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			Preface

			


			The subject area of carbon science covers many disciplines. These are so specialized that it is not possible for a single author to write authoritatively about them all. Hence, this book adopts the multi-author approach to ensure that each Chapter is of a high standard. Thirty authors contribute to this book representing eight nations: France, Germany, Japan, Spain, The Czech Republic, The Netherlands, The United Kingdom and the United States of America.

			The book is intended for students of, e.g., materials science, engineering materials, chemistry and the environment, and serves both as a textbook and as a reference book. The availability of this text allows appropriate courses to be established within our educational institutions, world-wide.

			Chapter 1 reviews structure in carbons. Structure is central to properties and applications of carbon materials. New applications continuously appear, including use in future fusion reactors and in the semi-conductor industries. Advancements in understanding traditional materials used in carbon manufacture continue to be made. Carbon fibres are becoming more and more sophisticated in their manufacture, properties and applications. The Achilles’ heel of carbon materials is their limited resistance to oxidation, even though carbon has, relatively, an extremely high resistance to oxygen molecules at high temperatures. An overview of carbon gasification reactions is presented and is adjacent to a Chapter discussing oxidation protection of carbon materials. Two Chapters outline the chemistry of physical adsorption of gases and vapours and chemisorption processes on carbon.

			Coal is a starting material for carbons, more frequently called cokes. Coal dominantly, by reason of its combustion, is used as a source of electrical energy. It is useful to have a discussion of carbon oxidation and coal combustion between the covers of the same book. This is complemented by presentations of coal petrography, porosity in coal (the basis of activated carbons), the catalysis of coal liquefaction and an account of coal carbonization, complementary to pitch carbonizations.

			Some nineteen topics are discussed; the earlier volume “Introduction to Carbon Technologies” contains fifteen topics. The subject area of carbon science is not static and covers other new disciplines. Other topics within carbon science remain to be written. The use of carbon in power sources is an expanding area, including non-lithium and lithium batteries, Redox technologies, carbon in fuel cells, hydrogen storage and use in electrolytic double-layer capacitors. The chemistry and physics of nanotubes and nanofibres is just beginning.

			The current use of carbon materials is based on established sciences associated with the many forms of carbons. This book, and the earlier volume, provide a source of understanding and information which will remain accurate, relevant and meaningful for many years to come.
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			Chapter 1. Structure in Carbons and Carbon Artifacts

			Xavier Bourrat

			This Chapter introduces the fundamentals of structure in carbons and the main experimental procedures used to determine structures in different carbon artifacts. A structural classification is outlined based on the different carbon atom co-ordinations. Graphitization is documented and the methodology for the main structural measurements by X-ray diffraction (XRD) is introduced. Subsequent Sections compare and contrast structure in cokes and carbonisation processes, followed by a summary of structure in carbon blacks, carbon fibres and pyrocarbons.

			


			Chapter 2. New Structures in Carbon-Based Materials

			Jaroslav Fiala

			Carbon materials exhibit a unique ability to form a wide range of structures. Diamond forms a three-dimensional structure, graphite forms a two-dimensional structure and carbyne forms a one-dimensional structure. This is intimately tied to the fact that the s- and p-orbitals of carbon hybridise into sp, sp2 and sp3. The type of hybridization of carbon atoms determines the basic dimensionality of the material. For example, diamond (pure sp3) is a three-dimensional solid while graphite (pure sp2) is formed of two-dimensional sheets. Recently, much attention has focused on new alternative forms of carbon, such as the fullerenes with closed spheroidal cage structures, nanotubes (needle-like concentric structures) and graphitic onions (giant concentric fullerenes). The chief characteristic associated with these new structures is the presence of pentagons and heptagons in the predominantly hexagonal network of carbon atoms leading to positive and negative curvature.

			


			Chapter 3. Carbon Materials for P iuclear Energy Applications

			Timothy D. Burchell

			The use of carbon materials in nuclear fission and fusion reactors, and space nuclear power systems is outlined. The combination of materials properties and attributes, such as thermal shock resistance, low atomic number, low neutron capture cross section, and high-temperature capability, make carbon materials uniquely qualified for the nuclear application reported and discussed here. Moreover, the tailorability of carbon-carbon composite materials allows further flexibility when applying these materials in nuclear energy systems. Nuclear environments are particularly hostile. Damaging phenomena such as neutron irradiation, high heat flux, particle erosion, and thermal ablation and oxidation, may be encountered. The response of carbon materials to these phenomena is reviewed.

			


			Chapter 4. Carbon Materials in the Semi-Conductor Industry

			Masaaki Kawakami, Koji Kuroda and Isao Mochida

			Carbon and graphite artifacts with isotropic properties are used as indispensable materials in the major processes of manufacture and fabrication of semi-conductors which are key devices for electronics and communication in the modern society. Details of the uses, unique properties and shapes required for the carbon in the processes are introduced. The preparation and forming from coke grains or thermosetting polymers, fabrication, purification, and surface modification of graphitic materials for semi-conductor industry are summerized. Further development of graphitic materials in the near future is forecast to meet several requirements in terms of quality and cost in the semi-conductor manufacture. For Carbon/Carbon composites, better precursors of a higher purify carbon yield and designed microtexture, and near-net shape preparation are challenging tasks in carbon science and engineering.

			


			Chapter 5. Tar and Pitch: Composition and Application

			Rosa Menéndez, Jenaro Bermejo and Ana Figueiras

			Coal-tar is the parent material of pitch which is the main product of its distillation. Characteristics of tars and their products are dependent on both the type of coal used and the operating conditions of the coke ovens, the latter having a strong influence on the quality of the tar. Coal-tar pitch is a promising precursor of carbon materials, because of its graphitizability and flexibility to produce carbons with very different structures and properties. Chemical composition of pitch, which depends on the characteristics of parent tar and mainly on its preparation procedure, determines pitch thermal reactivity during carbonization (mesophase development) and consequently, the structure of the final carbon. In the future, tar and pitch should be envisaged not only as by-products of coal conversion, but as sources of great potential which, with adequate processing, can lead to high value products.

			


			Chapter 6. Chemistry and Properties of Coal-Tar and Petroleum Pitch

			Maximilian Zander

			This Chapter contains a detailed survey of the complexity, properties (chemical and physical) and the characterization of coal-tar pitch and petroleum pitch. Topics dealt with include: characterization of pitches by material properties, e.g. rheological properties, solubility behaviour in organic solvents; elucidation of structural features of pitches, e.g. by determination of average molecular weight and molecular weight distributions, nuclear magnetic resonance and infra-red spectroscopy; preparative pitch fractionation methods, such as solvent fractionation, size exclusion chromatography, extrography and charge-transfer fractionation; determination of individual (e.g. carcinogenic) compounds in pitches by gas chromatography, high-pressure liquid chromatography supercritical fluid chromatography and luminescence spectroscopy; carbonization chemistry of pitches, mechanisms of ‘aromatic growth’, mesophase properties and mechanism of formation; studies of the hydrogenation, chlorination, sulfonation and nitration of pitches.

			


			Chapter 7. Mesophase Pitch from Aromatic Hydrocarbons

			Isao Mochida, Seong-Ho Yoon, Yozo Korai, Koichi Kanno, Yukio Sakai and Makoto Komatsu

			Mesophase pitches have been synthesized from pure aromatic hydrocarbons of naphthalene and methylnaphthalene with the aid of HF/BF3. These synthesized mesophase pitches have many advantages such as low softening point and viscosity when compared with such conventional pitches as petroleum pitches and coal-tar pitch, prepared by pyrolysis processes. The chemical structure, important properties and new applications of these synthesized mesophase pitches are included.

			


			Chapter 8. Carbon Fibers and Active Carbon Fibers

			Seong-Ho Yoon, Yozo Korai and Isao Mochida

			Traditionally, active carbons have been prepared from such natural materials as wood, coal and coconut. The last twenty years or so have seen the development of carbon fibers initially from cellulose and then from polyacrylonitrile (PAN). Although PAN fibers initially had applications in composite materials, it was subsequently found that PAN fibers could be activated to create microporous carbons with specific applications. Following the development of the PAN fibers there followed the pitch-based fibers. These are made from petroleum pitch, from polyvinylchloride pitch, from naphthalene pitch and from ethylene tar. The spinning, stabilization, carbonisation, activation, properties and applications of these pitch-based fibers are set-out.

			


			Chapter 9. Spinning of Carbon Fiber Precursors

			Dan D. Edie, John J. McHugh and James A. Newell

			Developing an understanding of the issues and limitations of the different spinning techniques is an essential component of producing high-performance carbon fibers. Therefore, this Chapter addresses various aspects of carbon fiber precursor spinning. Issues discussed include selection of an appropriate precursor material (PAN, mesophase pitch, high-performance polymers), melt versus solution spinning, development of structure in mesophase pitch fibers during spinning, the influence of structural development (including size, shape, texture, and orientation) on the final properties of the carbonized and/or graphitized fiber.

			


			Chapter 10. Physical Adsorption and Porosity in Carbons

			Harry Marsh and María-Antonia Diez Díaz- Estébanez

			Activated carbons, manufactured to adsorb physically large amounts of gases, by reason of their large surface area, have major roles in purification, separation and control over the environment. Events are described, at the molecular level, which occur on solid surfaces during the progressive adsorption of an adsorbate on the adsorbent. Carbon materials, in terms of surface chemistry, are unique and need their own teaching procedures. Special care has to be taken with interpretations of adsorption data. The high adsorption capacities of activated carbons occurs within the porosities, principally micropores. Porefilling mechanisms are described and a rationization of perhaps conflicting experimental data in adsorption studies is set out.

			


			Chapter 11. Carbon Gasification Reactions

			Jacob A. Moulijn and Freek Kapteijn

			A review is given of the gasification of carbonaceous materials by oxygen containing reactant molecules, with an emphasis on the attempt to unify the mechanistic description of the gasification process. This seems to hold for both the uncatalysed and the alkali-catalysed reaction at elevated temperatures, although clear exceptions exist. Especially transient kinetic experiments, employing labelled molecules, and the application of molecular orbital calculations hold promise for the further elucidation and description of reaction models.

			


			Chapter 12. Oxidation Protection of Carbon Materials

			Douglas W. McKee

			The past two decades have witnessed a continuously growing interest in the use of strong carbon materials, especially carbon fiber reinforced composites, as structural components in aircraft and aerospace vehicles. These applications take advantage of the unique physical properties of carbon fibers, such as low density, high strength and creep resistance at high temperatures. However, in most cases, exposure to oxidizing environments (air) is required for extended periods at high temperatures, so some form of reliable protection against oxidation and gasification of the carbon is required. This chapter discusses the fundamental principles of the oxidation protection of carbon, the limitations of various proposed systems and recent innovations and progress in this area.

			


			Chapter 13. Chemi-Sorption Processes an Carbons

			Wesley P. Hoffman

			Chemisorption or chemical adsorption is an important step in all heterogeneous chemical reactions with solid surfaces and in many cases it is the rate-determining step in the reaction. Because a chemical bond is formed between the surface and the adsorbing molecule, chemisorption is an activated process which does not occur over the entire surface but only in a single layer at discrete sites called active sites. Historically, the chemisorption of various gases on carbon surfaces has been very useful in characterizing and gaining a better understanding of catalysis on carbon surfaces as well as the reactions of carbon materials with oxygen, hydrogen, hydrocarbons, and halogens among others.

			


			Chapter 14. Mechanical Properties of Carbon Materials

			Robert H. Bradley

			Although carbons are structurally diverse materials with a wide variety of uses, their intrinsic crystallinity means that most forms exhibit a brittle response to applied stress. In this Chapter some of the basic mechanical properties of engineering materials (plastic and elastic deformation, brittle fracture and hardness/ abrasion/ wear) are introduced and methods for their measurement are outlined and discussed with special reference to carbon materials, specific attention is given to the presence and mechanical effects associated with porosity in carbon materials and to the modification of mechanical properties by the formation of carbon composites.

			


			Chapter 15. Coal Combustion

			David E. Clarke

			The combustion of pulverised coal in utility boilers produces almost 40 % of the electricity used world-wide. For efficient and economic power generation with minimum environmental impact, it is important to ensure that the utility boiler and the coals combusted are compatible. The critical factor is the quality and characteristics of the coals used as these impact on boiler performance throughout the system. In assessing the true merit of an individual coal for use in a boiler it is necessary to consider more than simply the cost of the delivered heat (i.e. the fuel purchasing price). It is also critically important to assess the processing cost of converting that heat to electricity. The accurate prediction or the processing costs depends on an understanding or the effects of coal quality on plant performance. This Chapter reviews the coal characteristics usually determined in selecting coals for combustion and assesses how variations of these characteristics impacts on plant operation and performance.

			


			Chapter 16. Coal Petrography and Reflectance Microscopy

			Isabel Suárez-Ruiz

			This chapter summarizes, comprehensively, knowledge in this subjective area of coal petrography. Coal composition in terms of microscopic (maceral and microlithotypes) and macroscopic (lithotypes) components are clearly describen. Information about the nature, origin and evolution of maceral groups, their most significant physico-chemical properties and their classification are summarized. The methodologies and types of petrographic analyses used m the characterization and study of coal are set out. Special attention is given to vitrinite reflectance determinations because of their international acceptance as a rank parameter. The main petrographic applications of coal petrography, in both geological and technological fields are described. The most recent and representative references on this topic are included.

			


			Chapter 17. Porosity in Coals

			María-Antonia Diez Díaz-Estébanez and Harry Marsh

			Coals are porous carbonaceous solids. Throughout the rank range of coals variations occur in their porosities, associated with changes in the molecular bonding within coals. Low ranks coals, brown- and sub-bituminous coals have co-valent macromolecular bonding. The porosity is dominantly micro- and meso-porosity. There is little in the way of ultra-microporosity. As rank increases into the bituminous range of rank, bonding within the macromolecular has become dominantly hydrogen bonding, the density of this structure has increased and sizes of porosity have reduced such that some bituminous coals have only ultramicroporosity, with diameters less than 0.5 nm. The semi-anthracites and anthracites have structures which are again co-valently bonded, the porosity increasing in size to the microporosity, 0.5 to 2.0 nm. with some mesoporosity, greater than 2.0 nm. During coalification coals experienced burial and extremes of overburden pressures. Yet, despite these pressures, the coals remained porous. The reason for this is the generation, during coalification, of methane (coal-bed methane) which remains trapped within the coal so preventing coal substance from collapsing on to itself.

			


			Chapter 18. Chemistry of Production of Metallurgical Coke

			Ramón Álvarez and María-Antonia Diez Díaz-Estébanez

			This Chapter is an introduction to the chemistry and practical aspects of the conversion of coal to coke. It provides a general view of industrial coke manufacture from the early processes for coke manufacture to the actual coke ovens. Also included is a brief description of new approaches in cokemaking technology as a key for future coke manufacture. The characteristics of caking coals suitable for producing an acceptable metallurgical coke, the relevance of plastic stage of coal to establish the structure and properties of the final product is discussed as well as the importance of internal pressure generation during the coking process. The quality requirements of metallurgical coke for a good performance of the blast furnace and predictive models of coke properties are addressed.

			


			Chapter 19. Catalysis of Coal Liquefaction

			Isao Mochida, Duayne Whitehurst and Kinya Sakanishi

			This Chapter summarizes the history of coal liquefaction, its present status, its costs and its political importance. The fundamental chemical and catalytic transformations during coal liquefaction are outlined. Primary and Secondary stages used in coal liquefaction are explained together with the preparation of suitable catalytic species including fine powder catalysts, supported catalysts and highly dispersed catalysts. Designs of catalyst recovery are presented together with discussion of the roles of solvent and catalyst, regressive reactions and their suppression. Catalytic upgrading of crude coal liquids in the secondary stage is described as well as the quality of coal liquids as fuels. A comprehensive list of references is provided.

			




			CHAPTER 1. Structure in Carbons and Carbon Artifacts

			


			Xavier Bourrat

			
1. Introduction

			


			The word carbon was coined in 1789 by Antoine L. de Lavoisier from the Latin carbo, charcoal [1]. At the close of the eighteenth century, graphite and diamond were known to be different forms of the same element [2]. Then, for a considerable time graphite and diamond were the only known forms of crystalline carbon. There exists a third major form, the fullerenes which were discovered two centuries later (1985). Fullerene, the molecular allotrope of carbon, is a cage molecule (Figure 1.1). Fullerene is the largest molecule ever seen in nature made from a single element and contains 60 carbon atoms. The properties of the different allotropes and derivative forms of carbon depend upon their electronic configuration. In the first Section, the different ways in which carbon bonds with itself (catenation) are introduced and general properties are deduced. Why is diamond transparent, and why is this hardest and densest form of carbon insulating? Why is graphite a semi-metal with the highest anisotropy known in nature? Or, how is fullerene, with a graphitic network, different from graphite?

			The rest of this Chapter focuses on graphitic carbons. Graphitic carbons form as a carbonaceous residue during the pyrolysis of organic compounds (heating in the absence of air). Graphitic carbon covers ‘all varieties of substance consisting of the element carbon (>90 wt %) in the allohopic form of graphite irrespective of the presence of structural defects’ [3]. Thus, graphitic carbons form a broad family of materials, based on defective graphite structures (Figure 1.1).

			By heat treatment to 2800-3000 ºC, at atmospheric pressure, some carbons can be transformed into graphite (the so-called graphitizable carbons). Others do not; these are the so-called non-graphitizable or partially graphitizable carbons. Many properties such as thermal and electrical conductivity and elastic modulus are closely related to the state of graphitization.

			The second Section documents this fundamental process and introduces the methodology as how to measure the main structural measurements by X-ray diffraction (XRD). Structure in all graphitic carbons can be described as the extent and perfection of a structural unit, the aromatic layer (with a diameter La). Layers, on a nanoscale, tend to arrange parallel one to the other with a stacking order described by Lc (the stack height) and d002-spacing (the mean interlayer spacing). Finally, at the macro-scale, the texture describes the symmetry of the artefacts as follows:

			


			(i) Carbons can be isotropic down to the nano/micro-scale, as in isotropic graphite.

			(ii) Carbons can have a concentric texture as in carbon blacks or with a statistic spherical symmetry as in cokes.

			(iii) Their texture can be axi-symmetric as in carbon fibres.

			(iv) They can have a planar symmetry as in pyrocarbon or graphite films.

			


			This is schematically represented in Figure 1.1. The same iso-types can be found in the fullerenes: bucky-onions, tubes or giant fullerenes, etc.
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			Figure 1.1.

			The three allotropie forms of solid elemental carbon and main derivatives.

			


			The following Sections are devoted to explanations of the techniques used to characterise structure and texture of the different carbons: cokes and the carbonisation (Section 4), blacks and soots (Section 5), fibres (Section 6) and pyrocarbons (Section 7).

			


			2. Bonding in Carbons: the Different Allotropes

			


			With its central position in the first full row of the Mendeleïev classification, the element carbon exhibits unique bonding possibilities (1s2, 2s2, 2p2). Carbon can bond to numerous other elements and can have different bondings with itself (catenation: illustrated in Figure 1.2). This gives to carbon extreme variations in physical properties, as shown in Table 1.1. Properties of carbon-based materials depend upon their electronic configurations. The principal feature is the multiple bonding available with catenation of carbon via p- orbitals and two principal regimes: either a single σ-bond as in diamond (or aliphatic chains), or a double bond (σ- and π-bonds) as in graphite and graphitic compounds. The former results in rigid and isotropic solids, whereas the later results in layered structures with the highest degree of anisotropy known in nature.

			


			Table 1.1.

			Principal physical properties of the 3 main carbon allotropes (graphite: single crystal).

			


			
				
					
					
					
					
					
				
				
					
							
							
							Graphite

						
							
							Crystalline

						
							
							Diamond

						
					

					
							
							
							in-plane

						
							
							c-axes
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							structure

						
							
							hexagonal 2H

						
							
							cubic (fc)
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							density (g cm-3)
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							1.72
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							binding energy (eV/carbon at.)

						
							
							7.4
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							7.2

						
					

					
							
							thermal conductivity (W cm-1 K-1)

						
							
							30
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							4 x 10-3
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							elastic moduli (GPa)

						
							
							1060
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							107.6

						
					

					
							
							resistivity (Ω cm)

						
							
							5 v 10-5

						
							
							1

						
							
							1x1014

						
							
							~ 1 x 1020

						
					

					
							
							thermal expansion (K-1)

						
							
							-1 x 10-6

						
							
							2.9x10-5

						
							
							6.1 x 10-5

						
							
							~ 1 x 10-6

						
					

				
			

			


			In the molecular-orbital model, hybridization of s- and p-orbitals occurs by the promotion of one 2s-electron into the empty p-orbital and the formation of equivalent atomic orbitals (so-called sp) when involved in bonding:

			


			1s2 2s2 2px1 2py1 → promotion → 1s2 2s1 2px1 2py1 2pz1 → hybridization → 1s2 (sp3)4

			


			In diamond, the four symmetrical sp3 σ-bonds point to the comers of a regular tetrahedron, as shown in Figure 1.2. In the graphitic hexagonal lattice each carbon atom is bonded to three other carbon atoms by the overlap of three sp2 hybrid bonds. The sp2 orbitals arise from hybridisation of the 2s1, 2px1 and 2py1 electrons of the promoted state. Thus, each carbon keeps a pure orbital (2pz) which forms a conjugated π-bonding within the layer:

			


			→ promotion → 1s2 2s1 2px1 2py1 2pz1 → hybridisation → 1s2 (sp2)3 2pz1
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			Figure 1.2.

			Catenation of carbon. Bonding hybridisation and corresponding crystal structure of the different allotropes [5,6,7].

			


			In summary, bonding in carbon materials controls three major regimes:

			
					
Solids with σ-bonds, only, form 3D-structures which are rigid and isotropic. The allotropie form is diamond and is logically cubic. It has the highest atomic density of any solid. Bulk properties are in line: diamond is the hardest material (least deformable), and has the highest thermal conductivity as well as the highest melting point. It is an insulator with a reported band gap as high as 5.5 eV. In addition, graphite has the shortest bond lengths within the planes of the graphite.


					
In graphite, the association of σ- and π-bonds in the graphitic arrays of atoms results in layered structures with a high degree of anisotropy. Graphene structure, that is the single graphite plane, is the stiffest material in nature, and has the highest elastic modulus. Graphite inplane exhibits even a higher thermal conductivity than diamond. In graphite, the band gap is - 0.04 eV. Graphite is a semi-metal: only few carriers exist (N = 10-4 per carbon atom) but with a high mobility (μ = 1000 times higher than usual metals); this results in a high electrical conductivity: σ = N e μ. The electrical conductivity of graphite (in plane) is approximately equal to that of iron at room temperature.


					
In fullerenes, because of the bending of the graphitic bond a rehybridization occurs: these arc the sp2+ε forms, intermediate between sp2 and sp3 [4].


			

			


			2.1 Diamond Structures

			


			Diamond is a metastable form of carbon at room temperature:

			


			Cdiamond → Cgraphite                     ΔΗ = -4.1 kJ mol-1

			


			A slow transformation to graphite accelerates at high temperature. Diamond heat-treated to 1000 ºC, in the absence of air, becomes covered with a layer of graphite. Diamond, because of its high density, is the stable form at high pressure (d = 3.51 g cm-3 in comparison to 4.26 g cm-3 for graphite or 1.72 g cm-3 for solid fullerenes [5]). Graphite is stable at low and medium pressures. For a full description of the different diamond structures see reference [6].

			


			2.2 Graphite Structures

			


			Two polytypes are known for graphite, the 2H and 3R forms. The 2H structure is the more stable. It corresponds to hexagonal compact ABA stacking (spatial group P63/mmc). The 3R structure is metastable and transforms to 2H above 2000 ºC [7]. It corresponds to the rhombohedral ABCA stacking type as represented in Table 1.2.

			Compared to the allotrope, the defective structures of the derived forms of graphite are known as paracrystalline structural forms of graphitic carbons [8]. Polymorphism of these carbons is the main focus of this Chapter. Classy carbon, carbon blacks, cokes, carbon fibres or pyrocarbons are different forms of graphitic carbons, all described using the same paracrystalline model.

			


			Table 1.2.

			Main X-ray data for the two polytypes of graphite.
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			2.3 Fullerenes

			


			In October 1996. Richard E. Smalley, Harold W. Kroto et al. [9] received the Nobel prize for their discovery of the C60 cage molecule of carbon, the fullerene. Subsequently, fullerenes experienced a pioneering period with researchers mainly oriented toward synthesis, extraction, purification and growth mechanisms as well as studies of the molecular properties of fullerenes, and a crystalline molecular solid was grown [10] (Figure 1.2). Intercalated and doped crystals were soon recognised for their superconductivity [11]. Fullerenes represent the second family of high temperature superconductors along with YBaCuO materials. This second period was essentially devoted to studies of the fundamental physical properties of fullerenes: electronic, optical, magnetic (NMR, ESR, susceptibility) electron transport and thermal properties, etc. A central review of the current status in this field is given in 1996 by Dresselhaus et al. [12]. Progressively, production capabilities became more advanced and a new organic chemistry based on fullerenes has become possible.

			Fullerene nanotubes and many other forms of fullerenes can be expected by experimenting with pentagons or heptagons (2D-lattice disclinations) [13]. Some vapour-grown fibres, already known for many years, are often improperly called nanotubes; they are, in fact, part of the graphite family. The curvature is textural and not structural: graphitization produces a polygonisation of the structure with release of hydrogen.

			


			2.4 Other Carbon Allotropes

			


			Another carbon allotrope is known under the name of carbyne [14]. It corresponds to linear chains of carbon which have sp-bonding. A recent review is available by Kudryavstev et al. [15]. A total of a dozen different allotropie forms of carbon structures are known.
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			Figure 1.3.

			Schematic representation of (a) diamond-like structure [16] (b) polymer-like carbon [88]

			


			2.5 Amorphous Carbons

			


			Occurrence of amorphous carbons is very rare. Amorphous carbons form clusters or films of carbon atoms without any positional order at long-range. Bulk amorphous carbons are not known. Figure 1.3 is a schematic and shows the structure of amorphous carbon as obtained by plasma-assisted carbon vapour deposition (CVD) of methane. Diamond-like carbon is hard, with a low content of hydrogen whereas polymer-like carbon is rich in hydrogen, smooth, with a large gap. For a complete review see Grill and Meyerson [17].

			It has to be stated very positively that soots, blacks and chars are not amorphous. They are graphitic carbons with a paracrystalline structure as demonstrated some 50 years ago by Warren. Glassy carbon is not a glass from the structural view point. It is a hard and brittle “vitreous” form of graphitic carbon. It is obtained by carbonization of thermoset resins (e.g. phenol formaldehyde) at very slow rates.

			


			3. Graphitization and Structure by X-ray Diffraction

			3.1 The Graphitization Process

			


			‘Graphitization is a solid state transformation of thermodynamically unstable carbon into graphite by thermal activation’ [3]. During the progress of the heat-treatment, the initially weak diffraction pattern (Figure 1.4a) becomes less diffuse, and the lines sharpen, with the appearance of new diffraction lines. The 001 peaks move to higher angles, and in the graphitizing carbons the hid three-dimensional lines appear (Figure 1.4b). The discovery and the explanation of this process started paradoxically with the understanding of turbostratic structures.

			


			3.1.1 Turbostratic Order

			Warren, undoubtedly, was the pioneer in the field of carbon structure. Warren and his coworkers [18] pointed out the existence of the aromatic layer in carbon black considered at that time as being ‘amorphous’. From a Fourier integral analysis of the scattering curve obtained by X-ray diffraction, they demonstrated that the distribution of neighbouring atoms in carbon black was exactly that of the atoms in a single layer of the graphite structure. In 1942, Biscoe and Warren introduced the concept of turbostratic order for graphitic carbons as: ‘consisting of turbostratic groups, each group consisting of a number of graphite layers stacked together roughly parallel and equidistant, but with each layer having a completely random orientation about the layer normal’ [19]. Figure 1.4 shows the diffraction pattern of a coke heat-treated to 1000 ºC with a turbostratic structure exhibiting 002 and 004 peaks and asymmetric two-dimensional bands: 10-, 11- and 20-bands.

			


			3.1.2 Graphitization is a Progressive 3D-Ordering of Layers

			The second decisive contribution in the field, was made in 1951 by Rosalind Franklin [20,21]. She described the thermal evolution of various precursors by means of the turbostratic model (1000 ºC <HTT <3000 ºC). She first recognized the existence of graphitizable and non-graphitizable carbons as well as intermediate (partially graphitized carbons): ‘Certain graphitic carbons, when heated to sufficiently high temperatures, show a gradual change from the random layer structure (turbostratic structure), described by Biscoe and Warren [19], to the ordered structure of crystalline graphite’ [21] (Figure 1.5).
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			Figure 1.4.

			X-ray diffractograms. (a) Coke heat-treated to 1000 ºC: turbostatic structure. (b) 2H graphite. Grey shading: Spectrum (a) 10 two-dimensional band, Spectrum (b): corresponding hkl reflections.

			


			Later, Franklin established the fundamental basis of the graphitization process. The apparent continuity of the graphitization process is a homogeneous statistical transformation in the solid state: an increasing number of layer pairs reaches the graphite order with a d002-spacing: d002 = | ͞c | / 2 where d002 is the interlayer spacing between 002 layers and c = 670.8 pm is the lattice constant of the hexagonal graphite unit cell. During this process [21] a progressive decrease of d002-spacing occurs from 344 pm down to the ultimate graphite value, 335.4 pm. The value of 344 pm is the lowest value possible in a turbostratic structure.
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			Figure 1.5.

			Diagrams of Rosalind E. Franklin showing the development of long-range order on graphitization [20, 21]. Defects within the layers are not shown.

			


			Following the studies of Franklin, numerous authors have tried and failed to find a general law to quantify the graphitization progress by simply measuring d002-spacing (known as the Franklin ‘p’ graphitization probability). Such models are based on the assumption of the occurrence of discreet interlayer distances between 344 pm and 335.4 pm. Méring and Maire [22], working in the same group, continued the work of Franklin but abandoned the hypothesis of the invariance of elemental atomic layers (implicit in the Franklin model). Graphitization is not simply the ordering of perfect graphite-like layers with a 3D structure; it is actually controlled by the healing (perfecting) of defects within the graphene layers.
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			Figure 1.6.

			Comparisons of graphitization of a coal-tar pitch carbon (GFEC-1) (1) and a high temperature pyrocarbon (2).

			Upper Figure: d002-spacing versus heat-treatment temperature, Lower Figure: The probability function ‘P’ versus heat treatment temperature [25].

			


			3.1.3 Graphitization and Ordering within the Layer

			It is now recognised that three-dimensional ordering of carbon occurs only after the graphene layers have reached a near perfect two-dimensional structure. Defects are progressively removed as the heat-treatment temperature increases. Thus, the progress of graphitization depends on transformations occurring within the layer itself. The first type of defects are the heteroatoms. Oxygen, sulphur or nitrogen atoms, when present in the precursor remain entrapped in the carbon skeleton to 2000/2200 ºC [23]. Cross-links or sp3-bonding as well as vacancies (Schottky defects) and also interstitial carbon atoms (Frenkel defects) are important [24,25]. Annealing out of defects is now accepted as the controlling mechanism of the graphitization progress, as well as, but not only, interstitial carbon atom removal [18,26,27]. Méring and Maire [22] as well as Ruland [27] interpreted the disorder in terms of statistical distributions with the interesting assumption that 344 pm is an interlayer spacing for which the translation from one layer to the other does not produce modulations of the hk-band.

			Houska and Warren [28] and then Maire and Méring [29] assumed that pairs of nearest neighbour atomic layers order themselves independently, rather than whole regions taking on the graphite structure. This ordering produces modulations in the two-dimensional hk-bands. The Fourier coefficients, An(hk), in the transform of the diffraction band profile can be expressed in terms of probabilities, Pn, for the displacement of an nth neighbour layer. P1: the probability of a pair of neighbouring layers for having a graphite orientation is accepted as the degree of graphitization P1. This increases from zero for turbostratic carbon to unity for the graphite structure, during a complete graphitization process (typical graphitization curves are in Figure 1.6b).

			


			3.2 Paracrystalline Structure of Graphitic Carbons

			


			Earlier studies were those of Hosemann and Bagchi [30] were followed by Ergun [8]. All graphitic carbons can be described by the repetition of a structural unit i.e. the carbon layer (Figure 1.7). When carbons have a structure close to graphite (e.g. high modulus carbon fibres or high temperature pyrocarbons) these planes are large, while in less organised graphitic carbons, layers are small and their stacking occurs at random (turbostratic structure). For the more disordered carbons, layers are bent or twisted and numerous defects are present. The purpose of the structural characterisation is to describe, as far as possible, the structural unit (layer size and state) and its stacking arrangement (short-range coherent lengths: Le and d002). Afterwards, texture describes the long-range distribution of these units; the optical domain or molecular orientation domain (TEM); and finally the macro-texture.

			The real size of the layer is best studied by the TEM and is noted as L2 [31]. It corresponds to the mean length of the lattice fringe in TEM phase contrast mode, comprising their tilt and twist distortions as shown in Figure 1.8. By means of XRD those distortions limit the coherent domain [32]. Thereafter, the real layer size is less easily accessible. The coherent length in the plane is generally noted La, whereas Lc is the coherent height of the stack. The schematic of Figure 1.8 shows that the coherent domain (La x Lc) is not a “crystallite” as improperly supposed by many authors. For example, the turbostratic stack drawn on the left-hand side is made up of large distorted layers. Because of the presence of those distortions, the stack is divided into three coherent domains. Each is equivalent to that of the stack drawn on the right with much smaller layers. Coherent domains are the same, but the turbostratic stack is different. As a result, only L2 is seen to correlate with properties of turbostratic carbons (e.g. carbon blacks [33]). As graphitization proceeds, La seems to fit better with physical properties in general [34,35] (e.g. electronic conduction in fibres [36]).
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			Figure 1.7.

			Paracrystalline structure of graphitic carbons.

			(a) Model of the turbostratic stacking after Bokros in 1969 [152].

			(b) Model of the structural unit of turbostratic carbon showing the coherent domain and the molecular orientation domain (MOD) after Bourrat et al. in 1986 [57].
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			Figure 1.8.

			Turbostratic stacks (piles) of carbon layers.

			L2 is the real layer size accessible by TEM from 002-lattice fringes:

			L1 is the defect-free part of the layer (same technique):

			N is the number of layers in the stack (same technique):

			La and Lc are the coherent lengths within the stack (XRD, electron diffraction and dark-field) after Bourrat et al. in 1993 [33].

			


			3.3 Diffractions from Paracrystalline Structures

			


			Of special interest are the analyses of A. Oberlin with regard to reciprocal space [37]. Most of the basic concepts are common to both XRD and TEM. Diffraction patterns of paracrystalline carbons are basically the diffractions from the structural unit as shown in Figures 1.9(a,b). As this structural unit is a two-dimensional structure, two series of nodes appear to relate to the two 10 and 11 nodes. As this structure has no thickness, reciprocal 10 and 11 nodes are extended into spikes.

			Reciprocal space of a stack of two structural units in turbostratic order is composed of 2 patterns (d), Figure 1.9. Even if no 3D-ordering exists, an interference phenomenon occurs between the units and a series of 001 spots appear along the c*-direction (* means notation in the reciprocal space). Whatever the number of units in the stack and number of stacks in random sequence, as represented in Figure 1.9e, the reciprocal space is deduced from (d) by a rotation at random above the c*-axis. Two tubes, 10 and 11, appear on the 001 node on the c*-axes. This is the reciprocal space for a turbostratic carbon with a long-range distribution of layers above a single plane of anisotropy (case of highly oriented pyrocarbon).
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			Figure 1.9.

			Diagrams of real space and reciprocal space for turbostratic carbons.

			The diffraction pattern corresponds approximately to the Section P2 of the reciprocal space, based on electron diffractions, after Oberlin in 1979 [37].

			



			[image: ]

			


			Figure 1.10.

			Section P1 of reciprocal space of Figure 1.9f for a highly orientated pyrocarbon.

			(a) turbostratic (b) partially graphitized and (c) fully graphitized carbons: Ruland in 1970 [27].

			


			If the pyrocarbon is set “flat-on” in the TEM (position P2), the diffraction pattern recorded is the section P2 of the reciprocal space on a TEM plate (or a scan of the intensity in approximately that plane with an XRD detector): 001 spots are not visible. If the pyrocarbon is oriented ‘edge-on’, then the diffraction pattern is approximately the section P1 of the reciprocal space (f): in this case 001 rays can be recorded.

			


			
					
If some disorder occurs in the pyrocarbon, then the c-axis lies with a distribution of angles about the normal of the anisotropic plane P2. Thus, the reciprocal space corresponds to the sum of each individual pattern mis-oriented with the same distribution above the c*-axis centred on the origin 000. For example, the 001 nodes of (f) transform into portions of the sphere (for corresponding explanations see below in Figure 1.57).


					
For carbon fibres, the texture can be described as for the oriented pyrocarbon, but with any orientation being above the AA’ axis (Figure 1.9e). The reciprocal space of a fibre can be modelled with an equivalent distribution of the oriented pyrocarbon pattern, above the same AA’ axis. A fibre pattern is given later in Figure 1,40e.


					
Finally, in carbon blacks and in isotropic carbons, layer distributions appear in the reciprocal space as in a powder, i.e. at random: a typical XRD spectrum is in Figure 1.4a.


			

			


			As a summary, the reciprocal space contains information on the structural unit (extent, distortions, etc. of the layer), on its stacking mode (Lc, d002), and on the texture (oriented, fibre-like or isotropic).

			Depending on the state of graphitization, modulations of the hk-bands will superimpose on previous information. To illustrate this effect, section P1 of the oriented pyrocarbon pattern can be schematically represented, as shown in Figure 1.10a (one fourth in fact). The same section of the reciprocal space is represented for a partially graphitized carbon with some modulations, as in (b). When the structure is fully graphitized, the pattern is that of a single crystal as in (c) [27]. The dashed line·is the projection of the Ewald sphere centred on 000 at |k| = 2π/λ for CuKα radiation (λ = 154.18 pm), the dot-dashed line is for ΜοΚα (λ = 70.93 pm). For electron radiation the radius of curvature is ‘infinite’ at this scale (λ = 1.96 pm at 300 kV).

			
3.4 X-ray Diffraction Techniques

			


			Wide-angle XRD is the simplest and quickest technique to carry out. Samples are prepared either for transmission or reflection, ground into the form of powder or without change (e.g. for fibres) or even as a polished surface, depending on which parameter is to be investigated.

			Determination of the coherent lengths (La) and (Lc) is one of major concern as well as the interlayer spacing (d002). Graphitizability, P1, can be computed using a regular spectrometer. On the other hand, the amount of ‘disordered carbon atoms’, ad-atoms out of the lattice, or a full investigation requires more attention. For more details see the review in the book of Drits and Tchoubar [38].

			


			3.4.1 Measurements of La and Lc

			Quantitative data can be obtained with a regular diffractometer, set up with a θ-2θ configuration and employed in step-scan mode on a powdered sample. Several authors have published values of La and Lc based on the inverse of peak widths with the aim to describe a ‘so-called’ crystallite. In fact, line-broadening also arises from strain, defects of the lattice and from the finite domain size and their distribution. An apparent coherent length L, can be estimated from the amount of broadening, β, using the Scherrer equation but it also depends on the order of the reflection [39]:

			


			L = Κλ / βcosθ

			


			with: L, the coherence length, λ : the wavelength (154.18 pm for CuKα1+2), β the width at half peak-height, θ, the Bragg angle of the line, and K is the Scherrer parameter.

			


			The measurement of the peak-width β002, from the 002 or 001 reflection, is used to measure the stack size Lc. In this case, the Scherrer parameter is usually taken: K = 0.9. The 10 and 11 bands observed for turbostratic structures or the Debye-Scherrer rings observed for graphite powders have no preferred orientation and, thus, the Scherrer equation applies directly with K = 1.84 [40]. The values usually quoted this way are only rough approximations of La and Lc.

			Actual quantitative measures have to be performed using band models of diffusion on the whole spectrum, taking into account the anisotropy of the material as proposed by Ruland [27], Ergun [8], Houska and Warren [28] and de Courville-Brenazin [41] (for further details see [38]).

			A more accessible technique was introduced by Bouraoui [42] who showed that La values decrease with the increasing index of the hk band. If LH is the coherent length of an hk band such as H = (h2 + k2 + hk)1/2, then the ‘real’ layer size (comprising distortions) can be obtained by the ordinate at origin ‘Lo’, (Figure 1.11). It can be seen from these plots that whatever is the HTT, the layer size ‘Lo’ of a non-graphitizable carbon does not change. Conversely, for a graphitizable carbon, ‘Lo’ increases with HTT and allows 3D-ordering to be set up. Distortions can be measured this way. As HTT increases, so the slope of the straight lines decrease for both the graphitizable and non-graphitizable carbons.
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			Figure 1.11.

			X-ray measurements of the ‘real’ layer size: Lo.

			Lo is deduced from the fitting of 1/LH = f(H) extrapolated to H = 0. Lo is constant for non-graphitizable saccharose carbons (upper Figure) and increases for the graphitizable carbon GFEC-1 (lower Figure), after Bourraoui in 1965 [42] and Schiller et al. in 1968 [43].
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			Figure 1.12.

			The variation of interlayer spacing d002 (pm) with heat treatment temperature (ºC) for several feedstocks: RA = atmospheric residue, iC5 = normal-pentane insoluble fraction of Arab Light petroleum, iC7 = normal-heptane insoluble fraction of Boscan Athabasca petroleum.

			Inset: TEM 110-dark-field image, diffraction pattern and structural model of a large graphite crystal in a coke grain, from Arabian Light, HTT 1550 ºC, after Bourrat et al. in 1986 [57] and in 1987 [48].

			


			3.4.2 Measurements of d002-Spacings

			The d002-spacing can be obtained with any modern X-ray diffractometer by measuring the 2θ angle al the maximum of the 002 peak (from = 25º> 2θ <26.6º for a Cu anti-cathode). It is best to avoid extended periods of grinding, or grinding itself when highly graphitized carbons have to be prepared [44,45]. For more accurate work, an internal standard (e.g. Si with the Si111 at 340 pm) is added to the powder. The peak of the crystalline phase provides internal calibration of the peak positions and widths so permitting any instrumental factors to be taken into account. Polished surfaces can also be used with a reflection mode.

			The 2θ value at the maximum of the smoothed peak is used to calculate the mean d002-spacing of the sample by means of the Bragg equation: 2dhkl sin (θhkl) = nλ, where 2θhkl is the scattering angle and dhkl is the spacing between hkl planes.

			Some cameras have a monochromator attachment and are designed with a more precise 4θ scattering angle (Guinier camera) [32]. The data of Figure 1.12 are so obtained for a series of petroleum cokes: d002-spacings progressively decrease with HTT. One curve decreases to 336-337 pm above 2600 ºC; this petroleum coke is a graphitizable carbon. As oxygen and/or sulphur contents of pitches decrease, so the graphitizability increases [31]. Minimal d-spacings range between 337-340 pm: carbons are said to be partially graphitized. Above a value of 340 pm for higher d-spacing values, carbons are considered as being non- graphitizable.

			The slope of the curve can be also indicative of graphitization accidents. For example two of these curves decrease to a plateau at HTT ≈ 1550 ºC; then return to a regular slope above 2000 ºC. In this plot, the 002 peak was not desummed; this sudden decrease is caused by a sharp edge (centred at 336 pm) at the high-angle side of the large broad peak [46,47]. The phase responsible for this shoulder was further related to the crystallisation of a small amount of low-temperature-graphite (promotion mechanism [48]), occurring with the loss of sulphur encountered in petroleum cokes (the so-called puffing behaviour). The inset shows the TEM dark-field image (b) of this petroleum coke heat-treated to 1550 ºC. The regular coke lamellae can be seen, containing a large and bright faulted graphite crystal, as sketched in the inset. The growth of these low temperature crystals is responsible for the puffing behaviour seen in such cokes.

			The d002-spacing value has never been related, strictly, to the degree of graphitization. The relation P1 = gn with g = (d002-335.4)/8.6) was established by Maire and Méring, using a graphitizing carbon from polyvinylchloride, with ‘n’ = 2, but ‘n’ is not a universal constant and depends on the precursor [49] (d002 is expressed in pm and 1 pm = 10-12 m). Anyway, measuring d002 remains the most rapid and easy way to compare relative degrees of graphitization within materials of the same ‘graphite’ family.

			
3.4.3 Measurement of P1 the Degree of Graphitization

			This Section shows how to record the band modulations and compute them to determine P1, the degree of graphitization. As long as layers remain without 3D-ordering relative to each other (turbostratic structure), only the 001 reflections and diffuse hk two-dimensional lattice reflections appear in the pattern, as in Figure 1.4a. During a graphitization heat-treatment, as soon as the layers reach a critical size, with perfection and layer stacking reaching a critical height, they then begin to position themselves into a graphitic order, pair by pair. The profile of the disymmetric bands (see 10-band, the shaded area in Figure 1.4a) progressively modulates to finally resolve with the 3D-hkl reflections of the crystalline graphite (Figure 1.4b).

			Figure 1.13 is a plot of 11-bands recorded for the same carbon/carbon composite heat-treated to 1000, 2100 and 2300 ºC. The profile of the natural ‘Dixon’ graphite (provided by courtesy of Lonza Co.) obtained under the same conditions is also plotted on the same scale. At 1000 ºC, the 11-band is asymmetric and the 11(0) maximum shifts towards the high-angle side. There is no 006-reflection. For a HTT of 2100 ºC, the diffractogram exhibits a 006-reflection and a sharper 11(0) peak (at a lower angle). Finally, at 2300 ºC the graphitization process has started: the band shows some modulations. First, the 11(0) and 11(2) peaks are well separated, while an intensity drop appears at the position of the 11(1) reflection, which is forbidden. The 006 peak is shifted toward higher angles but still is far from the graphite c/6 theoretical position (d006 = 111.8 pm) at 2θCu = 87.19º (arrows in Figure 1.13).

			


			[image: ]

			


			Figure 1.13.

			X-ray diffractograms.

			11-band modulations for a carbon/carbon composite, heat-treated to 1000, 2100 and 2300 ºC, compared with that of the Dixon natural graphite.

			(Note the shift of the 00.6 band towards higher angles with increasing HTT).

			


			P1 is obtained by a Fourier transform of the 11(2) modulation of the experimental profile. The 11 band is the first band where h - k = 3 m (m is an integer); in this case, the modulation function only depends on the degree of graphitization (stacking faults, say ABC instead of ABA, are ignored).

			


			Example: Graphitization of a Carbon/Carbon Composite

			The diffractometer was a commercial apparatus (SiemensTM D5000) working in reflection with a θ-2θ coupling, equipped with a Cu anti-cathode, a Ni filter and no monochromator. As an indication, it was used with a divergent slot D = 0.5º, a reception slot R = 0.5º and a dispersion slot SS = 0.5º (no de-convolution was necessary). A good precision is needed under the 11(2) peak. So, the spectrum was recorded in three different ranges with the same counting time:

			


			
				
					
					
					
				
				
					
							
							- 70º < 2θ < 75º

						
							
							with a step of 0.2º (2θ):

						
							
							origin of the baseline

						
					

					
							
							- 79º < 2θ < 84º

						
							
							with a step of 0.02º (2θ):

						
							
							integration interval

						
					

					
							
							- 91º < 2θ < 92º

						
							
							with a step of 0.2º (2θ):

						
							
							end of the baseline

						
					

				
			

			


			The counting time was the same for the three spectra in order to get approximately 10,000 counts at the maximum of the peak. Most of the time, the maximum of the experimental 11(2) peak did not fit with the theoretical 2θ value; up to 0.5º of misfit can be observed. Before any processing, a re-scaling was done as follows: The theoretical maximum 2θCu = 83.74º is attributed to the experimental maximum intensity, and the shift Δ2θ is determined as the difference between the experimental value, 2θexp, and the theoretical one θt: Δ2θ = 2θexp - 2θt. A new file, re-scaled, is then obtained.

			


			
					
Concerning the modulation function, Ghk(ℓ’), interest is in the calculation of P1 and is related to the experimental intensities. I(hkℓ’) by the relation:


I(hkℓ’) = P’2θ(hk) x Ghk(ℓ’)




where P’2θ(hk) is the Laüe-Warren Equation [40]:




P’2θ(hk) = kjF2 x (1 + cos22θ) / [4sinθ (sin2θ - sin2θ0)1/2]




In this Equation, ‘kj’ is a constant of the hk band which can be ignored in the case where intensities are measured in arbitrary units and ‘F’, the diffusion factor can be treated as a constant. The term 1 + cos22θ is the polarisation correction (1 + cos22θ.cos2θ0 if a monochromator is used). Then, to calculate this modulation function, starting with the experimental intensity equation, it becomes:




Ghk(ℓ’) = I(hkℓ’) x α-1




where: α = P’2θ(hk) and:




α-1 = [sinθ (sin2θ - sin2θ0)1/2] / (2 - 4sin2θ + 4sin4θ) (Equation 1.1)






					
First the background is subtracted (hatched area in Figure 1.14) and the intensity (hkℓ’) is obtained. I and G are expressed here as a function of ℓ’: it is convenient to generalise the graphite index notation and use ℓ’ instead of z. The correspondence with the 2θ scale of the XRD pattern is given by:


2θ = 2Arcsin (sin22θ0 + (λℓ’/4d002)2)1/2


where: d002 is the interlayer distance, λ the wave-length, θ half of the diffusion angle considered and ‘θ0’ is the Bragg angle of the graphite 11.0 ray (2θ0Cu = 77.56º). When carbons were highly graphitized (Dixon) the baseline was obtained as a simple linear interpolation in the range 70º/75º to 91º/92º. For poorly graphitized materials, this linear interpolation was impossible. Theoretically, the background slightly decreases in this region and can be considered as being linear. This method was developed to evaluate this line between ℓ’ - 1 and ℓ’ = 3. On the small angle side (70º< 2θ<75º) and at high angles (91º< 2θ< 92º) no intensity, except the background, is theoretically expected. First, a linear regression is obtained with the intensities recorded in the range 70º < 2θ < 75º. The equation gives an extrapolated baseline for ℓ’ = 1 (as shown in Figure 14). Subtracting it to the intensity recorded at this angle it is possible to get I1, the intensity at ℓ’ = 1. The second step is to extrapolate the value at ℓ’ = 3. As Ghk(ℓ’) is symmetric about ℓ’ = 2, then Ghk(1) = Ghk(2). Thereafter, if I3, is the experimental intensity at ℓ’ = 3, I3 = α3 x Ghk(3) can be written as well as: I1 = α1 x Ghk(1) and finally I3 = (α3 / α1)I1. This ratio can be calculated by Equation (1.1) and gives: α3 / α1= 0.29 I1, and thereafter I3 = 0.29 I1. At this point the intensity at ℓ’ = 3 is known. It is necessary to subtract this value from the one recorded at 2θ3 = 91.32º. Finally, the two values at ℓ’ = 3 and ℓ’ = 1 give the linear equation of the baseline under the 11(2) peak (Figure 1.14). At this point the computer can calculate the intensities I(hkℓ’) versus the re-scaled 2θ by subtracting the baseline between ℓ’ = 1 and ℓ’ = 2, then Ghk(ℓ’) the modulation function, the Fourier coefficients and finally P1 as follow:






					
The modulation function, Ghk(ℓ’) is periodic. The Fourier transform can be obtained on half of a period. The small-angle side between ℓ’ = 1 and ℓ’ = 2 is preferred; the Laüe-Warren approximation is verified and the correction for Kα1 - Kα2 broadening is not necessary. It means that intensities are sampled from 11(1) to 11(2) or 79.15º < 2θ < 83.74º. The Fourier transform of a periodic function like Ghk(ℓ’) is a series of coefficients An. The so-called Fourier coefficients can be expressed as:
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Figure 1.14.

Measurement of P1: Note the range of integration and the subtraction of the base-line.




A shorter manual integration is described under the form of Table 1.3. I(hkl) values are in the third column, except for ℓ’ = 2, and ℓ’ = 1, for which the value is divided by two (Figure 1.15). The Laüe-Warren integration of column 4 (values related to our setting) is applied to obtain Ghk(ℓ’) the modulation function in column 5. Then, each Fourier coefficient is calculated by applying (cos πn1) (which is 1 for n = 0) to Ghk(ℓ’) and obtaining the sum at the bottom of each column. Finally, Log An is plotted versus ‘n’ (Figure 1.16): the slope of the fitting curve gives P1 in the linear part.

The degree of graphitization P1 for the 11 band is obtained by the equation:




An = [P1 (1 - 1/N)]n




where An is the Fourier coefficient and N is the average number of layers in the stack. Graphitization is known to process for a value of N > 20/30 and the following approximation can be made:




1 - 1/N = 1 - 1/25 ~ 1




Then it can be drawn: Log An = nLogA1 = nLog(P1(1- 1/N)) ~ nLogP1. Thus, plotting Log An versus n gives P1, the slope of the fitting curve, as shown on Figure 1.16: (the fitting is limited to a small number of ‘n’ values as P1 decreases).




Log P1 ~ LogAn / n




Table 1.3

Manual Resolution of The Fourier Transform
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Figure 1.15.

Measurement of P1: The integration is based on the FFT calculation of the 11-band modulation.
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Figure 1.16.

Measurement of P1: Plot of Log An versus ‘n’, using the slope of the fitting curve.

(limited to the points in line).




In the example produced here, P1 was found to be 0.41 at 2300 ºC, 0.3 at 2250 ºC and 0 at 2100 ºC and below (no graphitization). The Dixon graphite grade that was used and analysed came with a value of P1 = 0.93.

This measurement is particularly important when lattice perfection is required: e.g. thermal conductivity or lubricant properties.




4. Structure of Cokes




Carbonisation of condensed organic matter (cokefaction or coking) is an important process in many carbon industries such as the production of artificial graphite, electrodes, metallurgical cokes, etc. A large diversity and complexity of chemical reactions are involved [51-54]. The green coke (or raw coke) is the primary solid product obtained during the carbonisation at temperatures below 600 ºC. The calcined coke is obtained by the heat-treatment of the green coke at a temperature around 1200 ºC, with a content of hydrogen less than 0.1 wt %. A petroleum coke is the carbonisation product of a petroleum pitch. Most binder-cokes are obtained from the carbonisation of coal-tar pitches. Metallurgical coke is produced by the carbonisation or co-carbonisation of coals or coal blends which are able to soften or even melt during the heat-treatment to 1100 ºC. Finally, needle cokes are highly graphitizable petroleum cokes resulting from a strong preferred orientation of the domains [55].

In the following, coke structure is initially introduced in relation to the ability of the precursor to develop mesophase. Mesophase is principally studied by polarised light microscopy. The structural evolution during cokefaction and graphitization is then described. Finally the basic skills necessary to carry out lbM analysis of coke textures is documented.




4.1 Mesophase Development and Coke Graphitizability




To a first approximation, it is possible to simplify the complexity of cokefaction chemistry, by saying that graphitizable cokes are produced from organic condensed matter with high hydrogen and low oxygen contents. On the other hand, non-graphitizable coke precursors generally contain cross-linking functional groups (e.g. oxygen-, sulphur- or nitrogen-based groups) and a low concentration of hydrogen donors [56, 57]. Structural developments, during carbonisation and graphitization, can be explained using the following simple scheme.






					
Most condensed material which does not develop a fluid phase during carbonisation, forms non-graphitizable (hard carbons), even after a graphitization-like heat-treatment to 2800 ºC [20, 21]. Precursors like coconuts for activated carbon or wood for charcoal as well as young coals or lignites or brown coals, most anthracites, etc. form non-graphitizable carbons. In industrial processes, phenolic resin, furfuryl alcohol or polyvinylidene chloride are used to give non-graphitizable carbons, i.e. those which cannot be transformed into graphite solely by heat-treatment to 2800 ºC under atmospheric or lower pressure (e.g. glassy carbon).




					
On the other hand, most of the precursors which develop a fluid phase during the early stages of carbonisation are graphitizable (graphitizable carbons are those which transform into graphite by heal-treatment to 2800 ºC under atmospheric or lower pressure). During the fluid phase the condensed molecules (mesogens) organise into the form of mesophase. Mesophase is the liquid crystal of carbon [58,59]. Most of the petroleum pitches, coking coals, coal-tar pitches or molecular compounds such as polyvinylchloride or synthetic mesophase such as aromatic resins (AR) obtained from naphthalene [60], etc. are the regular precursors used to give graphitizable carbons.




					
In between, depending on the fluidity and the extent of the molecular orientation domains (or optical domain) acquired at green-coke stage, the coke is more or less graphitizable. All intermediate textures are known.


4.2 Optical Texture of Coke


Optical microscopy of polished sections of a carbon is the traditional technique to study not only cokefaction [61] but also the liquid crystal itself [62] and the cokes [63]. Polished surfaces are obtained by mounting the carbon sample in a resin block and polishing to an optical quality and finishing with a diamond paste. The microscope is set up for reflected light using either a Berek prism or a mirror. Observations are made using polarized illumination and an analyser at 90º (crossed-polars). In this case, isotropic materials such as resin appear black (see schematic Figure 1.17) whereas crystallised media reflect light when the molecular orientation of the surface of the section is not parallel to a high symmetry fold: domains with molecules flat-on are extinguished. For other domains, extinction occurs when molecules are parallel either to the polarizer or the analyzer: black lines or extinction contours are seen (Figure 1.18). By adding a half-wave retarder plate, the retardation introduces interference colours changing with the orientation of the layers as shown in Figure 1.17b. This technique affords a rapid method of studying texture in the carbons. For further details see Chapters 7 and 9 of this book.

This technique is used to describe what is called the optical texture of the coke. Figure 1.18 illustrates the different textures that are observed. The size and shape of the isochromatic domains describe the molecular orientation domain. The nomenclature used to describe the various optical textures has been developed for many years [64] and is known as the Optical Texture Index (OTI), Table 1.4. The domain sizes can be now computerised by image analysis [65].

Apparent isotropic carbon material may appear to be isotropic only to the level of the optical resolution. For further resolution, TEM 002-dark-field studies are required to image, similarly, any smaller domains (e.g. for solvated mesophase [66]).




Table 1.4

Nomenclature for coke optical texture description (D is domain diameter, L is length and W is the domain width). (H. Marsh & R. Menéndez)
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Figure 1.17.

Study of mesophase by means of reflected polarized-light microscopy.

(a) Extinction and reflection under cross-polars and

(b) Interference colours with the addition of a λ-plate (ng-direction of the λ-plate).
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Figure 1.18.

Optical texture of cokes.

Examples of reflected polarized-light (cross-polars) micrographs after Bourrat et al. in 1986 [57].




4.3 Tike Four Stages of Coking and Graphitization EG Studied by TEM




TEM is a particularly efficient diffraction technique because it can image directly the structural unit: i.e. the carbon layer, using the phase-contrast mode (or high-resolution technique) (L2 in sketch of Figure 1.8). Also it has access to the coherent domain (La and Lc) by the 002-dark-field technique. The reciprocal space available with TEM is much larger than with XRD, with the advantage of a high spatial resolution. With electron diffraction, it is possible to record a pattern from areas < 1 μm down to 10 nm and separate different phases especially when the sample is non-homogeneous. Because of its imaging capability, TEM is also powerful to study carbon texture or the molecular orientation (Figure 1.7).

The numerous studies, on coking and graphitization performed by TEM techniques has led to a quite precise phenomenological modelling [31,67]. Four main stages, related to defect annealing, have been found to be in good agreement with the two-stage kinetic models of graphitization (diffusion-controlled improvement of the existing structure) [68,69]. The first three stages, carbonisation and pre-graphitization, are shared by all types of carbons. The fourth, i.e. graphitization stricto sensu, is more or less inhibited for the partially- and non-graphitizable carbons (Figure 1.19) [70].
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Figure 1.19.

Modelling the progression of structure during carbonization and graphitization of a carbon, after Oberlin et al. in 1984 [70].




4.3.1 Green-Coke Stage

‘Green coke is the primary solid carbonisation product obtained during a carbonisation’ [3]. At this stage, the coherent domains are small. <1.0 nm in diameter, consisting of a stack of 2 or 3 aromatic (graphene) layers. The small coherent domains are often called BSU (basic structural units) because such a coherent domain is observed in many natural and industrial carbon precursors. This name is confusing because the coherent domain is not a ‘brick’; it is a scattering artefact; it is only a ‘chance occurrence of parallel layers’ as defined by Ergun [8].

The long-range ordering which is established during the solidification (green coke) fixes, in an irreversible manner, such structural features as carbon porosity, density and graphitizability, etc). This “micrometrie” scale order is generally called the molecular orientation domain (MOD) [50] in electron microscopy or called the anisotropic domain in optical microscopy or simply optical domain. Graphitizable carbons have large domains, i.e. >0.5 μm, in which the small layers are roughly parallel. On the contrary, non-graphitizable carbons possess a reduced MOD; the less the extent of the MOD the less the graphitizability.

Some authors state that mesophase is not a ‘hit or miss’ process, but a general process of development typical of the liquid route. What is changing from one precursor to the other is the extent of the domain which is set: it can be either made up of large band, coarse-grained, or fine-grained mosaics or even to less extended domains beyond optical resolution, down to few tens of nanometers [66].




4.3.2 Columnar Stage

This stage extends in the range 800 to 1500 ºC (Figure 1.19). Only, ͞N slightly increases (up to about 10 layers). Neighbouring layers tend to be parallel within bent columns and recover the ‘discotic’ structure the carbon underwent during the previous liquid mesophase stage (350-550 ºC). Comparative data of ͞N and La versus HTT for different graphitizable carbons support these conclusions [71,72]. The layer diameter, as measured by TEM using the 11(0)-band, is almost constant; the column diameter remains about 1 nm. Only the larger inter-layer defects between stacks are swept away. Calcined cokes correspond to this stage with less than 0.1 wt % of hydrogen [3].




4.3.3 Coalescence Stags

Above 1500 ºC lateral coalescence of the layers begins, edge to edge from one column to the neighbour, entrapping many of the defects within the graphene planes (Figure 1.20) [73]. The real layer diameter increases considerably, but not the coherent length La which is limited to below 10 nm; such layers are distorted. As the coalescence proceeds,  ͞N the number of layers stacked in coherence, also increases. The change in the slope of the curve, ͞N versus HTT, is indicative. Only a small increase in La occurs above 1700 ºC. At this point d-spacings are about 344 pm, the turbostratic interlayer minimal distance, or a little below this value. This is the first evidence of a graphitization process. But no modulation can be seen in the XRD patterns. This stage ends with a very sharp change when layers suddenly become quite straight.
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Figure 1.20.

Carbonization and graphitization of carbon with increasing HTT.

(a) Left-hand column: TEM 002 lattice fringes: 1300 ºC showing distorted columns, 1600 and 1800 ºC showing distorted layers, 2100 ºC showing stiff and straight layers: (b) Right-hand column: 11(0) dark-field micrographs showing turbostratic rotational moiré fringes indicating layer growth, after Rouzaud et al. in 1983 [73].




Many properties of cokes and graphitic carbons also change with this threshold as shown by a graphitizable industrial coke (GFEC-1) in Figure 1.21 [72]. From a point of view of kinetics, it is the end of the carbonisation (250-460 kJ) and the beginning of the graphitization (≈ 840 kJ mol-1).
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Figure 1.21.

Diagram showing the variations in physical properties of the graphitizable carbon GFEC-1. Note the abrupt change in properties, at end of step 3, after Pacault et at. in 1960 [73].




4.3.4 Graphitization Stage

At the threshold which occurs about 2000 ºC the activation energy is sufficiently high for the internal lattice defects to be removed and distortions to relax. As a consequence, above 2100º to graphitization temperatures of 2800/3200 ºC, values of La increase exponentially. As the coherence length La increases, so graphitization proceeds. Modulations appear progressively on the different hk- bands. A relatively small concentration of defects is seen to block the graphitization progress at this stage e.g. interstitial atoms [29]).


4.4 Quantification of Coke Texture by TEM




To analyse a coke, initially, a classical technique of sampling is involved by grinding the blocks of coke, in order to conclude with a few μg of sample [31]. It is of critical importance that the sample to be tested should be representative of the bulk coke sample. Then, a few micrograms of this coke sample are gently ground as a paste for 10 minutes (with few drops of alcohol) in an agate mortar. These particles are now suspended in a larger quantity of alcohol, using an ultrasonic device, and a drop of this suspension floated on a distilled water surface. Some of these particles, well-dispersed on the water surface, adhere to a carbon-coated-grid by wetting its surface. At least three grids are so prepared.

TEM is used at low magnification M = 23.000-25.000x. For each field (see Figure 1.22), a series of three negatives are obtained: a contrasted bright-field and two 002-dark-field with a respective azimuth orientation of 90º. Dark-field imaging is performed in the tilted-beam mode with an objective aperture of 1.5 to 3 nm effective size.
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Figure 1.22.

TEM analysis of coke texture.

Each particle is classified according to the chart given in Figure 1.23.

CyL = Cylindrical lamellae.

FL = Flat lamellae.

CrL = Crumpled lamellae.

LP = Large pore of class 8. (P7 = class 7)
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Figure 1.23.

TEM analysis of coke texture. Chart describing the different textures observed, after Bourrat et al. in 1986 [57].




The basis of this technique is to crush the coke texture to small grains <1 μm size [48,57]. If the grains come from a large pore, after grinding they look as flat lamellae (Figure 1.23). If the porosity of the coke is less, some curvature appears at the level of the grains, but first they are oriented in one direction as in flow textures: grains clearly appear as cylindrical lamellae. For cokes with smaller porosity, grains appear as crumpled lamellae (curvature in two directions). Finally, the pores are on the same scale of the grain or at a much smaller scale than the grain (micro/nano scale), as previously shown in TEM studies [50,67]. Depending on the MOD, the extent of the molecular domain measured using 002-dark-field TEM technique, eight classes of decreasing pore-size can be distinguished (pores: P8 to P1).
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Figure 1.24.

TEM analysis of textures of cokes from petroleum fractions, using Boscan atmospherical residue, after Bourrat et al. in 1986 [57].




A counting technique is then applied on the TEM brighi- and dark-field negatives. Each particle, statistically selected, is identified according to the chart of Figure 1.23. A histogram is obtained for each coke as seen in Figure 1.24. Petroleum cokes [48,57] extracted and carbonized as heavier fractions of the same crude oil, were compared this way. It was shown that texture, and the subsequent graphitizability, are controlled by the hetero-atom functions concentrated in resins and asphaltenes (Figure 1.25).
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Figure 1.25.

Variation of graphitizability, measured as d002-spacings, with asphaltene contents of different petroleum fractions. HTT = 2850 ºC, 1 hour soak. CO = crude oil, AR = atmospherical residue, iC5 = n-pentane insoluble fraction, iC6 = n-hexane insoluble fraction, iC7 = fractions insoluble in n-heptane or asphaltenes. Separations from Boscan crude were made with liquid chromatography, after Bourrat et al. in 1986 [57].




5. Structure in Carbon Blacks

‘Carbon black is the generic name for a family of small particle size carbon in the form of spheres and of their fused aggregates with sizes between 10 nm and more than 1 μm’ [3]. The importance of carbon blacks as fillers in a wide variety of ‘compounds’ [74,75] points to the structure as being the key-feature for controlling these properties.




5.1 Carbon Structure in Carbon Blacks




Prior to any graphitization treatment, carbon blacks all have a turbostratic structure. However, there exist significant differences between carbon blacks which are related to sizes of the graphene layer (extent of the ‘aromatic’ structural unit), the nature of defects, hetero-element contents and bond distortions, etc., present in the aromatic carbon. But first, a distinction will be made concerning the essential differences between graphite and the fullerene allotropes.




5.1.1 Giant F idler enes and Carbon Blacks

Giant fullerenes, like fullerenes, are made of the hexagonal lattice of carbon atoms of the same nature exclusively, i.e. curvature is related to the presence of pentagon or heptagon tings, there is no sp3, nor are there grain-boundaries, edges and hydrogen, etc. Particles classified under the name of the bucky-onion or onion-like fullerene [76] respond to this definition. They are, in fact, giant carbon molecules enclosed one within the other like Russian dolls, and have to be distinguished from carbon blacks which have the defective structures of the graphite allotrope.

In carbon blacks, the spherical texture results from the repetition of the structural unit, as in all other forms of the graphite allotrope. This unit is limited by saturated or substituted carbon atoms or bonded to neighbouring molecules by distorted trigonal or even tetragonal bonds (Figure 1.26b) [77]. Pentagon cycles and more generally topological lattice defects, when identified as dislocations, allow a unified labelling system for tubes or curved surfaces [13,78]. But, they are most likely to be present, as with other defects, within the graphene layers of graphitic carbons.




5.1.2 Carbon Structure and Growth Control by Temperature

By changing the growth temperature, it is possible to control structure in these carbon blacks (other parameters interfere [79]). In an experimental study [80] a limited range of carbon blacks, mainly obtained from acetylene was analysed in terms of the effects of preparation temperature. It was found that carbon structure varied with the diameter of the structural unit, i.e. the diameter L2 of the carbon layer. This diameter varies from 0.5/0.7 nm to several tens of nanometers. All these carbons could be ranged into groups using the same criteria as existing during graphitization: the first group, with a small unit, has an isometric coherent domain La ≈ Lc (Figure 1.27) [80]. In the second group, the turbostratic stacking is columnar, and characterised by La <Lc. Thirdly, there is a group where the carbon exhibited wavy turbostratic stacking, and, finally, there is the group of polygonized carbon blacks made up of relatively planar graphene layers.
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Figure 1.26.

Carbon blacks and the bucky-onion.

(a) Carbon blacks have a concentric structure composed of the repetition of carbon layers, after Bourrat et al. in 1993 [83].

(b) Model of the defective lattice of a carbon black, vacancies, sp3, etc., indicating atoms of carbon, hydrogen and oxygen, after Custodero in 1992 [163].

(c) Bucky-onions are giant fullerenes, after Bahnart et al. in 1997 [77].

(d) Lattice of a giant fullerene composed exclusively from hexagons, pentagons and heptagons of carbon atoms, and nested like Russian dolls.
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Figure 1.27.

Structure in various grades of carbon blacks using the technique of TEM 002 lattice fringes: The TEM micrographs show different sizes of layers and their modes of stacking, after Bourrat et al. in 1993[80].
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Figure 1.28.

Structure in Acetylene Black S70 carbon black using of TEM 002 lattice fringes: (a) a micrograph and (b) a structural model.

This Acetylene Black grade may be considered as a giant fullerene, after Bourrat et al. in 1993[83].




Acetylene blacks, of highest HTT, had a hollow texture (Figure 1.28) resulting from ‘lateral’ growth [80]. Such structures are almost pure carbon (>99.5 wt % of C) [81] and can be ranked as ‘giant fullerenes’. Particles grown in hot plasma are either cones or tubes or acetylene types depending on thermal density of the nucleation [82,83].




5.2 Growth and Texture of Carbon Blacks




Carbon black growth seems to follow a general model and this is sketched in Figure 1.29. The many differences appearing between the numerous grades of carbon black can be understood following the scheme of Figure 1.29. Five different steps are indicated.
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Figure 1.29.

Models of growth and texture of carbon blacks.

(a) Poor nucleation and primary growth of large isolated particles.

(b) Nucleation and primary growth followed by aggregation and secondary growth.

(c) Abundant nucleation with aggregation of nuclei.





	
Nucleation. In most of the carbon blacks a growth centre or nucleus can be seen at the particle centre. In some, the core is hollow. Most of this is caused by post-oxidation of the less-organised part of the carbon black [74,80].


	
Primary growth. Carbon grown at this early stage is characterised by its strictly concentric texture. If the growth of the carbon black stops at this stage, the carbon black is made up of single concentric particles of any size. That is the case of the carbon black P33 (Figure 1.30).
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Figure 1.30.

Micrographs of carbon blacks which do not show aggregation.

(a) TEM bright-field micrograph of carbon black P33.

(b) SEM-FEG micrograph of a Thermal Black, after Bourrat et al. in 1993 [83].






	
Aggregation. Depending on the aerosol density, as well as other parameters related to the collision probability or sticking coefficient, etc. [84,85], aggregation occurs between particles to form aggregates. If the nucleation is very abundant, an early aggregation occurs with very small particles. This is known as ‘polynucleation’ and aggregates of nuclei have been observed as shown in Figure 1.31 for carbon blacks made from benzene [83].


	
Secondary growth. Secondary growth relates to a pyrolytic deposit on the whole surface of the aggregate. By means of subsequent heat-treatment it is possible to discriminate the primary and the secondary growth, as shown in Figure 1.32 [86].


	
Cyclic growth. In some cases, aggregation of aggregates can be seen followed by subsequent coating of carbon as found on carbon blacks obtained in a hot plasma (Figure 1.33). [87]
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Figure 1.31.

Structure in Benzene carbon black Y50B using the technique of TEM 002 lattice fringes, showing abundant nucleation and early aggregation, after Bourrat in 1992 [86].




However, a few carbon blacks do not fall into this scheme. This scheme is, at least, a first attempt to rationalise the wide diversity of microstructures encountered in this wide family of carbon.




5.3 Structure and Properties: Electrical Conductivity




Carbon blacks are widely used in industry as a filler to modify mechanical properties of materials (e.g. tyres), and the electrical and optical properties of the materials in which they are dispersed [75]. Those properties are either related to the colloidal ordering (the texture of the aggregate), to the purity of the carbon blacks and their structure (electrical conductivity), their surface functionality and in a general way to their composition (hetero-atom contents), etc.
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Figure 1.32.

The graphitization of Ensagri carbon black using the technique of TEM 002 lattice fringes.

The upper micrographs (A) show abundant nucleation, followed by rapid aggregation (polynucleation) and primary and secondary growth.

The lower micrograph (B) is a micrograph of graphitized Ensagri (HTT 2820 ºC) carbon black, showing primary growth of concentric rings at ‘a’, and some pyrocarbon coating, secondary growth at ‘b’, after Bourrat in 1992 [86].
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Figure 1.33.

Micrograph of particles of a carbon black grown in a hot plasma, studied by bright-field TEM. Position ‘1’ = original growth particle, and position ‘2’ = subsequent coating of pyrocarbon, after Fulcheri et al. [87].




A study of carbon black structure starts with the determination of the specific surface area, the elemental composition, especially the amount of H (bonded or in the form of physisorbed hydrocarbons) as well as the presence of such elements as S, Ο, N and functionality (e.g. pH). Then, it is important to determine d002-spacing by XRD of the bulk sample. A study conducted by TEM is often decisive, because most of the time these carbons are non-homogeneous. First, it is important to determine to which class they belong, e.g. if it is a blend or a homogeneous class. Of the other analytical techniques there is quantitative electron diffraction (see Section 7.5), 002 and hkl dark-field as well as high resolution techniques. A further measurement to describe specifically these carbon blacks is the fractal dimension of the aggregate. At this time, many image analysers are equipped with a fractal function [88].




Fractal Structure of Aggregates. Numerous studies relate the shape parameters of carbon blacks used as fillers to the properties of compounds and composites [89] e.g. mechanical properties (blacks in elastomers), electrical (percolation), etc. Fractal measurement can be obtained quite easily [90,91]. Two fractal measurements can be obtained, the surface and the mass fractal. Many different methods can be employed [91]: here, the nested-square method is illustrated using an image analysis processing (Figure 1.34).
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Figure 1.34.

Measurement of the mass fractal dimension of a carbon black aggregate, by the ‘nested-square method’. Left-hand side: TEM bright-field image digitized with increasing superimposed circles.

Right-hand side: Plot of A(R) versus circle radius ‘R’, in a Log-Log plot:

The mass fractal dimension, Dm, is the slope of the linear fit, after Bourrat et al. in 1988 [89].




This technique was applied to characterise the different grades of conductive blacks for electrochemical applications in a cathodic mass of saline batteries. The mass fractal dimension Dm (other things being equal) was seen to be related to the internal resistance of the cell. In this case the ideal aggregate is branched enough to develop porosity (Dm = 1.45) but not too much to ensure electrical contacts.




6. Fibre Structures




6.1 PAN-, Pitch- and Rayon-Based Carbon Fibres

‘Carbon fibres are fibres (filaments, yarns, rowings) consisting of at least 90 wt % of carbon, regularly arranged in a ‘non-graphitized state’. The term ‘graphite fibre’ is justified only if 3-dimensional crystallographic order is measured, as for the high modulus mesophase-based carbon fibres [3]. Several recent reviews are available [92]. There are three principal types of carton fibres. First, those based on polyacrylonitrile (PAN) which have, by far the highest production, worldwide.






					
PAN-based carbon fibres are more precisely described as being carton- and nitrogen-based fibres. They are mainly produced to obtain high tensile strength (HT) and low modulus type reinforcements (see the review on ex-PAN structure [93]).


					
Pitch-based carbon fibres are of two types. If they are obtained from isotropic pitches they reach only low mechanical performances and are used as a felt for insulation purposes (e.g. Kureha fibre) or as spun yarns which give activated, low-cost carbon cloth (after weaving and activating). If they are spun from mesophase pitches (MPCF), they reach high mechanical tensile performances (see reviews for more details [94,95]). These fibres can reach the theoretical value of Young’s modulus for graphite and thus can be used for both mechanical and transport properties, etc.


					
Finally, the cellulose-based fibres, historically the first developed fibres, are spun from regenerated cellulose by means of the viscose process [96] or from liquid crystalline state [97]. Cellulose-based carbon fibres have a more isotropic structure, so their Young’s modulus and strength performances are therefore lower. They can be transformed into high performance carbon fibres by hot-stretching above 2500 ºC [98]. Bacon’s graphite whiskers were identified in the core of cellulose-based heat-treated fibres [99].


Many other organic fibres can be used as precursor of carbon fibres but for specific properties (e.g. activation, stabilisation, etc.). Finally, the last category is the vapour-grown carbon fibres family produced by a catalytic process (see the review by M. Endo in reference [100]).




6.2 Relevant Structural Parameters and Mechanical Properties




The main interest with the carbon fibre is its high ‘strength-to-weight’ ratio, also called the specific strength. It is 15 times higher than steel and even 1.5 times higher than KevlarTM

High mechanical performances of carbon fibres are intrinsic properties related to the hexagonal lattice (the graphene layer). The graphene layer has the shortest covalent bond known in a plane and thus, the highest elastic modulus known in nature with a Young’s modulus (i.e. graphite elastic constant C11 = 1060 ±20 GPa [7]) and a tensile strength of 20 GPa (measured by R. Bacon in the case of graphite whiskers [101]). The tensile modulus of graphite falls off very rapidly with angular displacement out of the basal plane.

The longitudinal tensile modulus of a carbon fibre, similarly, is a sensitive function of the average basal plane alignment about the fibre axis. These properties, as others, are mainly controlled by the precursor and processing conditions, i.e. the resulting defects left within and between the structural units (hetero-elements as N, H, O, etc. and non-aromatic bondings). Tensile performances of the main ex-PAN and ex-MP commercial fibres are plotted in Figure 1.35. There exists a domain of high strength provided by PAN-based fibres and a domain of very high Young’s modulus exclusively provided by MP- based fibres.
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Figure 1.35.

Mechanical behaviour of carbon fibres.

PAN (grey line) and mesophase pitch-based (black line).

The variation of tensile modulus (GPa) with tensile strength (GPa).

The dashed lines show the elongation-to-failure and the arrows show the direction of development with increasing HTT, after Bourrat in 1996 [126].
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Figure 1.36.

Micrographs of structure in PAN-based carbon fibres, studied by TEM 002 lattice fringes.

(a) Cross-section of TENAX ΗΤΑ (σR = 4 GPa/ε = 1.6 %/Ε = 255 GPa).

(b) longitudinal section of the TENAX HTA carbon fibre, after Bourrat in 1996 [126].
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Figure 1.36 (continued).

Micrographs of structure in mesophase pitch-based carbon fibres, studied by TEM 002 lattice fringes.

(c) Cross-section Du Pont E35 (σR = 2.5 GPa/ε = 1.5 %/E = 250 GPa).

(d) longitudinal section of the Du Pont E35 carbon fibre, after Bourrat in 1996 [126].




These differences are well understood from a structural point of view. PAN is an organic precursor made up of long polymeric chains; thus, the resulting carbon layers in the fibres are rather long and defect-rich (Figure 1.36b). The high strength of PAN-based fibres is related to these defects which inhibit the slippage of neighbouring units [102,103]. By heat-treatment of such fibres to above ≈ 1500 ºC, annealing of defects produces a decrease in strength (see arrow m Figure 1.35). In MP-based carbon fibres, the density (X-ray density) is higher and layers are much more highly ordered (Figure 1.36d) [104]. Tensile modulus or thermal properties are therefore much better in these latter fibres [36].




6.3 Measurement of Structural Parameters




Structure in carbon fibres can be described using the general scheme given for all paracrystalline carbons. First, it is important to determine La, the extent of the carbon layer (parallel and perpendicular to the axis); then Lc and d002-spacing to characterize the turbostratic (or graphite) stacking. Finally, at a higher level, peculiar textural parameters have to be measured for fibres: e.g. the orientation angle above the axis and their transverse pattern.




6.3.1 Layer Size - Turbostratic and Graphite Stacking - Texture

The layer size is best measured by TEM. This has been done on ex-rayon fibre by Ruland [105], on ex-PAN by Bennett et al. [106], Oberlin [37] and by Roche [107] and Endo [108] for ex-MP fibres.
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Figure 1.37.

Structural models proposed for HT PAN-based carbon fibres.

Cross- and longitudinal-sections, after Guigon et al. in 1984 [102].
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Figure 1.37 (continued).

Structural models proposed for HT PAN-based carbon fibres.

Small scale cross-section model, after Bennett et al. in 1976 [106].




High strength. Researchers mainly used the high resolution TEM technique to study the layer size. Guigon et al. produced a low-magnification schematic diagram to describe texture (Figure 1.37). A complementary model has been published by Bennett et al. [106] which gives a good insight of bending and twisting of carbon layers in cross-section (Figure 1.37).

PAN-based carbon fibre texture is rarely homogeneous: a skin/core can be visible for example in Toray T300. Texture (and also the state of the layer) changes in the cross-section as seen by 002-dark-field images (Figure 1.38 [109]): a double layer, concentric and radial, separates the skin and core of that fibre. Sometimes fibres, such as T300, exhibit a longitudinal porosity which is responsible for oxygen diffusion in carbon/carbon composites [110]. Figure 1.39 is a cross-section of a fibre in a silicon carbide matrix composite, arrows showing the porosity parallel to the fibre surface.




High modulus fibres. As pointed out by Millward and Jefferson [111], by Bourrat and Oberlin [112] and by Guigon et al. [113] TEM dark-field is the best technique to give a full description of high modulus-type structure.




The best comprehensive application was given by Roche [107] for very thin MP-based high modulus carbon fibres (fibres with an oriented core as shown in Figures 1.40(a,b)). Sketches of Figure 1.41 illustrate the effect of the fibre rotation on the different reciprocal space orientations and resulting diffraction patterns of the ‘mosaic structure’ which can be observed for high modulus fibres.
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Figure 1.38.

The skin/core structure of T300 carbon fibre.

(a) 002-dark-field TEM micrograph: (orientation of carbon layers, in contrast, is represented by a triple bar).

(b) The same fibre but layers are selected at 90º.

(c) Sketch of the structure: Random in the core (and in the bulk): Concentric and Radial in the ring, after Lamouroux et al. in 1993 [109].




Figure 1.40, from Roche [107], illustrates the SEM cross-section of the fibre. Electron diffraction patterns show that this fibre is progressively twisted (pattern ‘d’ in position 1, ‘e’ in 2 and ‘f’ in 3). Descriptions of the mosaics are carried out from hkl-dark-fields in the edge-on positions (Figure 1.41j). If a 00ℓ reflection is selected with the objective aperture, the thickness of the bright domains, in contrast (arrows in ‘b’, Figure 1.42), corresponds to Lc or LcT, i.e. the turbostratic stack comprising together graphite and turbostratic stacking faults. Now, in the same region and the same position, if a hkℓ reflection is used (e.g. 112). then La// and LcG are directly measurable (Figure 1.42c). LcG is the graphite crystallite thickness, whereas La// is the crystallite extension parallel to the fibre axis. It is a good example where true graphite crystallites can be described in the field of carbon (by ‘crystallite’ is meant the domain for which the diffusion of atoms interferes in phase and amplitude i.e. solid volume which keeps the structure of the perfect crystal (graphite) [33]).
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Figure 1.39.

TEM micrograph of a cross-section of T300 carbon fibre in a SiC matrix composite. (Arrows indicate the porosity existing below the surface of this fibre), after Lamouroux et al. in 1993 [109].
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Figure 1.40.

‘Twists’ within an MP-based carbon fibre.

(a) and (b) are SEM micrographs of the cross-section of the orientated core.

(c) is a schematic of the mosaic texture with relevant parameters

La// = 50 - 200 nm, Lc = 30 -100 nm, LcG = 1 - 2 nm.

(d), (e), (f) are diffraction patterns along the twisting fibre, after Roche in 1990 [107].
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Figure 1.41.

Structure in a graphitic mosaic, including Direct space. Ewald construction (reciprocal space), and resulting electron diffraction patterns.

(a), (b), (c), graphitic mosaic, face-on.

(d), (e), (f) (g), (h), (i) graphitic mosaic, tilted.

(j), (k), (l), edge-on orientation (arrows indicate the fibre axes; intersection of the Ewald sphere after Roche in 1990 [107].




Measurement of La┴ is more uncertain because of moiré patterns and other superposition effects. In this case, dark-field images are obtained with the mosaic flat-on, using hk0 reflections (Figure 1.41c). For a full understanding of moiré fringes and curvatures of layers see the study of Guigon et al. [102].

For the large fibres, these were studied using the same dark-field techniques, in order to compare the graphitizability of the fibres Amoco P25 and Du Pont E35. It was found that P25 heat-treated to 2800 ºC is less graphitized than E35. This was related to the high density of disclinations (See Section 6.6) present in the former [112].




[image: ]




Figure 1.42.

Structure in a thin orientated-core of an MP-based carbon fibre (segment 2 of Figure 1.40).

(a) 004-dark-field giving Lc (related to both graphitic and turbostratic stacking).

(b) 112 dark-field showing thin edge-on crystals in the same area (LcG: graphitic stacking exclusively), after Roche in 1990 [107].




Finally, radius of curvature in transverse direction, rt, was indicated by Guigon et al. [113] in PAN, then by Endo [108] in MPCF to be a key parameter in the control of the intrinsic carbon fibre strength. This measurement is obtained by a direct dark-field technique on PAN and by image analysis on MPCF.

6.3.2 d002-Spacings and Heat-Treatment of Carbon Fibres

As with other carbons, fibre structure may or may not graphitize, depending on the nature of defects that have to be removed. PAN-based carbon fibres are non-graphitizable, whereas mesophase pitch-based carbon fibres can be graphitized. With the latter, the content of disclinations is the relevant controlling parameter of this process. The higher the contents of disclinations, the lower is the graphitizability. d002-spacing is an easy measurement to follow the evolution of structure in the carbon. An example is provided in Figure 1.43a for the Du Pont heat-treated fibres.
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Figure 1.43.

Structural changes in heat-treated DuPont fibres.

(a) Interlayer spacings d002 (pm) versus heat treatment temperature (ºC).

(b) Tensile Young’s Modulus versus the orientation degree, OA (º), as measured by X-ray diffraction, after Bourrat in 1996 [126].




6.3.3 Orientation Angle (OA)

Orientation angle as measured by XRD. Many different procedures have been described. One of the most popular technique uses a diffractometer with a θ-rotation capability as described by Ruland [105] (sketched in Figure 1.44). The method consists in measuring the intensity distribution of the 002-band as a function of θ for ϕ = π/2. ϕ is the angle between the scattering vector and the fibre axis. Then, the intensity distribution, I002 (ϕ), is obtained as a function of angle ϕ at θ = cte = θmax. Values are corrected from the background obtained at θmax. The angular half-width at half-height (HWHH) yields the Bacon orientation function [114]. This distribution can be fitted by a cosm(ϕ) function used in case of bulk carbons: a classic result is shown in Figure 1.44. The mathematical treatment to fit the curves differs from one author to an other. Ruland took broadening effects into account and used a Poisson-Kernel type function [105]. Other distributions were developed [115,116]. A diffractometer is preferred to flat cameras if distortions introduced by the large wave-lengths are not corrected. The same series of heat-treated DuPont fibres was measured and related to Young’s modulus in comparison with literature data (Figure 1.43b).
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Figure 1.44.

Texture in carbon fibres. Definition of the layer mis-orientation angle ‘ϕ’ and typical I002ϕ rocking curve for PAN carbon fibres

(a) Celion 3000 (E = 210 GPa), (b) Celanese GY-50 (E = 350 GPa), (c) Celanese GY70 (E = 490 GPa), (d) Celanese GY-100 (E = 690 GPa), after Stamatoff et al. in 1983 and Dresselhaus et al. in 1960 [100].




Orientation Angle Measured by Electron Diffraction. This can be made with high spatial resolution by means of TEM. This can be performed on a longitudinal section or directly on a very thin fibre (with a 200 or 300 kV TEM machine) obtained fairly easily by ultra-microtoming with a diamond knife [113] or by grinding and ion-milling [117]. A diffraction pattern is recorded on the desired volume of material, i.e. the whole section or part of the section and the 002 arc-opening are analysed, as described in the next Section on pyrocarbons.




6.4 Disclinations in Mesophase Pitch-Based Carbon Fibres




From the structural point of view, the basic difference between mesophase-pitch- and PAN-based carbon fibres concerns the close-packing of the carbon layers. This feature is due to the presence of disclinations within the mesophase [118,119]. Disclinations [120,121,122] are rotational line defects present in the liquid crystalline structure which remain in carbon fibre structure.

This is straightforward when the two models of MP- and high-modulus PAN-based carbon fibres are compared (Figure 1.45). The existence of disclinations in MP precursor is a the key feature to understand the high density of carbon and the high orientation angle of the MPCF. Around disclinations, the curvature of carbon layers can be low; the carbon keeps close-packed [123]: Figure 1.46 is the first evidence of a disclination persistence in MPCF. This is not possible with precursors such as PAN or viscose in which the layer packing and the final density is much less (non-graphitizable fibres).

Disclinations thus control the transverse curvature of the MPCF as represented in Figure 1.45a. In this sketch the density of disclinations increases from the left to the right. It is clearly seen that the structure changes from laminar to isotropic in the same fiber, due to the local variable concentrations of disclinations. The density of disclination can be measured in mesophase by means of Optical Microscopy [124]. In fibres, they are measured using TEM 002-dark-field techniques at low magnifications. A precise quantification consists in counting the amount of nodes (S = +π) and crosses (S = +2π) per surface unit. This technique was used to compare the structure of AMOCO P25 and DUPONT E35. P25 exhibits a very high density of disclinations, the structure is practically isotropic, whereas E35 has a radial texture with an oriented core and an overall lower density of disclinations [112].




6.5 SEM Frac ture Surface Examination (Texture and Flaws)


Scanning electron microscopy (SEM) is the technique to study the topography of solid surfaces. The resolving power of the new HR-SEM generation of microscopes equipped with a field emission gun is δ = 2.5 nm at 1 keV (e.g. Hitachi 4700). The real improvement lies in the penetration depth which is much less than that of the previous generation since these machines can operate with a voltage as low as 1 to 3 kV; the volume of excitation is thereafter much less. Also, many are equipped with detectors located in the column with a postacceleration. The advantage lies in the fact that secondary electrons collected by that type of detector have a lower energy and originate from just the surface, so further increasing resolution.
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Figure 1.45.

Structural models of mesophase pitch-based and high modulus PAN-based carbon fibres.

(a) MPCF: superposition of long-range radial orientation with an increasing content of disclinations (seen as dots, from left to right), with a ‘bridging’ effect of induced layer rotations after Bourrat et al. 1990 [104].

(b) HM-PAN: same scale model of a less densely-packed-texture, after Oberlin [31].
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Figure 1.46.

Micrograph of structure in a cross-section of DuPont E35 MP pitch-based carbon fibre, studied by TEM 002 lattice fringes.

Evidence is shown of a disclination pair (+π, -π) and resultant high-packing density of the carbon structure, after Bourrat et al. in 1990 [123].




Surfaces can be advantageously observed on fresh fracture surfaces. Further, polished sections (for optical microscopy) exhibit interesting features with SEM, after the surface has been etched using chromic acid or ion bombardment. The SEM has to be set up with a voltage around 10 kV for a regular machine, 1 to 3 kV for a FEG and less than 1 kV with a magnetic/electrostatic objective lens (e.g. Leo).




6.5.1 Fibre Surface Analysis

Fibre fracture surface examination reveals the texture of fibre. PAN-based carbon fibres are isotropic, whereas MP-based fibres exhibit many different textures as shown in Figure 1.47 [122]. This type of information is readily accessible with SEM.
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Figure 1.47.

Examples of texture in mesophase pitch-based carbon fibres, after Zimmer et al. 1986 [62].




By cross-checking information obtained by TEM and SEM it is possible to provide a comprehensive description of the texture. Figure 1.48 is a SEM picture obtained on E35 fibre superimposed on a TEM 002-dark-field of the same fibre, just as-spun [125,126]. This technique reveals that the DuPont fibre has an oriented core controlled by the presence of two +2π disclinations, a radial zone (ii), a skin (iii) and a very outer zone (iv) as shown in Figure 1.49. This latter zone possesses a high concentration of disclinations (Figure 1.50); this is supposed to control the good surface properties of that fibre [126].

Not only the cross-section but also the fibre surface can be studied. Hong et al. pointed out the existence of pleat structures which reveal the organisation of the internal structure using grazing incidence [127].
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Figure 1.48.

Structure in the DuPont E35 MP pitch-based carbon fibre. HTT ~1600 ºC.

(a) SEM micrograph of the carbonized fibre superimposed on (b) as-spun TEM dark-field image.

The same four zones as shown in the carbon fibre are already visible at the as-spun stage. The elliptical shape of the cross-section is due to the angle of cutting and should be regarded as being circular, after Bourrat et al. in 1996 [126].
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Figure 1.49.

Fractography of the DuPont E35 MP pitch-based carbon fibre.

(a) HR-SEM micrograph of the failure surface.

(b) Schematic representation of the four different zones, and the control of the orientated core by two +2π disclinations, after Bourrat et al. in 1996 [126].
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Figure 1.50.

Structure in the DuPont E130 MP pitch-based carbon fibre.

A high magnification SEM micrograph of the outer zone of the fibre.

A high concentration of disclinations results in a fine-scale wrinkling (see arrows), so providing excellent surface properties for this fibre, after Bourrat et al. in 1996 [126].




6.5.2 SEM Fracture Surface Analysis

Fracture surface examination by SEM reveals the presence of strength-limiting flaws, responsible for fibre fracture and failure [128]. Although carbon fibres are strong and stiff they are also brittle. In brittle materials, fracture is a statistic phenomenon controlled by flaws (cracks, voids, pores, impurity particles, etc.) (see Chapter 14.) Flaws are stress-concentrating defects responsible for the limitation of the ultimate tensile strength. Reviews on mechanical properties of fibres have been published for many years [129,131].

Examination and measurement of fracture surface markings (fracture mirror size) give useful informations about fibre strength. ‘Mirror-mist-hackle’ markings have been reported for PAN- and low modulus MP-based carbon fibres [132] exactly as for other ceramics or glass fibres. In fact, only low modulus carbon fibres with isotropic textures have revealed such features, as illustrated in Figure 1.51. These features were created by crack propagation initiated by the flaw. The mirror is located around the flaw: it is smooth and corresponds to the stable propagation of the crack. Then, come the mist and hackle markings which are characterised by an increasing roughness and correspond to the separation phenomena in the fracture propagation across the fibre.
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Figure 1.51.

Fractography and mirror patterns from TENAX, HTA carbon fiber.

(a) Fracture surface of a coated carbon fibre showing a very small mirror radius.

(b) Schematic representation of the mirror, mist and hackle markings, after Barr in 1993 [132].




It is established [128,133] that the square root of the mirror radius (Rm) is inversely proportional to the fracture stress, σR, by the relation:




σR = A / Rm1/2




The constant A is deduced from the plot of σR = f (Rm1/2). Determination of A is necessary to test a statistical population by means of a single filament testing machine (σR). Then. Rm is obtained by HR-SEM of the failed filaments. Single carbon filaments used to break into several pieces; only the primary failure surface can be used. In this way, for each filament exhibiting a mirror-feature, the value of Rm1/2 can be plotted versus σR, the stress-to-failure obtained for that filament. The constant A was measured on AKZO HTA (ex-PAN) fibre: A = 2.6 MPa m-1/2 (A = 2.2 MPa m-1/2 for the annealed fibre). The value obtained by Barr on Thornel T300 was A = 1.7 ± 4.2 MPa m-1/2. These values are close to those known for SiC fibres for example (2 <A <3.5 MPa m-1/2).

When A is known, the observation of a mirror in a composite or in a dry bundle loaded to failure, gives the value Rm, from which the local stress-to-failure function ‘σR’can be deduced.




7. Pyrocarbon




‘Pyrocarbon is the solid form of carbon deposited on a hot surface by cracking of gaseous or liquid hydrocarbons’ [3]. When hydrocarbons are introduced into a furnace at atmospheric pressure, carbon blacks begin to nucleate at a temperature of about 800 ºC. If a support is placed in the furnace at the same time, this support becomes covered with pyrocarbon. If the temperature is progressively increased the amount of carbon black also increases. They tend to deposit with the pyrocarbon and disturb the structure. A competition exists between the growth of these two forms of carbon [134]. In order to avoid carbon black formation, temperature or pressure has to be lowered. In the same way, if the specific surface available is high (e.g. porous preform for carbon/carbon composites) pyrocarbon deposition increases whereas carbon black-nucleation decreases. In this case (rough laminar) pyrocarbon presents large cones on the whole thickness of the deposit (Figure 1.52a). If the quantity of depositing nuclei is high, then the deposit appears ‘regenerated’, ‘poly-nucleated’ or ‘granular’ as exhibited by the two deposits shown in Figure 1.52b. Disruptions are at the origin of these small cones: see, e.g., the Ω-like features developing in a smooth laminar pyrocarbon as seen by TEM high resolution (Figure 1.52-II [135]).




7.1 Differences in Pyrocarbons




7.1.1 High Temperature Pyrocarbons

Pyrocarbons obtained by cracking of methane at temperatures above 2000 ºC at a reduced pressure (e.g. 2 kPa) are highly oriented with a so-called laminar texture when observed by reflected polarised light. Their structure is characterised by the occurrence of large and well-stacked-layers with a d002-spacing as low as 342-344 pm and a graphitization P1 equal to zero, i.e. the ideal turbostratic stacking. Such a pyrocarbon is known to graphitize suddenly over 2500 ºC (plots 2 in Figure 1.6) [25]. These pyrocarbons are used as coatings, to increase the thermal conductivity of exit-cone surfaces for space-craft, for example [136].
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Figure 1.52.

TEM 112-dark-field micrograph of a mono-nucleated rough laminar pyrocarbon (HTT 2300 ºC) showing plate-like graphite crystals.

The carbon fibre in the carbon/carbon composite has been milled away, after Trouvat in 1996 [135].
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Figure 1.52 continued -I.

TEM 002-dark-field micrograph of a poly-nucleated laminar pyrocarbon (HTT 2300 C) of a carbon/carbon composite showing granular (at position ‘G’) and polynucleated (at position ‘P’) growth cones in the deposits, after Trouvat in 1996 [135].
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Figure 1. 52 continued -II.

TEM micrograph of 002 dark-field lattice fringe imaging in a smooth laminar pyrocarbon. Disturbed areas are visible associated with the deposition of gas-phase nuclei. Inset is a schematic of pyrocarbon growth with a Ω-like shape, after Trouvat in 1996 [135].




Table 1.5.

Properties of Low Temperature Pyrocarbons
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a) P. Dupel et al. [141]

b) P. Loll et al. (thermal conductivity on felt-reinforced composite) [150]

c) G. Jouquet [161] (rule of mixture on thick deposits)

d) B. Trouvat [135] (in-frame uncracked thin coating, rule of mixture)




Pyrographite [137] is a high temperature pyrocarbon that has been compression annealed (>2000 ºC under a pressure of 20 MPa coupled with cyclic shearing). This material (known as PGLCL or HOPG) has almost the properties of perfect single-crystal graphite. Cones as well as the disorientation of graphite crystallites have disappeared: c axis disorientation is lower than 0.5º. Properties of pyrographite are given in Table 1.5. It is to be noted that the thermal conductivity of pyrographite (in-plane) is five times that of copper at room temperature.




7.1.2 Low Temperature Pyrocarbons

Low temperature pyrocarbons have been developed to density fibre preforms or to tighten porous graphite or carbon grains, etc., by means of ‘chemical vapour infiltration’ (CVI). The purpose is to get the deposit into an internal support: a mass transfer within the porosity complicates the process mechanism. Starting with a density of 1.0 g cm-3 it is possible to obtain carbon/carbon composites with apparent densities of more than 1.8 g cm-3 with excellent mechanical properties. The isothermal (isobaric) I-CVI process is carried out at low temperature (= 1000 ºC) and low pressures (1.5 to 6 kPa) in order to enhance diffusion of reacting species, i.e. chemical reactions rather than diffusion should be the rate-limiting step in the deposition process. Growth rate is often limited for that reason. Densification of a carbon/carbon composite can take as long as 500 h. [138] The main goal in this process is to keep the texture highly oriented in order to reach the related highest possible density (Table 1.5).




7.1.3 New CVI and Related Processes

Isobaric and isothermal CVI processes as described in the previous paragraph lead to low deposition rates with high structural grades. When structure is not critical, different processes are used to increase the growth rate or compensate for the thickness gradient, e.g. using forced flow CVI [139] and thermal gradients [140], etc. One technique recognised to control precisely the residence time and thereafter the structure and thickness is pulse-CVI [141,142]. More recently, a rapid densification process [143] has been developed in CEA to accelerate the mass transfer. A diagram of the apparatus used and a profile of the densification process are summarized in Figure 1.53 [138, 43].

In any case, the fundamental parameter which has to be measured is the distribution of the c-axes above the anisotropic plane. This is achieved either by reflected polarised light, by XRD or TEM, described as follows.
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Figure 1.53.

Diagram of the film-boiling process for rapid pyrocarbon densification. (a) Diagram of the apparatu, (b) Main reaction involved with cyclohexane, (c) A profile of the densification, after Houdayer et al. [143] in 1984 and David et al. in 1995 [138].
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Figure 1.54

Pyrocarbons: Diagram showing kinetic domains and related microstructures of deposits (extinction angles). HeCR1 is the heterogeneous chemical regime, HoCR2 is the homogeneous chemical regime 2, MTR2 is a mass transfer regime after Féron et al. in 1998 [151].




7.2 Optical Texture of Pyrocarbons




The relations between process parameters (parent molecule, temperature, pressure and flow rate or residence time) infiltration rate or thermo-mechanical properties with structure have been extensively studied [144-152]. Reflected polarised light microscopy has been the main technique involved. The textural chart classically used to characterise the different pyrocarbons is based on the optical appearance of their polished transverse section under cross polars. After Bokros [152], authors agreed to differentiate between the laminar textures (smooth and rough), the granular texture and the isotropic texture.

An existence diagram was proposed first by Diefendorf [145], then by Loll et al. [150] for pyrocarbons formed by CVI from methane in the range of low to medium deposition temperatures. The more recent work documenting the existence of the different textures is that of Féron et al. [151]. Figure 1.54 shows the different kinetic domains and the corresponding microstructures of deposits (extinction angle Ae c.f. Section 7.3). At the lowest temperatures, smooth laminar pyrocarbons (SL) are observed for short residence times. Reflectance is low and cross-sections around fibres exhibit a smooth Maltese-Cross as shown in Figure 1.55 [153]. For longer residence times, rough laminar pyrocarbon (RL) is observed; it has a high reflectance and exhibits a contrasted Maltese-Cross. Rotation of the microscope stage shows a characteristic irregular extinction in relation to the high crystallinity and the mono-nucleation (Figure 1.52a). Rough laminar pyrocarbon has the highest crystallinity, it is graphitizable and has the best properties especially thermal conductivity (Table 1.5). If the residence time is too high then smooth laminar structures are observed again. As temperature increases a transition occurs with a texture known as granular texture. This texture results from the disturbance of the laminar pyrocarbon. When abundant, anisotropy is lost. Finally, tor the highest temperatures, isotropic pyrocarbon is formed. Isotropic pyrocarbon images in the microscope remain completely extinguished under cross-polars whatever the rotation of the stage.




7.3 Optical Anisotropy Measurement




The technique introduced by Diefendorf [155] uses the same reflected polarised microscope equipped with a rotating analyser. (See also Chapter 16 of this book). It provides an apparent measurement of Ro/Re ratio under the form of an extinction angle (Ae) scale (anisotropy). This scale is ranging from 10º-12º for smooth laminar pyrocarbon to about 23º-24º for rough laminar pyrocarbon. This scale concerns the laminar textures. There is no simple physical meaning of Ae applied to gianulai textures even if an ‘Ae’ value is obtained anyway on granular textures. Compared to the anisotropy as measured by XRD, this optical technique is useful to map out gradients in artifacts, for example.
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Figure 1.55.

Structure in pyrocarbons studied by polarized-light optical microscopy.

S1 = smooth laminar pyrocarbon.

R1 = rough laminar pyrocarbon.

I = isotropic pyrocarbon, after Doux in 1994 [153].
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Figure 1.56.

Polarized-light optical microscopy: Extinction angles. Extinction angle ‘Ae’ measurement under cross-polarized light. The extinction is obtained in the first quadrant (white arrow) by rotating the analyzer clockwise.




An example of an optical measurement is in Figure 1.56. Start with cross-sections and with the microscope equipped with a N.S. polarizer and a W.E. rotating analyzer, represented in Figure 1.56. A fibre with a thick coaling is selected to obtain an accurate value (>1 to 2 μm). In the WE position the rotative analyzer indicates Ae = 0º and the two polars are said lo be ‘crossed’. A Maltese-Cross can be observed. The measurement is made on the bisector of the first quadrant (white arrow). The analyzer is rotated clockwise so that the N and E branches of the Maltese-Cross fused together on the bisector. The quadrant becomes extinguished, and then becomes bright again. At the position of complete darkness the extinction ‘Ae’ angle can be read directly on the vernier micrometer of the analyzer.

If Ae is expressed in degrees, it can be seen that Ae is related to the reflectance anisotropy ratio Ro/Re by the simple relation:




Ro / Re = tg2 (45 + Ae)




It is to be noted that because of the subjective assessment of compensation, discrepancies between operators can occur on the same microscope. Also, because of the quality of the polarizers some microscopes exhibit aberrant values. Despite this, RL pyrocarbon shows values as high as Ae = 24º which are much higher than a value obtained from the theoretical graphite Ro/Re ratio (Ae = 19.5º). For these reasons Ae remains a comparative technique and is not an absolute measure of Ro/Re. For low temperature I-CVI, it is very convenient to classify the anisotropy of pyrocarbons with the scale proposed in Table 1.5 [141].




7.4 Preferred-Orientation and Structural Parameters Measured by XRD




Preferred orientation can be obtained on flal coatings following the technique introduced by Bacon [114] which gives the parameter Ι(ϕ), where ϕ is the angle that makes the c-axis normal to the anisotropy plane. Ι(ϕ), physically is the relative number of 002 poles per unit solid angle. The technique is close to that described previously for fibres (Section 6.3.3). Samples must be prepared according to the type of X-ray goniometer which is available [156,157].

The layer spacing d002 does not vary significantly with the deposition conditions. As reported by many authors, the values are in the range of 342-344 pm for high temperature pyrocarbons (1800 to 2000 ºC) and in the range of 342-346 pm for infiltration pyrocarbons (Table 1.5).




7.5 Preferred Orientation and Structural Parameters as Measured by Electron Diffraction




Currently, it is important to control the properties (anisotropy, GTE, elastic moduli, etc.) of different pyrocarbon layers making up a composite (e.g. interface, matrix structure). The only means to reach a nano-scale resolution is to use TEM techniques. Image analysis provides quantitative measurements from selected area diffraction patterns as described below [158].

An ion-milling technique has been extensively used [159,160]. The specimen preparation technique involves mounting the specimen in epoxy resin (containing A12O3 as a filler), followed by a mechanical thinning down to ≈ 100 μm and 3 mm in diameter, and a final ion-milling performed at 6 keV, 0.8 mA and 12º of incident beam (using a Duomill from Gatan, CA). The composite will then be thin enough for examination by any TEM technique.

A classical HR- TΕΜ analysis of the paracrystalline structure was first undertaken as shown in Figure 1.58. Here, the lateral growth encountered in P-CVD is compared to the columnar growth of the rough laminar pyrocarbon obtained by I-CVD [141]. The former is characterized by a high L2 ≈ 4 nm value with N ≈ 3, whereas the latter has a lower L2 value (L2 ≈ 2 nm) but a higher coherent stack height (N ≈ 5).

Orientation angle, OA, is determined by selected area electron diffraction (SAD) patterns corrected for the film response. Electron diffraction is the least sample-sensitive TEM technique. Artefacts related to amorphisation, internal stress release and so on, are minimised compared to high resolution TEM for example, which requires very thin slices. An aperture larger than 0.1 μm is used [158].

As anisotropy decreases, more and more domains are mis-aligned above the anisotropy plane. The reciprocal space, E*, gives rise to the polar distribution of the 002 spots as represented in Figure 1.57.
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Figure 1.57.

Distribution of carbon layers above the anisotropy plane: Real space (left) and the corresponding distribution in reciprocal space (right), after Oberlin et al. in 1979 [37].




Layers aligned parallel to the anisotropy plane (1) can be either tilted by an angle α relative to the z-axis (or incident direction) as represented by the domain (2), are twisted by an angle β as represented in (3). In reciprocal space, this misalignment above the anisotropy plane gives rise to the distribution of the intensity on the 001 sphere (of 1/d00ℓ radius). The electron diffraction pattern is a plane section of the reciprocal space (c.f. ‘P1’ in Figure 1.9f) where the two 002 arcs open perpendicularly to the anisotropy plane. Electron diffraction patterns give direct access to β-angle distributions because the wave-length of the electron beam is very short (λ = 1.969 pm at 300 keV). Thus, the Ewald sphere radius (1/λ) is large and can be considered as a plane in the analysed region.

The pattern measurement is obtained by an azimuthal scan of the Debye Scherrer 002 ring, in order to measure the arc openings. The distribution along the ring is fitted to two Gaussian curves (Figure 1.59c). The mean full-width at half-height is called ‘OΑ’, the orientation angle. Physically, it measures the mis-orientation of layers along the anisotropy plane.

The value of the interlayer spacing (d002) is obtained as well by a radial scan (Figure 1.59d) and a previous standardisation with a graphite pattern, obtained in similar conditions. An example of such a measurement is in Figure 1.60 on a cross-section of a micro-composite. A mechanical test specimen composed of a single carbon filament coated with 0.3 μm of dark laminar pyrocarbon (interphase) and a second layer of 3 μm of smooth laminar acts as a matrix. The different anisotropy values (OA) as well as d002-spacings of the fibre and the two pyrocarbons can be obtained [135]. In this way, it is possible to analyse the mechanical properties of C/C composites in a close relationship with the structure.
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Figure 1.58.

Micrographs of 002 dark-field lattice fringe imaging.

Lateral and columnar growth in low temperature pyrocarbons.

(a) Pulse-CVD laminar pyrocarbon (HTT = 1000 ºC, P = 3 kPa of C3H8 and tR = 10 sec) with a lateral growth: Ae = 20º, L2 = 4 nm (15 nm max.), L1 = 1 nm and N = 3.1.

(b) I-CVD laminar pyrocarbon (T = 1050 ºC, P = 4.7 kPa of C3H8 and Q = 40 cm3 min-1) with a columnar growth: Ae = 20º, L2 = 2.3 nm (6 nm max.), L1 = 0.85 nm and N = 4.8, after Dupel et al. in 1995 [141].
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Figure 1.59.

Examples of quantitative electron diffraction.

(a) Selected area diffraction pattern of smooth laminar pyrocarbon.

(b) Radial and azimuth scan of the 002 Debye-Scherrer ring.

(c) Gaussian fit of the two 001 arcs along the azimuth scan: OA is the angle at Full Width-Half Height (FWHH).

(d) d002-spacing measurement deduced from the radial scan (arrow), after Bourrat et at. in 2000.
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Figure 1.60.

Structure in carbon/carbon/carbon micro-composite with an interface Ic (less orientated than the matrix).

(a) Inset is the low magnification.

(b) is a dark-field micrograph showing the fibre, the interphase and the matrix, after Trouvat in 1996 [135].




8. Conclusions






					
Polymorphism of carbon is due to the hybrid sp, sp2 and/or sp3 carbon orbitals as well as the slightly distorted sp2 bonding of fullerene. The bonds in diamond, within the plane in graphite and in fullerene molecules, C60, are the strongest covalent bonds in nature. Diamond, graphite and fullerene are the three main allotropie forms of carbon. These strong covalent bonds lead to some exceptional intrinsic properties:




					
Diamond is the hardest crystal in nature with the highest room temperature thermal conductivity.




					
Graphite, within the graphene plane, has the highest elastic modulus (stiffest material), and an exceptional thermal stability, etc.




					
The vast majority of engineering carbons have a sp2-based carbon structure and are derivative forms of the graphite allotrope. The very high anisotropy of graphite (strong in-plane, and very weak interlayer bondings), and the presence of a wide variety of defects result in the many artefacts and materials developed by industry.




					
The accuracy of a structural description of a carbon is fundamental because structure is the central property of carbons, controlling all other properties. The structural techniques described in this Chapter are useful for characterizing the paracrystalline structure of carbons.




					
It is stressed that the so-called crystallites (small graphite crystals) are exceptional. Mostly, carbon artifacts are based on the turbostratic form. In this case, the structural unit is the carbon layer itself. It is a two-dimensional ‘crystal’ (but contains point-defects, lattice disclinations, hetero-elements, etc).




					
On a nanometric scale, layers form turbostratic stacks (piles). The different coherent lengths measured by diffraction techniques (XRD, TEM) La, Lc, the interlayer distance d002 and P1 are used to describe the stacking order.




					
On a micrometrie scale, layers are organised more or less parallel in domains (optical domains) or molecular orientation domains (TEM dark-field technique).




					
Finally, the macroscale is the scale of texture. Some carbons are isotropic down to the nanometric scale as isotropic graphite, others are organised with a spherical symmetry as in carbon blacks, or with an axis symmetry as in round fibres and finally with a planar symmetry as in pyrocarbons.


9. Glossary of Terms and Symbols











	Amorphous

	amorphous carbons form clusters or films of carbon atoms without long-range crystalline order.




	Carbon

	carbon as a solid is a material which contains more than 90 wt % of elemental carbon (regular heteroatoms are H, O, N, S etc.).




	14C

	radioactive isotope of carbon generated in the upper atmosphere with a half-life of 5730 years (dating back 30000 years).




	13C

	stable isotope of carbon (abundance 1.1 %) with its magnetic moment (spin 1/2) is ideal as a probe for NMR studies.




	CVD

	chemical vapour deposition: pyrocarbon densification processing.




	Diamond

	metastable form of carbon at room temperature, stable at high pressure, characterized by a cubic form and the highest atomic density known in nature (3 different diamonds are recognised: (i) natural, (ii) high-pressure/high-temperature and (iii) low pressure CVD).




	Diamond-like

	diamond-like carbons (DLC) are non-crystalline carbons which contain a mixture of both sp2 and sp3 bonding and have large concentrations of hydrogen.




	Disclination

	torsional defect of a crystalline surface or liquid crystal (pentagons are disclinations which introduce a disclination of π/3 within a hexagonal array).




	Fullerene

	molecular allotropes of carbon, composed exclusively of carbon atoms in sp2+ε state (the most stable is C60).




	Fullerite

	molecular crystal constituted of fullerenes.




	d002-spacing

	mean interlayer spacings between 002 basal planes.




	Glassy carbon

	glass-like or vitreous carbon is a monolithic non graphitizable carbon with a very high isotropy of structural and physical properties and with a very low permeability for liquids and gases (it is non-machinable).




	Graphite

	allotropic form of the element carbon consisting of layers of hexagonally arranged carbon atoms in planar condensed ring systems (depending on the stacking sequences, two polytypes exist: 2H or ‘α’ and 3R or ‘β’).




	Graphene

	graphene structure defines the single hexagonal carbon plane (perfect 2D-structure).




	Graphitization

	solid state transformation of thermodynamically unstable carbon into graphite by thermal activation (the degree of graphitization depends upon temperature and time of annealing).




	Graphitizable

	carbon which can be transformed into graphite solely by heat-treatment up to 3000 ºC (also known as a soft carbon).




	La and Lc

	coherent lengths or volume of atoms diffracting coherently, respectively in the plane and in the stack (La x Lc defines the coherent domain).




	Mesophase

	liquid crystalline state of some carbons (and organic precursors) which shows the optical birefringence of discotic nematic liquid crystals.




	Bulk mesophase

	continuous anisotropic phase (related to Brooks and Taylor morphology resulting from the ‘self-assembly’ of large polynuclear hydroaromatic molecules from the isotropic phase of a carbonization.




	MOD

	molecular orientation domain (or optical domain or local molecular orientation): quantitative description of the spatial arrangements of layer planes of carbon.




	Modulation function

	is the interference function modelled to describe the 3D-order (e.g. P1).




	Nanotube

	nanotubes consist of a single graphene sheet rolled to form a cylinder of hexagonal rings (either infinite in length or with caps at each end such that the two caps can be joined to form a fullerene). 3 types are distinguished: armchair, zig-zag and chiral tubes (MWNT: multi-wall structures are nested tubes).




	Non-graphitizable

	carbon which cannot be transformed into graphite solely by heat-treatment to 2800-3000 ºC (also known as a hard carbon).




	Paracrystalline

	defines the defective structures of derived forms of graphite (their main character is the turbostratic stacking (non-ordered) of layers containing defects.




	P1

	probability of a pair of neighbouring layers having a graphite orientation: accepted as the degree of graphitization (P1 increases from 0 for turbostratic carbon to 1 for graphite).




	R0

	ordinary reflectance.




	Re

	extraordinary reflectance.




	Scherrer equation

	L = Κλ/βcosβθ, where L is the coherence length, λ is the wavelength (154.18 pm for CuKα1+2), β is the width at half-peak height, θ, the Bragg angle of the diffraction line or band, and K is the Scherrer parameter.




	Structural unit

	the structural unit is the carbon layer (in graphite the unit is a crystallite with a true 3-D-structure).




	Turbostratic order

	structure of graphitic (graphene) layers stacked one over the other with a mutual random orientation.
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CHAPTER 2. New Structures in Carbon-Based Materials




Jaroslav Fiala




1. Structural Forms of Carbon




Carbon occurs in a great number of forms. These forms differ from each other in the way the carbon atoms are bonded to each other. As a consequence, these forms of carbon differ greatly in their structure and properties. A free standing carbon atom has four valence electrons: two in the 2s orbit and another two in the 2p orbit. These electrons combine in various ways when forming covalent bonds between the individual carbon atoms to create different solid carbons. Each of these solid carbon phases is formed from carbon atoms hybridised in an sp3, sp2 and/or sp state. The structure of diamond [1] is face- centred cubic with interatomic distances of 0.154 nm. It is completely formed from tetrahedrally bonded sp3 carbons. Each atom is covalently bonded to four other carbon atoms; these four bonds are equivalent and are directed towards the corners of a regular tetrahedron, making angles of 109º with each other.

The structure of graphite [2] can be described as layers of carbon atoms with strong localised trigonal bonds (sp2) having an interatomic distance of 0.142 nm and making angles of 120º with one another in the basal plane. The fourth electron in the outer shell is a ‘free’ π-electron; it forms a weak bond of the van der Waals type between the planes, which is indicated by an interlayer spacing of 0-335 nm. The π-electrons may be described as a two-dimensional electron cloud between the layers. This accounts for such properties of graphite as good electrical conductivity, lubrication, lower density, greyish-black appearance, and softness which are in contrast to the properties of diamond. Carbynes, cross-linked linear allotropes of carbon, are primarily formed from linearly (diagonally) bonded sp-hybridized carbons. But cross-linking, which is critical to the structure of carbynes, requires additional sp2 and/or sp3 bonds.

This cross linking yields various planar and spatial structures such that at least six different forms of carbynes have been reported up to now. Similarly, a whole series of the so-called graphite polytypes may be derived from different sequences of the hexagonal sp2 bonding the three-connected stacking layers of carbon atoms which form the building unit of the graphite structure. There can be distinguished (a) the hexagonal polytype, which is the ordinary form of graphite, (b) rhombohedral graphite and (c) a number of intermediate forms. Even sp3 bonded diamond occurs in a number of forms [3]. There exist (a) cubic diamond (the ordinary form of diamond), (b) hexagonal diamond (lonsdaleit) (Figure 2.1.) and (c) several other diamond polytypes (Figure 2.2). The atomic arrangements of graphite and diamond are as in Figure 2.3, which clearly indicates the similarities and differences expected in the properties of these materials. The graphitic sp2 bonding is similar to that of benzene, creating strongly bonded two-dimensional planes, but with weak bonding between the planes.
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Figure 2.1.

Atomic arrangements in cubic diamond and hexagonal lonsdaleite. The {111} planes of diamond are composed of puckered hexagonal rings of carbon atoms. The {001} planes of lonsdaleite are identical to these diamond {111} planes. The difference in the two structures is in the stacking of these planes.
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Figure 2.2.

Both graphite and diamond structures can be viewed as a stacking of infinite layers of carbon atoms.




On the other hand, the four equivalent sp3 bonds in diamond form a strong, uniform three-dimensional framework. But, even the structure of diamond may be exhibited as a sequence of ‘undulating’ layers resembling the layered structure of graphite. In addition to the different polytypes of diamond or graphite, which are typically crystalline substances with regular periodic structures, there is also a number of carbon forms with disordered or even amorphous structures (like soot). The most common form of amorphous carbon is sp2-rich, although the ratio of sp2 to sp3 bonding varies under appropriate conditions. A form known as glassy carbon can be produced by pyrolysis. It can be thought of as tangled ribbons of graphite, containing curved sheets of almost entirely six-membered rings. These curved sheets are stacked with a spacing similar to that found in graphite. Other sp2-rich forms of ‘amorphous’ carbon have been produced by magnetron sputtering and thermal sublimation of graphite. These lack crystalline ordering within the sheets as well as stacking periodicity and contain significant fractions of non-six-membered rings.
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Figure 2.3.

Schematic diagrams showing the similarities in the crystal structures of diamond and graphite. The hydrogen atoms bonded to the surface carbons depict their role in stabilizing the diamond surface structure.




Sometimes, several forms of carbon appear simultaneously, e.g. in diamond and diamond-like chemical vapor deposited (CVD) thin films [4,5] where are encountered both sp3 bonding along with sp2 and sp1 bonding, both being crystalline and amorphous, pure carbon or hydrogenated carbon. It is interesting that in these films, diamond does not grow directly from graphite but from hydrocarbons [6,7] that are produced in the CVD process by hydrogenation of graphite. Still, a marked epitaxial relationship exists between the resulting diamond and the parent graphite. In fact, hydrogen atoms bonded to the surface stabilize the diamond structure [Figure 7.3), viz. the sp3 bonding of carbon atoms in their ‘undulating’ arrangement [8], and, at the same time atomic hydrogen serves as a selective etchant, removing graphite but not diamond. Without the hydrogen atoms bonded to the carbon atoms, which act as network terminators, the ‘undulating’ diamond layers would collapse into the planar graphite layers. Making use of these hydrogens that stabilize the ‘undulating’ (uneven or curved) diamond layers [9,10], it is possible to produce diamond (with considerable efficiency of 50 μm h-1 to 1 μm h-1) at mild temperatures and ambient pressures [11], contrary to the conventional General Electric high pressure (5 to 10 GPa) - high temperature (1500-2000 ºC) process. Irrespective of whether the diamond is produced from vapor or from melt, epitaxy plays an important and even decisive role. So, it can be said that the mystery of effective diamond production rests in the art of making proper use of epitaxy. It is another illustration of the great importance of geometry. The same atoms (of carbon), arranged according to different geometric patterns form substances of profoundly different properties (diamond, graphite, soot). And if it is needed to produce a form of carbon with desirable properties, then it is necessary to control the geometrical arrangement of its atoms. It can be done best when using another crystal the structure of which mimics the desired geometric pattern that may serve as a template (seed) for the produced (grown) carbon (epitaxy).

One special feature of carbon is the way of transforming the irregular structure of the starting carbonaceous matter [12] into the perfect structure of graphite (Figure 2.4). In fact, small deviations from the ideal graphite structure represent the heritage of these irregular precursors (Figure 2.5). These are:




1. Stacking disorder,

2. Turbostratic disorder (in-plane rotations and translations),

3. Tilt disorder (deviation from parallelism between the basal planes),

4. Interstitial strings along the hexagonal axis (which are unusually stable, deforming locally the graphitic planes) - graphite intercalation.




[image: ]




Figure 2.4.

From irregular structure of carbonaceous matter to perfect structure of graphite.
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Figure 2.5.

Small distortions of nearly perfect graphite structure.




If the structure of carbonaceous matter is distorted too much [13], the order cannot be created any more. There are the non-graphitizing carbons (Figure 2.6). But, the curvature of carbon-based materials cannot be considered simply as an error, i.e. as a deviation from the ideal structure. In 1985, Kroto et al. [14,15] discovered a new spheroidal form of carbon, the so-called fullerene (Figure 2.7) the curvature of which is quite correct.
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Figure 2.6.

Strongly distorted structure of non-graphitizing carbons.
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Figure 2.7.

Spheroidal forms of carbon.




2. Fullerene Growth - Kinetics




While graphite is composed of flat layers, the ‘undulating’ layers forming the structure of diamond are locally curved and the molecule of fullerene represents an intrinsically curved structure (Figure 2.8). The cage-like molecules of fullerenes [16] constitute the third allotropie form of carbon (Figure 2.9). A whole series of fullerenes are established today (Figure 2.10) of which C60, the archetype, is the most spherical molecule that can exist. It was discovered in experiments probing laser vaporization of graphite [17]. It has been found in interstellar space (where fullerene is created by processes that take place in red giant stars) as well as on the earth (e.g., in the soot of a candle flame [18]). Fullerene is formed in a condensing carbon vapor, where linear carbon chains link together to form graphitic sheets. These free-floating graphitic sheets have no atoms to tie up the dangling bonds on their edges. Therefore, they have little reason to remain flat. The physical tendency to reach the lowest energy level available induces the sheets to eliminate their dangling bonds by curling up.
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Figure 2.8.

Fullerene and schematic showing the relationship between the crystal structure of the three forms of carbon and their relative binding energies per carbon atom. Under normal conditions there are energy barriers present that prevent the spontaneous conversion of C60 to diamond or graphite.
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Figure 2.9.

Comparison between fullerenes, diamond and graphite.

Top left: sp3 diamond; Top right: sp2 graphite; Bottom left: sp2 buckminsterfullerene C60; Bottom right: sp2 C70.




Thus, the fullerene, with its closed-cage molecule [19,20], is the first pure form of carbon. It is the only pure, finite form. The other two, diamond and graphite, are actually infinite network solids. In the real world, one usually deals with pieces of diamond cut out from larger bulk crystals. Under normal conditions, the surfaces of such a piece are instantly covered with hydrogen, which ties up the dangling surface bonds, satisfying the tetra-valency of carbon. Graphite is much the same. No piece of diamond, therefore, can ever be truly pure under normal conditions. The fullerenes, on the other hand, need no other atoms to satisfy their chemical bonding requirements on the surface. In this sense, the fullerenes are the first and only stable forms of pure, finite carbon. In general, the growing graphitic sheets will not close up (Figure 2.11). The growing edge will overrun the opposite side and further growth will result in a spiralling nautilus-shaped (onion-like) structure.
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Figure 2.10.

The set of fullerenes displaying enhanced stability.
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Figure 2.11.

Diagrammatic representation of a carbon vapour nucleation scheme proposed for the formation of concentric shell graphite micro-particles. C60 is produced by a modification of this process in which the edges meet and seal to form a closed cage.




The molecule of fullerene (C60) represents a truncated icosahedron cage [21] with 60 vertices (occupied by carbon atoms), 90 edges and 32 faces (20 hexagons and 12 pentagons) (Figure 2.12). The name of this carbon form —fullerene or buckminsterfullerene— (CAS registry number 99 685-96-8) has been derived from the similarity of its molecule shape with the geodesic domes of the architect Buckminster Fuller.
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Figure 2.12.

The molecule of buckminsterfullerene C60. (CAS registry number 99685-96-8).




As a by-product during fullerene generation in a carbon arc plasma, graphite nanotubes of a new tubular (again intrinsically curved) form of carbon [22] have been discovered. In contrast to the carbon nano-fibres grown from the catalytic decomposition of certain hydrocarbons over small metal particles such as iron, cobalt, nickel and their alloys which are generated in many different conformations, fullerene related tubules are made of a single-layer graphitic hexagon network (Figure 2.13). The enclosure of a tube made of hexagons [23] requires a pentagon which introduces positive Gaussian curvature while heptagon introduces negative Gaussian curvature.

Recently, the negatively curved graphitic sheet forms of carbon (schwarzites) have been found [24] in the thermally evaporated amorphous carbon grown on various substrates. The flat graphitic sheets composed of six membered rings of three-connected sp2 carbon atoms can be curved into tubules, fullerenes (by introducing five-membered rings) or schwarzites [25] (named after the German mathematician Hermann Amandus Schwarz: 1843-1921) by introducing seven- or eight-membered rings (Figure 2.14), Schwarzites represent the periodic minimal surfaces with the negative Gaussian curvature (Figure 2.15). As shown in Table 2.1, some negatively curved structures are thermodynamically even more stable than fullerene [26]. They are also periodic minimal surfaces. The periodicity of these structures ensures infinity which is prerequisite for the elimination of the dangling bonds. The condition that these surfaces are minimal minimizes elastic strain energy of the surface [27,28].
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Figure 2.13.

Tubular graphitic carbon structures.
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Figure 2.14.

Geometry of curved sheets.
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Figure 2.15.

Schwarz’P surface. The simplest periodic minimal surface.





Table 2.1.

Stability of various forms of carbon expressed in terms of energy per atom relative to graphite. (D, P, and G are periodic minimal surfaces with negative Gaussian curvature; D168 is a carbon structure with 168 atoms on the D surface within the cell, etc.).












	Structure

	  

	eV/C




	Graphite

	
	0.00




	Diamond

	
	0.02




	FCCC60

	
	0.42




	Schwarzite D 168

	
	0.22




	Schwarzite D 216

	
	0.18




	Schwarzite P 192

	
	0.19




	Schwarzite P 216

	
	0.20




	Schwarzite G 216

	
	0.17




	Schwarzite D 216

	
	0.16




	Schwarzite P 216

	
	0.17









3. Dangling Bonds




The drive of the structure toward closure and, thus the curvature is governed by the energy released as a result of elimination of the edge dangling bonds (Figure 2.16) and is effectuated in substituting some of the ordinary graphite six membered rings by five- or seven- (eight-) membered rings (Figure 2.17). And, again, geometry controls chemistry: the curvature of the carbon structures influences their reactivity and bonding. As the σ-bonds deviate from planarity, carbon atoms are re-hybridized and a π-orbital is no longer of p-character and the σ-orbitals no longer contain all of the s-character (Figure 2.18). The strain of the curved carbon structures (which is tremendous especially in the spheroidal structures) is another factor influencing the chemistry. And, last but not least, modification of the surface topology allows encapsulation of foreign materials within hollow-cage structures [29,30] and even induces superconductivity of metal doped fullerenes [31], which seems to be caused by intra-cage vibrations. This last point has been confirmed by the recent discovery that transforming the layered structure into the closed-cage structure increases the superconductivity transition temperature in mineral murdochite.
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Figure 2.16.

Hydrogen atoms (open circles) replacing pentagon carbons; hexagon and pentagon carbons are shown as filled (hatched) circles.




Why do the curved structures of carbon exist even if they are less stable than graphite? It is for kinetic reasons. The end-product of the reaction is not the most stable one, but the one that is created faster than all the others. The rate of transition is inversely proportional to the activation energy, which, in turn, depends on the similarity between the starting structure and the structure of the product. The greater the similarity, the faster the transformation. That is why the disordered (curved) structures transform rather to the less stable (but curved) fullerene (or other regular curved forms of carbon) than to more stable graphite, the structure of which is so different from that of curved precursors (Figure 2.19). The graphitic sheets have no atoms to tie up the dangling bonds on their edges. The physical tendency to reach the lowest energy level available induces the sheets to rearrange their bonding, so pentagons are formed making the network curve and permitting at least one carbon-carbon bond to replace the two dangling bonds (Figure 2.20).
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Figure 2.17.

A single pentagon (heptagon) may be sufficient to form a twisted nucleus of a curved structure.
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Figure 2.18.

Re-hybridization as a function of pyramidalization angle.
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Figure 2.19.

The free enthalpy spent along the reaction pathway depends on the similarity between the starting structure and the structure of the product.
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Figure 2.20.

Formation of fullerene by curling up graphitic sheets; (P = pentagon, H = heptagon).




The plane sections of the connected aromatic layers of the carbon structure reveal the marked curvature. When dividing the curved layers into regions of constant curvature, we get a kind of Fourier expansion of the structure into modes of different curvature (Figure 2.21). And it is obvious that the rate of transition of a disordered material into a regular structure with the given radius of curvature will be proportional to the abundance of the structural mode corresponding to this radius. This is the principle of the curvature inheritance in the structure of carbon-based materials and the key for its engineering.
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Figure 2.21.

Dividing curved graphitic layers into regions of constant curvature.




Curvature, a fundamental geometrical feature of the carbon-based materials, which is rooted either in the structure of carbon precursor materials or in the physical tendency to eliminate the dangling bonds on edges of the graphitic sheets by curling up, strongly affects their properties, reactivity and structural variability.
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CHAPTER 3: Carbon Materials for Nuclear Energy Applications




Timothy D. Burchell




1. Introduction




Nuclear fission has been harnessed as a commercial energy source for about forty years. Carbon materials played a vital role in the development of fission reactors, both for the generation of electric power and the production of weapons grade materials. Today, there are numerous graphite moderated, power producing, fission reactors operating world-wide. The greatest numbers are in the U.K. (gas-cooled) and in the countries of the former Soviet Union (water-cooled).

Graphite and carbon materials (carbon-carbon composites and pyrolytic graphite) also play important roles in fusion reactors. Nuclear fusion reactors are still at the experimental stage in their development, and only exist at a handful of sites world-wide. However, if the enormous technical difficulties associated with the design, development, construction and operation of a power producing fusion reactor can be overcome, they offer the tantalizing possibility of abundant energy (electricity) in the next century.

The processes of nuclear fission and fusion are quite different, and harnessing the energy produced from these nuclear processes requires the use of very different reactor concepts. In nuclear fission, energy is derived when a heavy element such as 92U235 fissions or ‘splits’ apart. The fission reaction can be written as:










	92U235 + 0n1 → 92U236* → F1 + F2 + n + energy

	(Equation 3.1)








Typically, an impinging neutron initiates the fission reaction, and the reaction yields an average of 2.5 neutrons per fission. The fission fragments (F1 and F2 in Equation 1) and the neutron possess kinetic energy which can be degraded to heat and harnessed to raise steam and hence drive turbine generators. As will be discussed later, the role of carbon in the fission reactor is to facilitate the nuclear chain-reaction by moderating the high-energy fission neutron.

In a fusion reactor a totally different nuclear reaction occurs. Light elements are bought together at enormous temperatures and ‘fuse’ to form a heavier element with energy being released in the process. The energy of our sun and the stars is derived from the fusion of light gases. There are numerous reactions that could be utilized in a fusion reactor. However, the fusion reaction that has been most widely studied (because it is the easiest to sustain) is the deuterium-tritium reaction, which involves two isotopes of hydrogen:










	1H2 + 1H3 → 2He4 + neutron + energy

	(Equation 3.2)








Carbon and graphite materials play no direct part in the fusion process. However, their role in the experimental machines (tokamaks) constructed to study hot fusion plasmas (ionized gases) is crucial to maintaining the high temperature (energy) plasma required to initiate and sustain the fusion reaction.

The exploration of the outer solar system requires long-lived energy sources to power the complex electronic systems of a space probe. Solar energy alone is insufficient to power these systems when spacecraft journey to the outer planets. Therefore, a nuclear power source is frequently used. The self-decay of 238Pu provides sufficient heat to drive thermal-electric cells for this purpose. Carbon materials have been used for thermal insulation, ablation, thermal-shock and impact energy absorbing materials in the re-entry protection system of several U.S. designed radio-isotopic thermal electric generators (RTGs). For example, NASA’s recent Ulysses, Galileo and Cassini spacecraft all had carbon materials in the re-entry protection system of their nuclear power sources.

The carbon materials used in the three nuclear applications described above are somewhat different. For example, graphite is used in fission reactors, graphite and carbon-carbon composites in fusion reactors, and both porous and dense carbon-carbon composites are used in space nuclear applications. The manufacture of these various forms of carbon is described elsewhere [1-5]. In each application the carbon materials play a different role. However, all three applications involve hostile environments and severe conditions, requiring exceptional material properties. The deleterious environments encountered by the carbon materials in these applications include extremely high temperature, damaging neutron and particle fluxes, thermal shock and oxidative conditions. The use of carbon materials in each of the above nuclear applications will be discussed in subsequent Sections or this Chapter, as will the rationale for their use and the effects of service environment on their properties. The mechanism of neutron irradiation damage is discussed and its effect on key materials properties are described.




2 Fission Reactor Applications


2.1 Background




Nuclear fission reactors produce thermal energy from the fission of heavy isotopes such as 92U235 (Equation 1). The kinetic energy of the fission fragments is degraded to heat by successive collisions within the body of the uranium fuel mass in which the fission occurred. The fission neutrons give up their energy within the moderator via the process of elastic collision. The γ-energy given up in the fission reaction is absorbed in the bulk of the reactor outside of the fuel, i.e., moderator, pressure vessel and shielding. During the fission process, the longer a neutron dwells in the vicinity of a nucleus of a fuel atom the greater the possibility it will be captured, and can therefore cause the fuel atom to fission. It is desirable, therefore, to slow the high-energy (≈ 2 MeV) fission neutron (referred to as a fast neutron) to lower (thermal) energies of ≈ 0.025 eV at room temperature, which corresponds to a velocity of 2.2 x 105 cm s-1. The process of thermalization, or slowing down, of fast fission neutrons is referred to as ‘moderation’. The material in a thermal reactor (i.e., a reactor in which fission is caused by neutrons with thermal energies) which is responsible for slowing down the fast fission neutrons is referred to as the ‘moderator’.




2.2 Moderator Materials Selection




A good moderator material must not react with neutrons, because if they are captured in the moderator they cannot sustain the fission process. Moreover, neutrons should be slowed down over short distances and with few collisions in the moderator. Ideally, the moderator will be inexpensive, yet will be compatible with the other materials used in the reactor core and satisfy the core structural requirements. Finally, it is preferable that the moderator should not undergo any damaging physical or chemical changes when bombarded with neutrons.

A good moderator should efficiently thermalize fast neutrons through the process of elastic collisions. The maximum energy lost per collision occurs when the target nucleus has unit mass, and tends to zero for heavy target elements. Low atomic number (Z) is therefore a prime requirement of a good moderator. Thermalization of a neutron takes place over many collisions, the maximum energy being lost in a head-on collision, although elastic collisions can take place at many angles. We must also take into account the number of atoms per unit volume (density) of the moderator, and the chance of a scattering collision taking place. A frequently used ‘figure of merit’ applied when assessing moderators is the slowing-down power, which accounts for the average energy loss per collision, the number of atoms per unit volume, and the scattering cross-section of the moderator. To gain a full picture of the performance of a material as a nuclear moderator its slowing-down power (which should be large) must be compared with its tendency to capture neutrons (capture cross-section) which should be small. Therefore the ratio of the slowing-down power to the macroscopic absorption (capture) cross-section, or moderating ratio should additionally be considered when evaluating potential moderators. The slowing-down power and the moderating ratio for several candidate moderators are given in Table 3.1.

In practice, the choice of moderating materials is limited to a few elements with atomic number less than sixteen. Gases are of little use as moderators because of their low density, but can be used in chemical compounds such as H2O and D2O. The selection of materials that are available rapidly reduces to the four shown in Table 3.1. Water is relatively unaffected by neutron irradiation, is low-cost, and easily contained. However, the moderating ratio is reduced by neutron absorption in the hydrogen, requiring the use of enriched (in U235) fuels to maintain the neutron economy. Heavy water is a good moderator because 1H2 and 8O16 do not absorb neutrons. The slowing-down power is high, and therefore the moderating ratio is very large. Unfortunately, the cost of separating the heavy hydiogen isotope is high. Beryllium or beryllium oxide are good moderators but are expensive, difficult to machine and suffer from toxicity problems. Lastly, graphite is an acceptable moderator. It offers a compromise between nuclear properties, utility as a core structural material, and cost. Unfortunately, the properties of graphite are markedly altered by neutron irradiation, as discussed in Section 4.




Table 3.1.

The properties of good moderators [6].












	
Moderator

Material


	
Slowing-Down Power

(cm-1)


	
Moderating

Ratio





	Graphite (C)

	0.064

	170




	Beryllium (Be)

	0.176

	159




	Water (H2O)

	1.530

	  72




	Heavy Water

	
	



	(Deuterium or (D2O)

	0.370

	  12,000









2.3 Graphite Moderated Reactors


The use of carbons and graphite in fission reactors was reviewed recently by Burchell [7]. For the reasons outlined above, the earliest experimental fission reactors used graphite as their moderators. For example, the Chicago Pile No. 1 (CP-1), constructed under the stands at Stagg Field. University of Chicago, by Emico Fermi [8] in 1942 used grade AGOT graphite manufactured by the National Carbon Company. It was in CP-1 that Fermi and his team achieved the word’s first nuclear chain reaction on December 2, 1942. Subsequently, the early weapons materials production reactors constructed in the U.S.A., U.K., France and the former U.S.S.R. were graphite-moderated reactors. Moreover, the first electric power generating fission reactors were also graphite moderated, and it is the basic design features and operational challenges of such reactors that are discussed here.
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Figure 3.1.

The essential features of a typical graphite-moderated, gas-cooled, power producing nuclear fission reactor.




The essential features of a typical graphite-moderated, gas-cooled, power producing nuclear fission reactor are shown in Figure 3.1. The reactor core comprises of stacks of graphite moderator blocks that are usually keyed to one another such that mechanical loads may be transmitted through the core. The graphite moderator is penetrated vertically with a series of channels into which fuel stringers may be placed via the reactor charge face using the re-fuelling machine. The fuel, which may be natural uranium (a mixture of U238, U235, and U234) or enriched (in U235) uranium, is typically contained in a metal sheath. The sheath or ‘cladding’ is usually a light alloy such as aluminum or magnesium, or can be stainless steel (requiring enriched fuel) if a higher fuel temperature is desirable (> 600 ºC). The fuel cladding and fuel stringer structural material may be one and the same, as in the UK Magnox design [7], or the fuel may be in the form of steel clad ‘pins’ arranged in graphite fuel sleeves which are joined to one another and form the fuel stringer. The UK Advanced Gas Cooled Reactor (AGR) is an example of this latter configuration [7]. The metallic fuel clad retains the gaseous fission products that migrate from the fuel during the fission reaction, and prevents direct contact between the coolant fluid and the fuel.

An alternate core layout utilizes integral fuel/moderator elements in which the uranium fuel is placed directly into cavities in the moderator block, and the entire block is discharged from the reactor when the fuel is spent. In this design of fuel element the fuel is typically a ceramic (UO2 or UC9), and is over-coated with layers of SiC and pyrolytic graphite [7]. The coated fuel particles are usually formed into fuel pucks or fuel rods, but may be consolidated into fuel balls or ‘pebbles’ [7]. The SiC and carbon layers act as the fission product barrier and negate the use of a metallic fuel clad, allowing the reactor core to operate at very high temperatures (> 1000 ºC). The US designed Modular High Temperature Gas Cooled Reactor (MHTGR) and Japanese High Temperature Test Reactor (HTTR) are both examples of gas cooled reactors with high temperature ceramic fuel.

Additional vertical channels in the reactor core house the reactor control rods, which regulate the fission reaction by introducing neutron-absorbing materials to the core, and therefore reduce the number of neutrons available to sustain the fission process. When the control rods are withdrawn from the core the self-sustaining fission reaction commences. Heat is generated by the moderation of the fission fragments in the fuel, and by the moderation of fast neutrons in the graphite. The heat is removed from the core by a coolant, typically a gas, that flows freely through the core and over the graphite moderator. The coolant is forced through the core by a gas circulator and passes into a heat exchanger/boiler (frequently referred to as a steam generator). The primary coolant loop (i.e., the reactor coolant) is maintained at elevated pressure to improve the coolant’s heat transfer characteristics and therefore a pressure vessel surrounds the reactor core. A secondary coolant (water) loop runs through the heat exchanger and cools the primary coolant so that it may be returned to the reactor core at a reduced temperature. The secondary coolant is raised to steam temperature and is passed to a turbine where it gives up its energy to drive an electric generator. Hot all graphite-moderated reactors are gas- cooled. In most water-cooled, graphite-moderated reactors the water coolant passes through the core in zirconium alloy tubes at elevated pressure before being feed to a steam generator.

The reactor core and primary coolant loop are enclosed in a concrete biological-shield which protects the reactor staff and public from gamma radiation and fission neutrons, and also prevents the escape of radioactive contamination and fission product gases that originate in the fuel pins/blocks. The charge face, re-fuelling machine and control rod drives are housed in a containment structure which similarly prevents the spread of any contamination. Additional necessary features (not shown in Figure 3.1) of a fission reactor are: (a) the re-fuelling bay, where new fuel stingers or fuel elements are assembled prior to being loaded into the reactor core; and (b), a discharge area and cooling ponds where spent fuel is placed while the short-lived isotopes are allowed to decay before the fuel can be reprocessed.




2.4 Reactor Environmental Effects




During reactor operation the graphite moderator is subjected to a number of damaging environmental effects. The most significant of these effects is neutron irradiation damage, which is discussed in Section 4. Other environmental effects include temperature, which markedly changes the physical properties, and radiolytic and thermal oxidation. Thermal oxidation becomes significant at higher temperatures (> 300 ºC) in the presence of air or water, e.g., in air-cooled reactors, or during tube-break accidents in water-cooled reactors and air/water ingress accidents in gas-cooled reactors. In CO2, cooled, graphite moderated reactors, such as the Magnox and AGRs in the U.K., radiolytic oxidation is a significant effect that must be carefully monitored because it is potentially life-limiting for this type of reactor.


The reaction responsible for the radiolytic oxidation of graphite may be written as:











	CO2 + radiation energy → CO2* (activated state)

	(Equation 3.3)




	CO2* + C (graphite) → 2CO

	(Equation 3.4)









The exact nature of the activated species has been the subject of considerable study [9-11] but is generally accepted to be the negatively charged ion CO3-. The oxidation reaction occurs at temperatures well below those at which thermal oxidation becomes significant. Although the reaction is slow it can lead to significant mass loss from the moderator during its lifetime. The reaction takes place mainly in the graphite pores which are accessible to the gas, and the reaction rate is proportional to the rate of energy deposition in the gas, and hence approximately to the coolant pressure. The oxidizing (activated) species can be deactivated in the gas phase by interaction with gas phase additives or inhibitors such as carbon monoxide, water, hydrogen or methane. The reaction of the activated species with an inhibitor produces a solid carbon deposit on the surface and pore walls of the graphite. The carbon deposit acts as a sacrificial layer that protects the graphite moderator by being oxidized as the oxidizing species reach the graphite surface. The presence of inhibitors in the coolant does not completely arrest graphite moderator oxidation, but reduces its rate to a more manageable level.

Radiolytic oxidation changes most of the important properties of graphite, including strength, elastic modulus, work of fracture, thermal conductivity and diffusivity, but does not alter the thermal expansion coefficient or Poisson’s ratio (see Chapter 14). The effects of radiolytic oxidation on the properties of a wide range of graphites have been studied in the U.K. [9,10,12] where it was found that they are reasonably described by a series of exponential relationships:












	Strength

	σ = σ0 exp(-4x)

	(Equation 3.5)




	Elastic modulus

	E = E0 exp(-3.6x)

	(Equation 3.6)




	Work of fracture

	γ= γ0 exp(-2.2x)

	(Equation 3.7)




	Thermal conductivity

	K = K0 exp(-2.7x)

	(Equation 3.8)




	Diffusivity

	λ = λ0 + (1/2 - λ0)x2

	(Equation 3.9)









where the zero subscript denotes the initial value, and x is the fractional weight loss due to radiolytic oxidation. Property changes due to oxidation must also be corrected for the effects of radiation damage (see Section 4). Multiplicative rules have been successfully applied to combine these effects. For example, the combined effect on thermal conductivity would be given by:










	K(T) = K0 (K/K0)i exp(-27x)

	(Equation 3.10)








where K0 is the non-irradiated value and (K/K0)i is the effect of irradiation alone at the irradiation temperature. Thermally induced property changes must be taken into account when designing the core of a graphite-moderated reactor. The room temperature physical properties of several grades of nuclear graphite are given in Table 3.2.

The effect of temperature on the physical properties of graphite can be quite dramatic. For example, the thermal conductivity is reduced by approximately a factor of four over the temperature range 25 to 1500 ºC. Other physical properties are also markedly changed by temperature. The strength and elastic modulus of graphite increase between 20 and 40 % with temperature up to about 2500 ºC due to the thermal closure of internal micro-cracks. Similarly, the coefficient of thermal expansion (CTE) increases with temperature by a factor of two or three over the temperature range 25 to 2500 ºC.




Table 3.2.

The room temperature physical properties of several grades of nuclear graphite [7]

















	Grade

	Source

	
Forming

Methoda


	
Bulk

Density

(g cm-3)


	
Elastic

Modulusb

(GPa)


	
Tensile

Strengthb

(MPa)


	
Thermal

Cond.b

(W m-1 K-1)


	
CTEb

10-6

K-1





	PGA

	U.K.

	E

	1.74

	12/5

	17/11

	200/109

	0.9/2.8




	Pitch-coke

	U.K./Fr.

	E

	1.80

	13/10

	25/17

	130/135

	4/3.8




	IM1-24

	U.K.

	M

	1.81

	11

	27/5

	131

	4.3




	AGOT

	U.S.A.

	E

	1.70

	10/8

	10/9

	227/138

	2.2/3.8




	H-451

	U.S.A.

	E

	1.75

	11/9.6

	15/13

	150/135

	3.5/4.5




	IG-110

	Japan

	I

	1.75

	10

	25

	130

	4.0




	GT-280

	Russia

	E

	1.72

	6.5/5

	7.6/6

	103/89

	3.2/4.9




	GR2-125

	Russia

	E

	1.85

	12/8.5

	15/8

	160/100

	3.9/5.2









aE-extruded, M-Molded, I-isostatic pressing: b// / ┴ to the extrusion axis.




2.5 Other Fission Reactor Applications




The moderator graphite is by no means the only carbon/graphite material used in a fission reactor [7], Activated (adsorbent) carbons are used to adsorb (trap) fission gases such as xenon and krypton in practically all of the fission reactors. As discussed earlier, in high temperature gas-cooled reactors the ceramic kernel of the fuel is over-coated with layers of silicon carbide and pyrolytic graphite. Moreover, carbon-carbon composites have been considered for application as the structural material in high temperature control rods for the HTTR in Japan, and the MHTGR in the U.S.A.




3. Fusion Reactor Applications


3.1 Background


In a fusion reactor the hot plasma (ionized gas) is magnetically confined within a toriodal-shaped vacuum vessel. The plasma temperature required to sustain the fusion reaction is >50 x 106 K (>10 keV). If the plasma were allowed to contact the vacuum vessel structural material, then the higher atomic number elements vaporized by the intense heat of the plasma would enter the plasma and create plasma instability (see Sections 3.4-3.6). Consequently, it is necessary to protect or ‘armor’ the inner walls of the vessel with a low atomic number material or a highly refractory material. The vessels armor is often referred to as a ‘plasmafacing component’ (PFC) and the materials used are called ‘plasma-facing materials’. The ‘tokamak’ concept is one of the more popular of the highly specialized designs of fusion reactors. A ‘tokamak’ utilizes a toriodal magnetic field confinement system in which the plasma ions are confined within, and coupled to continuous magnetic field lines that travel helically through the toroidal vacuum vessel.

The interactions that occur between the plasma-facing material and the plasma are particularly severe and can result in failure due to high thermal stress, melting, sublimation, excessive surface erosion and neutron damage. The desirable properties of a good plasma-facing material [13] are summarized in Table 3.3.




Table 3.3.

Property requirements for plasma-facing materials.











	Material Property

	Functional Requirement




	Low atomic number

	Minimize radiative heat losses from the plasma.




	High thermal conductivity

	Minimizes the plasma-facing materials surface temperature. Necessary to withstand extreme heat loads which occur when the plasma disrupts (collapses) and the plasma energy is dumped on to the PFCs.




	Thermal shock resistance

	Minimizes impurities entering the plasma.




	High melting temperature and Low sputtering yield

	



	Strength

	Must be adequate to allow attachment to vacuum vessel.




	Low coefficient of thermal expansion

	Minimizes thermal stresses and improves thermal shock resistance.




	Low outgassing

	Minimizes impurities entering the plasma.




	Low Tritium retention

	Site licensing issue.




	Low neutron activation

	Ease of disposal after decommissioning




	Low irradiation induced swelling and property degradation

	Simplifies design and increases PFC lifetime




	Low cost and non-toxicity

	Minimizes construction cost and degree of difficulty









Carbon materials (graphite, pyrolytic graphite and carbon-carbon composites) and beryllium offer many of the desirable attributes listed in Table 3.3. However, the use of beryllium is complicated by its low melting temperature and toxicity. Hence, the majority of current plasma fusion devices use carbon materials for their PFCs.
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Figure 3.2.

The major plasma-facing components of a tokamak.




The major plasma-facing components of a tokamak are illustrated in Figure 3.2. The limiter, or bumper limiter, is a sacrificial PFC that intercepts the plasma edge particle flux and thus defines the plasma edge. Other fusion devices magnetically capture and divert the edge plasma on to a ‘divertor’ plate that is removed from the central plasma. The point where the particle flux strikes the divertor experiences a significant ion heat loading and can suffer excessive erosion. The cooled plasma gases are pumped away from beneath the divertor. In a tokamak, the majority of the heat and particle flux is intercepted by the limiter or divertor, regardless of which design is employed. However, a significant flux will also strike the balance of the torus vessel lining, which is referred to as the ‘first-wall’. The environment inside a tokamak is very harsh and plasma-facing components and materials must withstand numerous damaging phenomena. Detailed accounts of these can be found elsewhere [14,15]. However, the major processes that influence plasma-facing component lifetime are summarized below.




3.2 Thermal Shock




When the plasma confinement within the tokamak vessel collapses (referred to as a ‘disruption’) the enormous thermal energy stored in the plasma is ‘dumped’ on to the plasma-facing components (limiter, divertor and first wall) in a matter of seconds. Table 3.4 summarizes the PFC disruption heat loading for several tokamaks that have carbon as their plasma-facing material.




Table 3.4.

Heat loads for some fusion devices (adapted from [15])

Fusion Device and Location First Wall Heat Load.












	Fusion Device and Location

	
First Wall Heat Load

(MW m-2)


	
Divertor or Limitor Heat Load

(MW m-2)





	ITER (Proposed)

	0.6

	15-30




	DIII-D, U.S.A.

	0.6

	5.3




	JET, U.K.

	Negligible

	18









The plasma-facing material must withstand the induced stress resulting from the high disruption heat loads without fracturing. This attribute of materials is referred to as thermal shock resistance, and can be quantified in several ways. One popular method, however, is the use of a thermal shock Figure of Merit (FOM). The thermal shock FOM allows a quantitative description of a thermal shock resistance of the material. Perhaps the simplest expression for a thermal shock FOM, Δth, can be written as:










	Δth = Kσy / αE( 1-ν)

	(Equation 3.11)








where K is the thermal conductivity (W m-1 K-1), σy is the yield strength (MPa), α is the coefficient of thermal expansion, CTE, (K-1), E is Young’s modulus (GPa), and ν is Poisson’s ratio. For materials where ν is small the (1-ν) term can be ignored. Equation 3.11 shows that high thermal conductivity, low CTE and a high yield strain (σy/E) are desirable. Fortunately, graphite and carbon-carbon composites (by virtue of its tailorability) exhibit these attributes and typically have Δth values >105 [15]. Because of the transient nature of a plasma disruption, the ability of the plasma-facing material to withstand the disruption heat loading depends upon its ability to both conduct and absorb heat. Therefore, a disruption FOM, Δd, which takes into account the plasma-facing material’s conductivity and specific heat is preferred:










	Δd = σu (CpK)1/2 / αE

	(Equation 3.12)








where:

σu is the ultimate tensile strength (MPa), Cp is the specific heat (J kg-1 K-1), K is the thermal conductivity (W m-1 K-1), α is the CTE (K-1), and E is Young’s modulus (GPa). When rated using the Δd FOM, fine-grained graphite and high-thermal conductivity carbon-carbon composites perform better that coarser-grained graphite, and exhibit order of magnitude greater values of Δd than beryllium and the high atomic number, refractory metal, tungsten [15].


3.3 Physical Sputtering, Chemical Erosion and Radiation Enhanced Sublimation
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Figure 3.3.

The temperature dependence of the erosion yield of graphite by energetic He, D, and H ions.




The above named physical processes have significant effects on the operational lifetime of the plasma-facing material and the performance of the plasma. Through these processes material is lost from the plasma-facing component, reducing its lifetime, and impurities are introduced into the plasma. Figure 3.3 shows the temperature dependence of the sputtering phenomena and defines the temperature ranges for physical sputtering, chemical erosion and radiation enhanced sublimation. The curves in Figure 3.3 are for 1 keV deuterium (2H) and hydrogen (1H) ions, and 3 keV helium ions. Note that chemical erosion does not occur with the inert gas ions. These three phenomena are further described below:




3.4 Physical Sputtering




When impinging plasma particles (ions) transfer sufficient energy to a near surface carbon atom to overcome its binding energy, or lattice bond energy, the carbon atom may be displaced and can be ejected (sputtered) from the carbon material [16]. As the energy of the impinging ion increases, the sputtering yield decreases because the depth of penetration and interaction increases beyond the back scattering limit for the displaced atom. For graphite, the majority of the material comes front the first few atomic layers of the surface. With the correct combination of the incident energy and atomic mass, however, it is possible for the sputtering yield to exceed unity. In other words, an impacting ion causes the sputtering of more than one target atom. This situation can rapidly develop into a catastrophic, self-accelerating, sputtering of carbon into the plasma (the so-called ‘carbon bloom’), which will frequently cause a plasma disruption.




3.5 Chemical Erosion




The reaction of carbon atoms with energetic plasma particles such as hydrogen isotopes, at intermediate temperatures (400-1000 ºC), can lead to the formation of volatile molecules [17]. The volatile molecules ejected from the plasma-facing material (e.g., hydrocarbons, CO2, CO) enter the plasma and become ionized. Depending on the particle transport behavior, they may re-deposit on the tokamak walls, or contribute to the impurity concentration in the plasma. Impurities in the plasma can emit Bremsstrahlung radiation, which is the electromagnetic radiation produced by the sudden retardation of an electrical particle, such as an electron or positron, by an intense electric field, causing an unwanted reduction of the plasma temperature. The radiation level depends on the atomic number, Z, of the impurity, and scales approximately with Z2. Consequently, low atomic number materials, e.g., carbon, are widely used as plasma-facing materials.

It has been shown that doping graphite with substitutional elements such as boron will suppress chemical erosion [18]. The most damaging impurity found in current tokamaks is oxygen because of its presence in the molecular form, or as water vapor, as an adsorbate on the surface and in the micropores of carbon plasma-facing materials. Because oxygen has such a large influence on plasma performance and the carbon plasma-facing material’s erosion rate, extraordinary measures are usually taken prior to tokamak operation to remove the oxygen and water vapor from the plasma facing materials. These measures include prolonged bake-out and plasma surface treatment to deposit oxygen gettering elements. Winter [19] has recently reviewed the surface treatments of graphite plasmafacing materials.




3.6 Radiation Enhanced Sublimation




This phenomenon occurs when carbon materials are irradiated in the presence of fusion plasmas. Atomic particle (neutron, ion, electron, etc.) irradiation causes the creation of interstitial atoms and lattice vacancies (Frenkel pairs). See Section 4. Interstitial carbon atoms are trapped at lattice defect sites, or may recombine with lattice vacancies, but a fraction of the interstitial carbon atoms will migrate to the surface where they are sputtered into the plasma. Radiation enhanced sublimation (RES) increases exponentially at temperatures above (1000 ºC (Figure 3.3), where it becomes the dominant sputtering mechanism because of the increased mobility of interstitial carbon atoms at higher temperatures. Eckstein and Philips [16] have recently reviewed the subject of RES.




3.7 Tritium Retention




Energetic hydrogen isotopes emitted from the fusion plasma are implanted into the surface region of the plasma facing carbon material, typically to depths <1 mm. These hydrogen ions are either trapped, re-emitted or may diffuse though the bulk material. At low temperatures (<100 ºC) the majority of the ions are trapped near the end of their range in the highly defective graphite structure. The amount of hydrogen isotope that can be implanted depends upon the temperature, and to a lesser degree, on the implantation depth. The total amount of isotopic hydrogen in the implanted layer can reach as much as 0.4-0.5 H/C at room temperature. At higher temperatures (>250 ºC) diffusion occurs, predominantly along micro-cracks and micropores in the graphite structure. The diffusion of hydrogen in carbon and graphite plasma-facing materials has been studied widely because it has important consequences for plasma fusion devices. The release of the trapped gas over supplies the plasma edge with fuel and makes plasma control difficult.

Perhaps of more significance, however, is the accumulation of the hydrogen isotope tritium (1H3) in the PFCs. Because of its toxicity an accidental release of tritium to the environment would be severe. Therefore, specific site limits are mandated for any nuclear facility. If a sufficient quantity of tritium builds up in the plasma-facing materials such that the site limits are exceeded the fusion device would be forced to shutdown. Moreover, the high cost of tritium makes the economics of having large quantities permanently trapped in the plasma-facing materials very unfavorable. The amount of hydrogen that can be trapped in a particular carbon material has been shown to be related to it degree of crystal perfection. More perfect graphite traps significantly less hydrogen or tritium than can less perfect graphite. Similarly, carbon material with damaged structures resulting from neutron irradiation exhibit greater tritium retention than undamaged carbon materials.

4. Neutron Irradiation Effects




4.1 Background


Displacement damage in carbon materials can occur when energetic particles, such as neutrons, ions, or electrons impinge on the crystal lattice. The displacement of carbon atoms from their equilibrium position results in lattice strain, bulk dimensional change, and profound changes in physical properties. The effects of displacement damage in carbon materials are discussed below.

In its perfect form, the crystal structure of graphite (Figure 3.4) consists of tightly bound (covalent) sheets of carbon atoms in a hexagonal lattice network [20]. The sheets are weakly bound in an ABAB stacking sequence with a separation of 0.3354 nm. The crystals in a manufactured graphite are less than perfect, approximately one layer plane in every six constituting a stacking fault. The graphite crystals have two distinct dimensions, the crystallite size ‘La’ measured parallel to the basal plane and the dimension ‘Lc’ measured perpendicular to the basal planes. In a coke-based nuclear graphite values of ‘La’ ~80 nm and ‘Lc’ ~60 nm are typical [21].
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Figure 3.4.

The crystal structure of graphite.




Graphite, carbon fibers, and carbon-carbon composites are a complex set of materials with structures, textures, and properties dependent upon their particular method of manufacture. However, they all possess, to some extent at an atomic level, the graphite crystal structure depicted in Figure 3.4. The key, therefore, to understanding radiation damage effects in carbon based materials is to be able to relate displacement damage in the graphite crystal lattice, through appropriate materials models, to the observed phenomena in bulk graphite and carbon-carbon composite materials.




4.2 Radiation Damage Mechanism and Induced Structural and Dimensional Changes




The binding energy of a carbon atom in the graphite lattice is about 7 eV [22]. Impinging energetic particles such as fast neutrons, electrons, or ions can displace carbon atoms from their equilibrium positions. Studies of the energy required to displace a carbon atom (Ed), are reviewed by Kelly [23] and Burchell [13]. The value of (Ed), is not well-defined but lies between 24 and 60 eV. The latter value has gained wider acceptance and use in displacement damage calculations, but a value of 30 eV would be more appropriate. The primary atomic displacement (primary knock-on carbon atoms (PKAs)) produced by energetic particle collisions produce further carbon atom displacements in a cascade effect. The cascade carbon atoms are referred to as secondary knock-on atoms (SKAs). The displaced SKAs tend to be clustered in small groups of 5-10 atoms and for most purposes it is satisfactory to treat the displacements as if they occur randomly. The total number of displaced carbon atoms depends upon the energy of the PKA, which is itself a function of the neutron energy spectrum, and the neutron flux. For example, a high energy neutron arising from the Deuterium-Tritium fusion reaction (14.1 MeV) will produce over 500 PKAs. Once displaced, a carbon atom recoils through the graphite lattice, displacing other carbon atoms and leaving vacant lattice sites. However, not all of the carbon atoms remain displaced. The displaced carbon atoms diffuse between the graphite layer planes in two-dimensions and a high proportion will recombine with lattice vacancies. Others will coalesce to form C2, C3, or C4 linear molecules. These in turn may form the nucleus of a dislocation loop - essentially a new graphite plane. Interstitial clusters, on further irradiation, could be destroyed by a fast neutron or carbon knock-on atom (irradiation annealing). Adjacent lattice vacancies in the same graphitic layer are believed to collapse parallel to the layers, thereby forming sinks for other vacancies which are increasingly mobile above 600 ºC, and hence can no longer recombine and annihilate interstitials.

A principal result of carbon atom displacements is crystallite dimensional change. Interstitial defects cause crystallite growth perpendicular to the layer planes (c-axis direction), and relaxation in the plane due to coalescence of vacancies will cause a shrinkage parallel to the layer plane (a-axis direction). The damage mechanism and associated dimensional changes are illustrated in Figure 3.5. Dimensional changes can be large, as demonstrated in studies on well-ordered graphite materials, such as pyrolytic graphite, which has frequently been used to study the neutron-irradiation induced dimensional changes of the graphite crystallite [24,25]. Price [21] conducted a study of the neutron-irradiation induced dimensional changes in pyrolytic graphite that had been graphitized at temperatures of 2000-3200 ºC and irradiated at 1300-1500 ºC. Price [21] found that the a-axis shrinkage increased linearly with dose for all of the samples, but the magnitude of the shrinkage at any given dose decreased with increasing graphitization temperature. Similar trends were noted for the c-axis expansion. The significant effect of graphitization temperature on irradiation induced dimensional change accumulation can be attributed to thermally induced improvements in crystal perfection, thereby reducing the number of vacancy trapping sites in the lattice.
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Figure 3.5.

Radiation damage mechanism in graphite showing the induced crystal dimensional changes.




Polygranular graphite possesses a polycrystalline structure, usually with significant texture resulting from the method of formation during manufacture. Consequently, structural and dimensional changes in polygranular graphite are a function of the crystallite dimensional changes and the texture of the graphite. In polygranular graphite, thermal shrinkage cracks that occur during manufacture and that are preferentially aligned in the crystallographic a-direction, will initially accommodate the c-direction expansion. As a result, mainly a-direction contraction is observed. The graphite thus undergoes a net volume shrinkage. With increasing neutron dose (displacements) the incompatibility of crystallite dimensional changes leads to the generation of new porosity oriented parallel to the basal planes, and the volume shrinkage rate falls, eventually reaching zero. The graphite now begins to swell at an increasing rate with increasing neutron dose. The graphite thus undergoes a volume change turn-around into net growth that continues until the generation of cracks and pores in the graphite, due to differential crystal strain, eventually causes total disintegration of the graphite. A general theory of dimensional change in graphite, originally due to Simmons [25], has been extended by Brocklehurst and Kelly [26]. For a more detailed account of the treatment of dimensional changes in graphite the reader is directed to the analysis of the irradiation behaviour of H-451 grade graphite by Kelly and Burchell [27].
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Figure 3.6.

Radiation induced dimensional change in specimens of uni-directionally and two-directionally reinforced carbon-carbon fiber composites: (a) length change, (b) diameter change.




In contrast to graphite, few studies are available of radiation damage effects in carbon-carbon composites. The literature on this subject has recently been comprehensively reviewed [13,28]. Moreover, recent accounts of neutron damage induced dimensional changes in carbon-carbon composites are given by Burchell [29] and Bonal and Wu [30]. Processing variables such as fiber type, architecture, and graphitization temperature, are known to influence the dimensional change behavior of carbon-carbon composites when irradiated. Figures 3.6(a,b) show the length and diameter changes, respectively, of several carbon-carbon composites and grade H-451 graphite irradiated to ≈ 5 dpa. The behavior of the composites can be explained through the application of the graphite single crystal behavior (Figure 3.5) and appropriate fiber microstructure and composite macrostructure models [13]. H-451 graphite behaves isotropically with respect to irradiation induced dimensional changes. However, the carbon-carbon composites are extremely anisotropic in their behavior (Figure 3.6). For example, the unidirectional composite (UFC) shrinks markedly in the specimen length direction (Figure 3.6(a)), whereas in the specimen diameter direction it shrinks only very slightly before turning around and beginning to swell (Figure 3.6(b)). The behavior of the random fiber composite (RFC) and A05 composite are similarly anisotropic, although for these composites the shrinkage occurs in the specimen diameter direction and the turn-around behavior is observed in the specimen length direction. The anisotropic behavior of carbon-carbon composites can be attributed to the dominant effect of irradiation dimensional changes in the fiber. Composites A05 and RFC have their carbon fibers aligned in the specimen diameter direction, whereas composite UFC has carbon fibers aligned in the length direction only. Fiber axial shrinkage and fiber diametrical shrinkage, followed by turn-around to growth, are thus mirrored in the behavior of the composite.




4.3 Stored Energy




The lattice displacement processes previously described can cause an excess of energy in the graphite crystallites. The release of this stored energy (or Wigner energy, after the physicist who first postulated its existence [31]) was historically the first problem of radiation damage in graphite to manifest itself. When an interstitial carbon atom and lattice vacancy recombine, their excess energy is released. If sufficient damage has accumulated in the graphite, the release of this stored energy results in a rapid rise of graphite temperature. Stored energy accumulation was found to be particularly problematic in the early (air-cooled) graphite moderated reactors, which operated at relatively low temperatures. Figure 3.7 shows the rate of release of stored energy with temperature, as a function of temperature, for graphite samples irradiated at 30 ºC to low doses in the Hanford K reactor. The release curves are characterized by a peak occurring at ≈ 200 ºC. The release rate exceeds the specific heat and thus, under adiabatic conditions, the temperature of the graphite would rise sharply. For ambient temperature irradiations it was found that the stored energy could attain values up to 2720 J g-1, which if released adiabatically would cause a temperature rise of some 1300 ºC [12]. A simple experiment, whereby samples irradiated at ≈ 30 ºC were placed in a furnace at 200 ºC and their temperature monitored, showed that when the sample attained a temperature of ≈ 70 ºC it suddenly increased in temperature to a maximum of about 400 ºC and then returned to 200 ºC [12]. In order to limit the total amount of stored energy in the early graphite reactors it became necessary to periodically anneal the graphite. The graphite temperature was raised sufficiently, by nuclear heating or inserted electrical heaters, to ‘trigger’ the release of stored energy. The release then self-propagated slowly through the core, raising the graphite moderator temperature and thus partially annealing the graphite core. Indeed, it was during such a reactor anneal that the Windscale (U.K.) Reactor accident occurred in 1957 [32]. The accumulation of stored energy in a graphite or carbon-carbon composite is both dose and irradiation temperature dependent. With increasingly higher irradiation temperatures the total amount of stored energy and its peak rate of release diminish, such that above an irradiation temperature of ≈ 300 ºC stored energy ceases to be a problem. Excellent accounts of stored energy in graphite can be found elsewhere [5,12,25,33].
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Figure 3.7.

Stored energy release for CSF graphite irradiated at 30 ºC in the Hanford K reactor cooled test hole (from [5]).




4.4 Physical Property Effects




The physical properties of carbon and graphite materials are drastically altered by irradiation damage. For example, low dose irradiation (<<1 dpa) can increase the strength of a graphite by up to 80 % while simultaneously reducing the thermal conductivity by more than an order of magnitude. Graphite is a phonon conductor of heat. The temperature dependence of thermal conductivity is shown in Figure 3.8 for various pyrolytic graphites. The substantial improvements in thermal conductivity caused by thermal annealing, and/or compression annealing, are attributable to increased crystal perfection and size of the regions of coherent ordering (crystallites). This minimizes the extent of phonon-defect scattering and results in a larger phonon mean free path. With increasing temperature the dominant phonon interaction becomes phonon-phonon scattering (Umklapp processes). Therefore, the observed reduction of thermal conductivity with increasing temperature, and the convergence of the curves in Figure 3.8, is attributed to the dominant effect of Umklapp scattering in reducing phonon mean free path [34].
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Figure 3.8.

The temperature dependence of thermal conductivity for pyrolytic graphite in three different conditions (from 34]).




The mechanism of thermal conductivity and the degradation of thermal conductivity have been extensively reviewed [13,23,24]. The increase of thermal resistance due to irradiation damage has been ascribed [35] to the formation of:


	sub-microscopic interstitial clusters, containing 4 ± 2 carbon atoms;

	vacant lattice sites, existing as singles, pairs, or small groups; and

	vacancy loops, which exist in the graphite crystal basal plane and are too small to have collapsed parallel to the hexagonal axis.



The contributions of collapsed lines of vacant lattice sites and interstitial loops, to the increased thermal resistance, is negligible. The influence of radiation damage on the thermal conductivity of a carbon-carbon composite is shown in Figure 3.9. The upper curve in Figure 3.9 shows the temperature dependence of the composite in the non-irradiated condition. Note that the conductivity is substantially less than that shown for pyrolytic graphites (Figure 3.8). The lower curve in Figure 3.9 shows the temperature dependence of the composite after irradiation. At the irradiation temperature (600 ºC) the thermal conductivity has been reduced from >80 W m-1 K-1 to ≈ 40 W m-1 K-1. Some fraction of the irradiation-induced damage may be annealed from the material by heating it above its irradiation temperature. This effect may be seen in the ‘cooling’ curve in Figure 3.9. On cooling to 600 ºC from an annealing temperature of 1200ºC, the thermal conductivity recovers to 67 W m-1 K-1. More substantial recovery of thermal conductivity can be expected as the annealing temperature is increased. The reduction in thermal conductivity due to irradiation damage is temperature and dose sensitive. At any irradiation temperature, the thermal conductivity will reach a saturation limit. This limit is not exceeded until the graphite undergoes gross structural changes at high fluences. The saturated conductivity will be attained more rapidly, and will be at a lower conductivity level, at lower irradiation temperatures. Thus, higher irradiation (operating) temperatures are beneficial for carbon based material under conditions of irradiation damage.

The thermal expansion of polygranular graphites and carbon-carbon composites are controlled by the thermal closure of aligned internal porosity. Irradiation induced changes in the pore structure (see earlier discussion of structural changes) can therefore be expected to modify the thermal expansion behavior of carbon materials. The behavior of GraphNOL N3M is typical of many fine-textured graphites [36], which undergo an initial increase in the coefficient of thermal expansion followed by a steady reduction to a value less than half the un-irradiated value of ≈ 5 x 10-6 ºC-1. The electrical resistivity of graphite and carbon-carbon composites will also be affected by radiation damage. The mean free path of the conduction electron in an un-irradiated graphite or carbon-carbon composite is relatively large, being limited only by crystallite boundary scattering. Neutron irradiation introduces:


	scattering centers, which reduce charge carrier mobility,

	electron traps, which increase the charge earner density, and

	additional spin resonance.



The net effect of these changes is to increase the electrical resistivity on irradiation, initially very rapidly, with little or no subsequent change to relatively high fluence [13,36].
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Figure 3.9.

The variation of thermal conductivity of a two-directional carbon-carbon composite material with temperature for three conditions: unirradiated, irradiated, and irradiated and annealed to 1200 ºC.




The mechanical properties of graphites and carbon-carbon composites are substantially altered by radiation damage. In the non irradiated condition polygranular graphites behave in a brittle fashion and fail at relatively low strains. The stress-strain curve is non-linear, and the fracture process occurs via the formation of sub-critical cracks, which coalesce to produce a critical flaw [37,38]. Carbon-carbon composites are frequently more flaw tolerant (tougher). When graphite and carbon-carbon composites are irradiated, the stress-strain curves become more linear, the strain to failure is reduced, and the strength and elastic modulus increased. The rapid rise in strength is due to dislocation pinning at irradiation induced lattice defect sites. This effect has largely saturated at doses >1 dpa. Above ≈ 1 dpa a more gradual increase in strength occurs due to structural changes within the graphite. For polygranular graphite, the dose at which the maximum strength is attained loosely corresponds with the volume change turn-around dose, indicating the importance of pore generation in controlling the high-dose strength behavior.

The strain behavior of polygranular graphite subjected to an externally applied load is largely controlled by shear of the component crystallites. As with strength, irradiation induced changes in Young’s modulus are the combined result of in-crystallite effects, due to low fluence dislocation pinning, and superimposed structural change external to the crystallite. The effects of these two mechanisms are generally considered separable, and related by:










	(E/E0)i = (E/E0)pinning (E/E0)structure

	(Equation 3.13)








where (E/E0)i is the ratio of irradiated to non-irradiated elastic modulus. The pinning contribution to the modulus change, due to relatively mobile small defects, is thermally annealable at ≈ 2000 ºC.

The elastic modulus and strength are related by a Griffith theory type relationship:










	Strength σ = (GE / πc)1/2

	(Equation 3.14)








where G is the fracture toughness or strain energy release rate (J m-2), E is the elastic modulus (Pa), and c is the flaw size (m). Thus, irradiation induced changes in σ and E (in the absence of changes in (G c-1)) should follow σ [image: ] E1/2.

Graphite will creep under neutron irradiation and stress at temperatures where thermal creep is negligible. The phenomena of irradiation creep has been widely studied because of its significance to the operation of graphite moderated fission reactors. Indeed, if irradiation induced stresses in graphite moderators could not relax via radiation creep, rapid core disintegration would result. The reader is directed toward the ample literature for detailed accounts of the phenomena of irradiation creep [12,24,39].




5. Space Nucl ear Applications




Satellites that are in near Earth orbit may rely upon solar energy to heat and power their electronics systems. However, planetary exploration vehicles, such as NASA’S recent Ulysses, Galileo and Cassini missions must carry long-lived power sources with them. A useful source of energy is the self-absorption of alpha particles during decay of the isotope 238Pu, in the form of PuO2. The kinetic energy of the alpha particle, which is expelled from the nucleus during the decay process, is converted to thermal energy in the fuel material. In turn, the heat from the PuO2 is converted via silicon-germanium thermal electric couples into electricity and powers the spacecraft’s navigational, communications and analytical equipment. The radio-isotopic thermal electric generator (RTG) [40] is such a system, and uses the general purpose heat source (GPHS), depicted in Figure 3.10, as its decay heat source. The RTG produces an initial thermal power of 4500 Watts from a stack of eighteen individual GPHS modules.
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Figure 3.10.

The general purpose heat source assembly (Courtesy of the U.S. Department of Energy).




The major components of the GPHS are manufactured from carbon materials. The aeroshell and graphite impact shell (GIS) are machined from a three-directional, carbon-carbon composite material, and the carbon-bonded carbon fiber (CBCF) is a ‘low-density, carbon-composite, thermal insulation material. The aeroshell, GIS, and CBCF provide re-entry protection for the PuO2 fuel in the unlikely event that the GPHS re-enters the Earth’s atmosphere. The primary containment for the fuel is an iridium alloy clad, and two clad fuel pellets are contained in each GIS. As its name suggests, the GIS offers mechanical protection to the fuel in an impact event. The aeroshell serves as the structural element and as an ablative material.

Re-entry protection materials have special materials requirements, not dissimilar to those used for plasma facing materials in a fusion reactor. Obviously, they must survive the high temperatures that are generated during reentry, requiring a high melting point, retention of properties to high temperatures, and a high tolerance for thermal shock. Moreover, as with all space-based applications, design is weight sensitive since payload weight is frequently mission limiting, or at best a very cost sensitive item. Consequently, the specific properties (i.e., properties relative to a materials specific gravity) are significant. Carbon based materials, especially carbon-carbon composites, are well suited to the role of re-entry protection material. As discussed in Section 3, carbon-carbon composites are high-temperature materials that are tolerant of thermal shock, and have a low specific gravity (typically 1.7-2.0 g cm-3). The excellent thermal shock performance of carbon-carbon composites is highlighted in Table 3.5 where the thermal shock FOM, Δth (Equation 11, ignoring the term (1-ν)) is tabulated for several materials. The FOM of carbon-carbon composite is large by virtue of its excellent strength and particularly low coefficient of thermal expansion.




Table 3.5.

Typical thermal shock figure of merit and physical property values for various materials.















	Material

	
Tensile

Strength, σ

(MPa)


	
Young’s

Modulus,

E

(GPa)


	
Coefficient

of Thermal

Expansion,

α, (10-6 ºC-1)


	
Thermal

Conductivity

K

(W m-1 K-1)


	
Thermal

Shock FOM

Δth

(kW m-1)





	Copper wire

	400

	120

	14

	370

	88




	Alumina (A12O3)

	140

	350

	8.5

	30

	1.4




	Mullite

	80

	11

	5.2

	7

	0.7




	(3A12O3.2SiO2)

	 

	 

	 

	 

	 




	AXF-5Q Graphite

	65,5

	10

	8.4

	121

	86




	GraphNOL N3M

	 

	 

	 

	 

	 




	Graphite [36]

	55

	 

	5.0

	180

	198




	Carbon-carbon

	 

	 

	 

	 

	



	composite

	200

	75

	<1.0

	110

	>300









The carbon-bonded carbon fiber thermal insulation material [2] has two primary thermal protection roles during an inadvertent re-entry to the Earth’s atmosphere. During the initial stages of re-entry enormous heat is generated at the Aeroshell surface and flows inwards toward the GIS and fuel pellet. Therefore, the CBCF must provide thermal insulation protection to prevent the Iridium alloy clad from over-heating. During the latter stages of re-entry, as the GPHS passes through the lower atmosphere, the insulation must prevent the Iridium alloy clad from over-cooling, thus assuring that the clad material is within its maximum ductility temperature range at impact, where it offers optimum containment protection to the 238PuO2 fuel.




The CBCF insulation used in the GPHS achieves its low thermal conductivity (≈ 0.06 W m-1 K-1 at 25 ºC) through:


	
low density (~ 0.2 g cm-3),


	preferred fiber alignment: and

	by virtue of the inherently low thermal conductivity of the rayon-derived carbon fibers and the phenolic resin derived glassy carbon binder from which it is manufactured [2].



The temperature dependence of thermal conductivity (in vacuum) for CBCF is shown in Figure 3.11. The conductivity increases progressively with temperature due to the increasing contribution of in-pore radiation, which scales approximately with T3, in the large voids that make up the major fraction of the >90 % porosity in the materials. Additional contributions to the conductivity at higher temperature (T >1600 ºC) are attributed to the structural changes occurring in the rayon fibers at these temperatures [2].




[image: ]




Figure 3.11.

The temperature dependence of the thermal conductivity of carbon-bonded carbon fiber (CBCF) high-temperature thermal insulation material.




The combination of carbon materials used in the GPHS, i.e., the carbon-carbon composite impact shell and aeroshell, and the CBCF high-temperature insulation, assures the 238PuO2 fuel is fully protected during an inadvertent reentry into the Earth’s atmosphere. Complete containment of the fuel is thereby achieved, preventing the accidental spread of contamination.




6. Concluding Remarks




Carbon materials are widely used in nuclear power systems, where they play a variety of roles. However, in all of the applications discussed here they are critical to the operation and safety of the nuclear system, in which they are used. The combination of properties that carbon materials (graphite and carbon-carbon composites) display makes them uniquely suited for nuclear applications, and they will continue to be indispensable materials in the foreseeable future.
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