ln cli cý4 C, 4 93w 

. 

0 
m 

(ý c; d 0 c; u 
0 

E-4 r-i en 00 0% km 0 t24 
1 0 1 00 8 C, 4 0 r--i 

c; c; 
+ + 

cq V-4 en 00 vi C% C% LM Co u 
0 -t CYN cyl "-4 ci 't IT .t >f 

r-4 M 00 r- Ln r1. "0 rlý %ID %D %D w 

c9 rý CD -t 00 Ln _T cq ci S-4 

; ý- 
c4 

n 
00 

0 
cn 

0 
rn 
(2% 

P-4 0 
rlý 
r, 

rlý 
0 

tA 
0 

Ln 
0 

rý. 
0 :2 E-4 0 cli "4 C*4 P-4 rq cli c4 C, 4 

CD 
0 
N. 4 

im -t -t 0 (4 cn r*ý IT r-. Co 
9 CD 0 --f 0 0 0 0 

CD 
f. 4 0 

r-4 
E-4 
CD 

E-4 
= 0 ci vl 0 LM 0 cyl M Ln 

E--4 0 Ln 0% 0 cli Co _T u 

0 
0 
Co 

to Co cyl bo (n to (1 tn cn 
w (A rý w -zt p rlý rý. rý 

., 4 r-4 cq ., 4 N ., 4 00 CYN 0 cz 

> P-4 r-4 > r-4 > P-4 



ý4 
1 

9110 

14 >4 
E-4 E-4 C14 
1-4 
0 

,4 
m 

rn M 

0 C14 

r-4 
1M 

Co n 

r4 
m 

tn 
t/3 
0 

E-4 
P-4 

E-4 

P. clq cyl P-4 -t rq rý CN P-4 0 
M C%j clq 0 0 0 0 0 1 1 

+ + 

0% CY% -t flý C, 4 (A 
cn %0 r-1 M P-4 V--4 CD 0 0 0 
CD CD c; (ý ý 
+ + 1 I 

%, 0 Ln -t -t 00 V. 4 rý. r. rý. -4 M c4 CY% 0 0% 

+ + 

00 -t rý 00 -t N 00 00 
CD 0 ý4 rý cyl 

0 0 

+ + 

CY% C*4 r, rý 
r- Ln r-A 

CD C) 0 
C 0 ; + + c 
00 r-4 Ln -t Co tn Lr% ý4 1 cn 00 P-1 r1. 

CD 

+ + i + 

P-4 (A V) 00 r-4 C: ) v-i P-4 cq 0 -r t 
P-4 "4 C, 4 P-4 C% P. 4 0 c% 0 
cý c2 l"! cl! P-4 P--4 P-4 
N C, 4 C-4 c4 CN 

4 4 4 

P-4 0 cn 0% CNJ C, 4 C" C, 4 %D vi %D tn 
C*A CD r*ý 0,1 ýt rý. 00 r. r, 
lý c2 lý c2 lyý cý r2 l"! 

C, 4 C, 4 clq C, 4 clq rýJ cli CN 

00 ý4 vi ýo -t 00 (> 1-4 CD LM P-4 ri CYN ýt CN (n rl% 
ý2 <i IVI lý <ý cý cý pý <2 

- , cq c"i N cq cq cli cli clq e4 

cm KA 00 0 ýt - zt 1--4 cIrl r. ýt -7 

r. . 0 r. . 0 
., 4 - F-4 -, -1 ., 4 
ba 00 cli bo 00 c" tz cn CO fi cm cm 
w 00 r". CYN rý. p IT - $-4 rý. rlý rlý 

. mi 0 r-4 P-4 ., 4 rq ., 4 Co ON 0 
> r-4 V-4 > r-4 > ý4 > e-4 

ý4 P-4 r-4 c"i c4 cý4 cyl M IT -t ýt ýT 

ý !ý ý !ý !ý !ý !ý !ý 2ý !ý ý !ý 



I 

Graphite 
Code Weight loss/ 

% 

Graphite 
Original 
Graphite. 
Block 

Control Graphite 
Code 

H24 8.8 BAEL Pitch Coke D7 Q4/1 and Q5/4 

C79 6.2 PGA 106A C7/1 and C6/3 

M38 3.7 AGUIP 1OF49 P(lOF49) 

1128 3.5 AGLMP 584/195 0(584/195) 

H30 o. 6 BAEL Pitch Coke D7 Q6/1 

Table 14. Radiolytically Oxidised Giaphite Samples and 

their Corresponding Controls. 



Pre-irradiation Post-irradiation 

. -Bulk Density/g cM7 
311.848 

-3 Helium Density/g cm 
1 2.096 

/cm 3 (100 Cm 
3 )_i 11.8 

0. P. V. 
/cm 3 (100 g) -, 

116.4 

C. P. V. /cm 3 (100 cm 
3 )_i 1 6.5 

Surface area/m 
290.265 

1.714 

2.082 

17.6 

10.3 

6.7 

0.218 

Table 1ý. Properties of Sample*11.24, Before 

and After Radiolytic Oxidation to 

8.8% Weight Loss. 



Pre- Pos t- Post- 
1.26% 

Pre- Pos t- 1 
22.6% 

Bulk Density/g cm 1.698 1.669 1.521 1.679 1.305 

Helium Density/ 
-3 g cm 2.135 2.164 2.218 2.125 2.230 

0. P. V. /cm 3 

(100 cm 
3 )_i 20.49 22.84 31.41 20.98 41.45 

C. P. V. /cm 3 

(100 cm 
3 )_i 4.48 3.37 1.35 4.81 0.85 

Viscous Flow 

Coefficient/ 
r13 2 

10 m 0.28 0.23 0.55 0.29 0.54 

Slip Flow 

Coefficient/ 

10-8 m 1.34 1.59 1.77 11 1.68 3.08 

Diffusivity 

Ratio/ 10-3 4.6 16.1 4.3 49.8 

Table 16. Properties of Lima Graphite, Before and After 

Radiolytic Oxidation to 1.26%, 9.48% and 22.6% 

Weight Losses in the Presence of Methane. 



L 

Quantimet Data 

Total 
Porosity/% No. of Porosity/ Mean Intercept/pm Perimeter 

Graphite from fields % Pore Wall /mm Count 
U. K. A. E. A. 

18.3 10 14.2 54.9 331.0 53.7 223 

24.3 10 23.9 63.8 203.5 77.8 227 

- 11 34.6 57.6 108.7 125.4 333 

- 9 51.8 72.6 78.1 137.1 148 

19.9 15 19.4 61.4 255.9 63.7 245 

- 10 23.5 60.9 198.4 81.8 314 

19.9 11 21.9 61.8 220.9 72.2 288 

- 10 25.3 60.0 177.1 88.0 354 

9 13.8 46.2 288.8 63.2 309 

- 8 18.9 51.8 222.1 79.9 367 

19.9 70 20.0 59.3 236.8 72.4 297 

21.7 30 21.4 60.6 222.3 74.9 328 

23.9 50 22.7 56.7 192.9 85.6 404 

28.6 50 32.1 60.1 127.2 118.3 434 

Tabl*e 17. Preliminary Data Obtained From Graphite Samples 

Using the Quantimet 720. 
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Eqivalent 
circle 

diameter 
/PM 

10.2 

12.1 

14.3 

17.0 

20.1 

23.7 

28.1 

33.2 

39.3 

46.5 

55.0 

65.0 

76.9 

91.0 

107.7 

127.4 

150.7 

178.2 

210.9 
249.5 

295.1 

349.1 

413.0 
488.6 

578.0 

683.8 

808.9 

956.9 

1132.0 

1339.2 

1584.2 

1874.2 

2217.1 

Number/ 
(100 mm2)-i 

70.9 

196.4 

155.2 

187.0 

269.0 

350.7 

314.7 

293.4 

291.3 

256.8 

251.5 

190.5 

141.9 

95.4 

64.7 

56.5 

40.8 

22.5 

16.8 

21.9 

25.4 

8.1 

8.1 

1.6 

1.4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Table 21. Corrected Differential Distribution of Areas of Pores for BAEL 

Pitch Coke Graphite Q4/1 (Control for H24). An- 



Eqivalent 
Number/ circle diameter 

(100 mm2)-l 

10.2 116.1 
12.1 283.2 
14.3 190.6 
17. o 300.9 
20.1 263.3 
23.7 401.3 
28.1 443.8 

33.2 410.4 
39.3 393.4 
46.5 370.8 

55.0 272.4 
65.0 231.4 
76.9 198.0 

91.0 145.4 

107.7 113.7 

127.4 87.2 

150.7 60.4 
178.2 32.8 
210.9 42.0 
249.5 26.7 
295.1 11.9 
349.1 13.0 
413.0 4.9 
488.6 11.4 
578.0 4.3 
683.8 0.0 
808.9 0.0 

956.9 0.0 
1132.0 0.0 

1339.2 0.0 
1584.2 0.0 

1874.2 0.0 
2217.1 0.0 

Table 22. Corrected Differential Distribution of Areas of Pores for 

BAEL Pitch Coke Graphite H24, Radiolytically 
Oxidised to 8.8% WeiRht Loss. 



Size/ Distribution Distribution 
of maximum of mean Jim Feret's diameters Feret's diameters 

10.0 0 0 

12.0 0 0 

14.4 0 0 

17.3 0 0 

20.8 0 0 

25.0 0 0 

30.0 0 0 

36.1 0 0 

43.3 0 0 

52.1 0 0 

62.5 0 0 

75.1 1 1 

90.2 0 0 

108.4 0 0 

130.2 0 0 

156.4 2 6 

187.9 6 16 

225.7 12 16 

271.1 16 11 

325.6 9 9 

391.1 10 10 

469.8 11 5 

564.3 5 8 

677.9 6 2 

814.3 6 1 

978.1 1 0 

1174.9 0 0 

1411.3 0 0 

1695.2 0 0 

2036.3 0 0 

2446.0 0 0 

2938.2 0 0 

3529.3 0 0 

Table 23. Distribution of Feret? s Diameters in BAEL Pitch Coke 

Graphite Q4/1 (Control for H24). 



Size Distribution Distribution 
of maximum of mean 

Feret's diameters Feret's diameters 

10.0 1 0 
12.0 0 0 

14.4 0 1 
17.3 0 0 
20.8 1 0 
25.0 0 0 
30.0 0 0 
36.1 0 0 

43.3 0 0 

52.1 0 0 

62.5 0 0 

75.1 0 1 

90.2 0 0 
108.4 0 0 

130.2 1 0 

156.4 0 2 

187.9 3 16 

225.7 13 37 

271.1 33 24 
325.6 27 14 

391.1 15 12 

469.8 11 3 

564.3 4 7 
677.9 7 3 
814.3 4 4 

978.1 3 2 

1174.9 4 2 

1411.3 2 0 

1695.2 0 0 

2036.3 0 0 

2446.0 0 0 

2938.2 0 0. 

3529.3 0 0 

Table 24. Distributions of Feret's Diameters in BAEL Pitch Coke 
Graphite H24, Radidlytically Oxidised to 8.8% 

Weight Loss. 



Equivalent 
Number/ 

circle diameter 
(100 mm2)-l him 

10.2 141.3 

12.1 210.1 

14.3 209.4 

17.0 252.2 

20.1 256.4 

23.7 253.7 

28.1 263.9 

33.2 242.8 

39.3 238.3 

46.5 201.7 

55.0 175.2 
65.0 181.0 

76.9 141.3 

91.0 132.3 

107.7 119.5 

127.4 104.4 

150.7 72.4 

178.2 66.8 

210.9 45.9 

249.5 36.6 

295.1 24.9 
349.1 9.7 

413.0 7.6 

488.6 1.6 

578.0 1.9 

683.8 o. 7 

808.9 0.0 

956.9 0.0 

1132.0 0.0 

1339.2 0.0 

1584.2 0.0 

1874.2 0.0 

2217.1 0.0 

Table 25. Corrected Differential Distribution of Areas of 
Pýres for AGLMP GraDhite Thermally Oxidised to 

3.1% Weight Loss. 



Equivalent 
Number/ 

circle diameter 
(100 mm2)-l /pm 

10.2 219.8 

12.1 359.8 

14.3 307.1 

17.0 383.8 
20.1 368.5 

23.7 348.6 

28.1 312.5 

33.2 288.5 

39.3 245.1 

46.5 227.9 

55.0 185.7 

65.0 157.7 
76.9 145.4 

91.0 120.2 

107.7 114.5 

127.4 93.2 

150.7 75.8 

178.2 59.3 
210.9 36.6 

249.5 32.0 
295.1 18.1 

349.1 9.5 
413.0 6.2 

488.6 3. o 
578.0 o. 6 

683.8 o. 8 

808.9 0.0 

956.9 0.3 

1132.0 0.0 

1339.2 0.0 

1584.2 0.0 

1874.2 0.0 
2217.1 0.0 

Table 26. Corrected Differential Distribution of Areas of Pores 
for AGLMP Graphite, Thermally Oxidised to 5.4% 

Weight Loss. 



Equivalent 
Number/ 

circle diameter (100 MM2)-l /VM 

10.2 247.0 

12.1 439.4 

14.3 417.0 

17.0 475.9 

20.1 484.1 

23.7 447.2 

28.1 417.7 

33.2 374.1 

39.3 307.0 

46.5 281.2 

55.0 213.1 

65.0 185.4 

76.9 150.3 

91.0 138.7 

107.7 113.7 

127.4 85.9 

150.7 76.1 
178.2 63.3 

210.9 45.7 

249.5 25.4 

295.1 19.4 

349.1 13.0 

413.0 6.5 
488.6 4.9 

578.0 2.3 

683.8 1.6 

808.9 o. 3 

956.9 0.0 

1132.0 0.0 

1339.2 0.0 

1584.2 0.0 

1874.2 0.0 

2217.1 0.0 

Table 27. Corrected Differential Distribution of 
Areas of Pores for AGIMP Graphite, Thermally 

Oxidised to 10.5% Weight Loss. 



Element X-ray energy/kev 

Aluminium 1.486 

Silicon 1.739 

Sulphur 2.307 (2.322) 

Chlorine 2.621 (2.631) 

Potassium 3.312 (3.589) 

Calcium 3.690 (4.012) 

Iron 6.398 (7.057) 

Nickel 7.471 (8.263) 

Table 28. X-ray Emission Energies. 



Graphite 
I 

Sample Code Linear Growth/% 

BAEL VQMB (NM) Control 0 

(Pitch-coke 

I 

LZAA -. 1.99 

SBO + 3.01 

AGLMP Control 0 

(Gilso-carbon (NA» FRC - 0.00 

HAB + 4. o 

Table 29. Details of Irradiated -Graphite Samples . 

( 



Ist Direction 

2nd Direction 

Area of Gilso-Carbon Graphite 

Pores/ Pore Walls/ 

Area of Other Graphite 

Pores/ Pore Walls/ 

2.50 20.50 18.50 58.5 

2.45 22.60 20.75 54.2 

3rd Direction 1 3.55 26.30 17.75 52.4 

Table 30. Point-Counting Data on AGLMP Graphite. 



Depth removed/Um 

Polish AGLMP Graphite VQMB Graphite 

After Ist 5.5 5.5 

it 2nd 4.5 4.5 

it 3rd 9.0 9.0 

if 4th 10.0 10.0 

5th 9.0 9.0 

6th 5.5 5.5 

7th 10.0 10.0 

8th 5.0 5.0 

9th 11.0 11.0 

Total removed 1 71.5 69.5 

Table 31. Depth of Graphite Removed After Each Polish. 



No. of 

Polisbes 

3 

4 

5 

6 

7 

8 

9 

10 

AGLMP Graphite 

Area Al Area A2 

X/ Y/ X/ Y/ 
Jim Jim pm Jim 

VQMB Graphite 

Area Vl 

Jim pm 

1,099 86 

1,089 80 

1,080 72 

1,087 65 

1,100 82 

1,109 75 

1,118 73 

980 76 

1,231 97 

1,286 90 

1,224 82 

1,230 72 

1,232 92 

1,243 86 

1,255 81 

1,232 83 

3,408 1,104 

3,348 1,092 

3,361 1,096 

3,334 1,094 

3,336 1,100 

3,347 1,081 

3,330 1,092 

3,347 1,090 

Area V2 

X/ Y/ 
Jim )lm 

1,209 38 

1,153 25 

1,166 31 

1,142 25 

1,141 33 

1,154 17 

1,142 29 

1,152 25 

Table 32. Distance of Each Photo-montage from the 

Notch on the Samples. 


