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ABSTRACT 

 
The Pebble Bed Modular Reactor (PBMR) is a high temperature graphite-moderated nuclear 

reactor that uses helium as a coolant. The triple coated (TRISO) particles contain enriched 

uranium oxide fuel which is coated with layers of various forms of pyrolytic carbon and silicon 

carbide. The TRISO particles are further embedded in the matrix of spherical graphite pebbles. 

The graphite matrix is a composite moulded from a compound containing natural flake graphite 

(64 wt.%), synthetic graphite (16 wt.%) and a phenolic resin binder (20 wt.%) heated to 1800 °C 

in inert atmosphere. The graphitic composite provides structural integrity, encasement and act as 

a moderator material.  In this work, low density model graphite composites similar to those used 

in nuclear applications as encasement material in fuel pebbles were made by uniaxial cold 

compression moulding. The graphitic composites contained various ratios of natural flake 

graphite and synthetic graphite at fixed phenolic novolac resin binder content of 20 wt.% (green 

state). The fabrication process employed entails mixing the graphite powders, followed by 

addition of methanol phenolic resin solution to the graphite powder mix, drying, grinding, 

milling and sieving; and finally compression moulding in a stainless steel die at 13 MPa using a 

hydraulic press. The green moulded disc specimens were then carbonized at 900 °C in nitrogen 

atmosphere to remove volatiles followed by annealing at 1800 °C in helium atmosphere. The 

annealing step diminishes structural defects and result in densification of the composites. 

The microstructure of fabricated graphitic composites was characterized using various 

techniques. Particle Size Distributions determined using Laser diffraction showed that the 

inclusion of the binder leads to agglomeration. The composite powders had larger mean particle 

sizes than the raw graphite powders showing the binding effect of the novolac phenolic resin. X-
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ray diffraction studies showed that the graphitic composites had a hexagonal crystal structure 

after annealing. Raman spectroscopy revealed the presence of the structurally disordered phase 

derived from the resin carbon (indicated by the pronounced D-band in the Raman spectra). XRD 

and Raman observations were consistent with literature and gave results supporting existing 

knowledge base. Optical microscopy revealed a flake-like microstructure for composites 

containing natural graphite and needle-coke like particles for composites containing mainly 

synthetic graphite. Optical microscopy confirmed that the effect of the manufacturing route 

employed here was to align the particles in the direction perpendicular to the compression 

moulding direction. As a result, the graphitic composites exhibited anisotropic property behavior. 

The bulk density of the composites increased with the increase in the natural graphite content 

due to compactability of natural flakes in the manufacturing route. Thermogravimetric analysis 

studies on the composites showed that they were stable in air to 650 °C. Composites containing 

mainly synthetic graphite were thermally more stable in air compared to their natural graphite 

counterparts. The linear coefficients of thermal expansion of the composites were measured 

using thermomechanical analysis (20-600 °C). In the moulding direction, the average CTE (αP) 

values were in the range (5-9) × 10
-6

 K
-1

 and increased with increment in the natural graphite 

content in the composite. In the direction perpendicular to moulding direction, the average CTE 

(αN) values were in the range (1.7-2.1) × 10
-6

 K
-1

 showing that the expansion was similar or 

constant in this direction. Therefore an anisotropic expansion ratio, i.e. αP:αN, of about 3 was 

observed in the composites. This anisotropy is attributable to the alignment of the filler particles 

in the manufacturing route. The thermal conductivity of the annealed composites were measured 

in the pressing direction from 100 to 1000 °C and the values ranged from 19 to 30 W m
-1

 K
-1

. 

Anisotropy was also observed as far as strength was concerned. A composite containing 
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64:16:20 wt.% ratio had the best mechanical properties, high thermal conductivity and slightly 

high expansion coefficient. This work demonstrates the complimentary properties of the graphite 

fillers in the composites. It also reports for the first time, data on the effect of variation of the 

filler graphites on microstructure and properties of model low density compression moulded 

graphitic composites.   
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CHAPTER 1: INTRODUCTION 

 

1.1. Background 

The Pebble Bed Modular Reactor is a high temperature graphite-moderated nuclear reactor that 

uses helium as a coolant. The triple coated (TRISO) particles contain enriched uranium oxide 

fuel. The coatings, see Figure 1.1, comprise layers of various forms of pyrolytic carbon and 

silicon carbide (Nicholls, 2001, Nicholls, 2002). They are designed to retain any fission products 

released at the elevated reactor operating temperatures (Tang et al., 2002, Zhao et al., 2006). 

 

 

Figure 1.1: Schematic representation of the components of a fuel sphere encasing TRISO coated 

fuel kernel, i.e. UO2 (Nicholls, 2002). 

 

Large numbers of the TRISO particles are embedded in the matrix of each of the spherical 

graphite pebbles. These graphite composites are isostatically moulded from a compound 
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containing natural flake graphite (64 wt.%), synthetic graphite (16 wt.%) and a phenolic resin 

binder (20 wt.%). The moulded spheres are heat-treated to 1800 °C to convert the binder into a 

glassy carbon. This gives a strong material that provides structural integrity. It also acts as a 

moderator material, slowing down the speed of neutrons to thermal levels so that the fission 

reactions can occur. The graphite composite must possess suitable properties for this function. 

For example, it must possess very low impurity levels, density exceeding 1.7 g cm
-3

, high 

thermal conductivity, high mechanical strength, high stability under irradiation, high oxidation 

resistance and low thermal expansion coefficient (Cohn et al., 2005) 

Similar compositions have been used in other high temperature reactors (Zhao et al., 2006) and 

were judged to provide the required properties. However, little was reported in literature about 

the relationship between the processing method, the resulting microstructure and the final 

properties that can be achieved. For example, what is the microstructure of the composites? What 

is the spatial arrangement of the graphite fillers? What is the effect of changing the relative 

proportions of graphite fillers in the matrix? How are properties affected when lower density 

materials are fabricated? Therefore this work aims to address most of these questions.  

 

1.2. Aims and objectives of the project 

 To make fuel-free low-density model graphitic composites containing natural flake 

graphite (NG), synthetic graphite (SG) and a novolac phenolic resin binder by uniaxial 

compression moulding. To do a systematic study by varying the relative proportions of 

the filler raw graphites in the composites at fixed (i.e. 20 wt.%) phenolic resin binder 

content. 
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 To study the effect of changing the relative proportions of the filler graphite powders in 

the composites on the microstructure and properties.  

 To study the microstructure of the graphite composites made using X-ray diffraction 

(XRD), Raman Spectroscopy, optical microscopy (OM) and scanning electron 

microscopy (SEM). The open porosity of these materials was measured using 

pycnometry. 

 The thermal properties of the graphitic composites such as air oxidative stability, linear 

thermal expansion coefficients and thermal conductivity were measured using 

thermogravimetric analysis (TGA), thermomechanical analysis (TMA) and Xenon flash 

photolysis, respectively.  

 The mechanical properties such as flexural strength and flexural modulus were measured 

using four-point bend loading tests.  

 The main objective of this work is to understand how the microstructure changes with 

variation of the filler graphites in the composites and consequently, properties.  

The next chapter discusses the crystalline forms of carbon of which graphite is one of them, how 

graphite materials are made, the graphitisation process, factors affecting graphitisation and the 

importance of graphite in nuclear industry. 
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CHAPTER 2: REVIEW ON GRAPHITE 

 

Different graphites have distinct properties depending on their end applications; for instance, 

moderator graphite used for nuclear applications must contain a uniform coefficient of thermal 

expansion in both the a- and c-crystallographic directions as well as low boron content. This 

chapter discusses the crystalline forms of carbon, how graphite materials are made, the 

graphitisation process, factors affecting this process and the importance of graphite in nuclear 

industry. The graphitisation process refers to the rearrangement of carbon atoms within its matrix 

due to heat-treatment in inert atmosphere leading to the formation of a structure close to that of 

the hexagonal graphite lattice. The quality of the graphite produced depends on the quality and 

purity of the starting precursor or organic compound. This process depends on various factors 

such as heat-treatment temperature, soaking time, the type of additives used in the starting 

material and the kind of heteroatoms present in the carbon matrix (e.g. B, N, S or O).  

 

2.1 Crystalline forms of carbon 

Graphite, diamond and fullerenes are the crystalline forms of carbon. Diamond is a metastable 

crystalline form having a face-centered cubic lattice with a side 3.567 Å and interatomic distance 

of 1.54 Å. Diamond can be transformed to graphite by heat-treatment. Graphite is a stable 

crystalline form of carbon and has two polytypes, the 2H and 3H forms corresponding to the 

hexagonal and rhombohedral forms, respectively (see Figure 2.1). The hexagonal form is the 

more stable and corresponds to the hexagonal ABAB stacking as first proposed by Hull (Hull, 

1917) and reported by Kelly (Kelly, 1981a). The perfect graphite lattice has a stack of parallel 

hexagonal planes with the interatomic distance of 1.42 Å within the layers and the interlayer 
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spacing of 3.35 Å. This lattice has a hexagonal unit cell containing four atoms in plane. It is 

interesting to note that although diamond is the hardest material known, the bond length between 

the carbon atoms in diamond, i.e. 1.54 Å, is longer than the in plane bond length between the 

carbon atoms in graphite having bond length 1.42 Å, indicating weaker directional bond strength. 

 

(a)                                                                  (b) 

 

Figure 2.1: The structure of graphite hexagonal (a) and rhombohedral (b) forms (Cohn et al., 

2005, Kirk-Othmer, 2005, Edwards, 1989). 

 

Various authors have reported a number of faint X-ray diffraction (XRD) lines which could not 

be accounted for by the hexagonal crystal structure (Laidler and Taylor, 1940, Lipson and 

Stokes, 1942b, Bacon, 1950a, Jagodzinski, 1949). These diffraction lines inferred a structure 

with a unit cell containing six atoms with an ABCABC… stacking sequence corresponding to 

the rhombohedral crystal structure. The occurrence of the rhombohedral crystal structure in 

samples of natural graphite from different origins has been reported (Lipson and Stokes, 1942a). 

This study concluded that the rhombohedral crystal structure accounts for faint lines observed in 

their X-ray patterns. The rhombohedral formed about 14 % of the usual hexagonal form in these 

natural graphites.  
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Analysis of the well-crystallized Ceylon graphite samples, one artificial and the other natural, 

which were ground, sieved and extruded, resulted in X-ray photographs showing samples having 

17-22 % of the rhombohedral phase (Bacon, 1950a). This is in support of studies by Lipton and 

Stokes. On the other hand, on examination of single crystals of a graphite with a mosaic structure 

it was found that the rhombohedral phase is much less than the 14 % reported by Lipson and 

Stokes (Jagodzinski, 1949).  This rhombohedral phase was also observed by electron diffraction 

studies on single graphite crystals in which case the proportion of this phase was 5 % (Hoerni, 

1949). It is worth mentioning that the rhombohedral crystalline form is metastable and can be 

converted to a stable hexagonal crystalline form upon heat-treatment to 2000 °C (Kelly, 1981a). 

The rhombohedral phase is formed by damage to the hexagonal phase such as grinding, milling, 

etc.  

There are many other carbon allotropes such as fullerenes (Kroto et al., 1985), carbon nanotubes 

(Iijima, 1991) graphene (Novoselov et al., 2004) (Geim and Novoselov, March 2007), carbon 

nanospheres (Miao et al., 2004), etc which possess different structures and properties. These 

materials are not discussed here in full since the focus of this work is in mainly on bulk graphite. 

 

2.2 Graphite manufacture 

Natural graphites are minerals that form when carbonaceous rocks undergo natural heating by 

geothermal gradient. These minerals are found in many parts of the world including Zimbabwe, 

China, India, Brazil and Sri Lanka. Natural graphites from different origins possess variable 

degrees of crystallinity (Bacon, 1950b). The properties of natural graphites depend mostly on 

their origins among other factors such as crushing, milling and purification steps employed 

during their processing. On the other hand, pyrolysis of suitable organic matter under inert gas 

flow, at a temperature up to 3200 °C, produces synthetic graphites. The properties of the 
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synthetic graphite depend on many factors and to understand these factors one must comprehend 

how these materials are made. The general manufacturing steps of synthetic graphite are shown 

in Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Synthetic graphite general manufacturing steps (Wolf, 2001). 

 

Firstly, a raw filler material usually a petroleum or pitch cokes are mixed with a binder (usually a 

pitch or synthetic resin). The main function of the binder is to wet and plasticise the filler 

particles so that they can be formed into the required shape. The mixing step is followed by 
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processing step which involves drying, crushing, milling and sieving of the coke-binder mixture. 

Thereafter the powdered material is shaped either by die moulding, isostatic moulding or 

extrusion. The green artefact or mold is then subjected to heat treatment in inert atmosphere in 

the temperature range 600-1500 °C to carbonise or bake the green artefact. This step removes the 

volatiles (mainly CO, CO2, CH4, H2) in the green artefact and transforms the binder into coke.  

Thereafter the carbonised material is either graphitised by heating the baked carbon material to a 

temperature between 2800 and 3200 °C in inert atmosphere or the baked carbon is impregnated 

with the binder and rebaked before it is graphitised. The impregnation step is usually performed 

in order to densify the baked carbon. After graphitisation, the bulk graphite can be machined and 

purified depending on its end application (Wolf, 2001). The graphites are in general shaped by 

extrusion, compression moulding and isostatic moulding. 

Factors affecting the type and properties of the bulk graphite formed include (but not limited to): 

 The choice of the raw material, which depends on end application 

 The grain size distribution and grain shape of the coke raw material 

 The carbon yield, wetting and viscosity of the binder 

 The temperature, time and torque used during mixing 

 The grain size distribution, apparent weight and pourability desired during processing 

 The type of shaping used  

 The homogeneity of pore size distribution after graphitisation, maximum graphitisation 

temperature used, heating rates, holding times and inert atmosphere used (Wolf, 2001). 
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2.3 The graphitisation process 

According to the IUPAC definition graphitisation refers to the transformation in the solid state of 

thermodynamically unstable carbon into graphite by heat-treatment (Fitzer et al., 1995). This 

process is simply a progressive 3D ordering of the carbon layers upon heat-treatment of an 

organic precursor in an inert atmosphere. Initially, graphitisation was thought to occur by growth 

of small layers of carbon black by migration of carbon atoms from one layer to another forming 

new layer with sizes up to 100 Å but this incorrect model was overwritten by the one in which 

larger layers, > 100 Å, are already present in the material and graphitisation is mainly the 

annealing out of defects at low temperature (Houska and Warren, 1954).  

In order to understand the graphitisation process, it is essential to understand the structure of 

unheated carbon. Warren and Gringriich have shown using X-ray diffraction that carbon black 

consists of aromatic layers in which the distribution of neighbouring carbon atoms in these layers 

was exactly the same as that of single layer of the graphite structure (Warren and Gringriich, 

1934). It is worth realizing that at that time carbon black was considered completely amorphous. 

The concept of turbostratic order for graphitic carbons was introduced to describe the stacking 

arrangement of the basal planes in cokes heated to different temperatures(Biscoe and Warren, 

1942). At low heat-treatment temperature, e.g. 1000 °C, the coke exhibits ‘turbostratic’ structure 

(i.e. random rotation of the layers around the c-axis giving no stacking sequence and hence larger 

interlayer spacings) with an interplanar spacing approaching 3.44 Å. This structure is 2-

dimesional and the XRD profile only shows (00l) lines and (hk) lines (h,k≠0). 

The concept of turbostratic order is very important and was used by Franklin to describe thermal 

evolution of different precursors heat-treated between 1000 and 3000 °C (Franklin, 1951a, 
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Franklin, 1951b). From this work, she was able to categorise these precursors into three groups, 

viz. graphitisable, partially graphitisable and non-graphitisable carbons. 

 

2.2.1 Graphitising carbons 

These are non-graphitic carbons by nature but when heat-treated sufficiently to high temperature, 

say 2600 °C, in inert conditions are converted to crystalline graphite. The organic precursors or 

parent material were subsequently shown to pass through a liquid  crystal stage called mesophase 

during carbonisation (Brooks and Taylor, 1965). This is the key step in the formation of graphitic 

carbons in the condensed state. These carbons show a change from the turbostratic structure to a 

structure close to the one for ordered hexagonal crystalline graphite. However there are carbon 

precursors such as pyrolytic carbon which are graphitisable but do not go through the liquid 

crystal phase.  

 

2.2.2 Non-graphitising carbons 

On the other hand, the carbons which do not convert to graphitic carbon even when heated to 

high temperature are called non-graphitising. The key factor causing this behaviour is that the 

parent materials do not pass through a mesophase on carbonisation. Only small molecules are 

lost by degradation during their carbonisation causing formation of cross-links which inhibit 

fusion. The partially graphitisable carbons are the intermediate between the two extremes. The 

models representing crystalline arrangement in these categories of carbons structures are shown 

in Figure 2.2. Franklin has established the basis of graphitisation using XRD. She established a 

relationship between the basal interlayer spacing between the 002 layers, d002 and the lattice 

constant of the hexagonal graphite unit cell, c as follows: 
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2002

c
d                (2.1) 

 

The value of c = 6.71 Å. During graphitisation of the organic precursor, the value of the basal 

interlayer spacing, d002 decreases progressively from 3.44 Å (turbostratic structure value) to 3.35 

Å (graphite value). The interlayer spacing, d002is also a measure of degree of ordering in a 

graphitic material and is related to the degree of randomness in the alignment of layers, p as 

follows (Franklin, 1951b): 

 

)21(086.0440.3
002

pd                  (2.2) 

 

 

Figure 2.3: Franklin models of graphitising and non-graphitising carbon structures (Franklin, 

1951b). 
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One must emphasize that the difference between the graphitising and non-graphitising carbons is 

that the latter show 2 dimensional structures in addition to the (00l) bands while the graphitising 

carbons exhibit a 3 dimensional structure. The process of graphitisation is affected by many 

factors of which some are discussed in the next section. 

 

2.3 Factors affecting graphitisation 

There are several factors which affect graphitisation of a pre-carbon; these include whether or 

not the organic precursor passes through mesophase and then a fusion state during carbonisation, 

heat-treatment temperature, soaking time at particular heat-treatment temperature, the kind of 

heteroatoms present in the carbon matrix (e.g. N, B, O or S) and/or the type of additives used in 

the starting material. The use of metal catalysts has proved vital for graphitisation as well. 

 

2.3.1 Mesophase formation 

When some organic precursors such as naphthalene, polyvinyl chloride, petroleum bitumen, etc 

are heated they melt and become an isotropic pitch-like material in plastic or liquid form and 

with increase in temperature spheres appear when they are observed under optical light 

microscope (Brooks and Taylor, 1965). With increase in temperature and soaking time, spheres 

become larger. This is the intermediate stage in the development of the characteristic anisotropic 

mosaic structure observed when some organic precursors are pyrolysed and is called mesophase. 

The mesophase was observed in the temperature range 400-520 °C depending on the starting 

organic precursor. As discussed in Section 2.2.1, mesophase formation is a key step in the 

formation of graphitising carbons in the condensed state. As the temperature is raised or soaking 

time at particular temperature is increased, the spheres grow larger (the pitch-like material 
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diminishes) and then start to touch each other or coalesce and begin to form ‘mosaic’ structure. 

After coalescence of the spheres, the mesophase solidifies into a semi-coke (Brooks and Taylor, 

1965). This semi-coke is readily graphitisable upon heat-treatment to 2600 °C.  

The mechanisms of the formation of semi-cokes by pitch pyrolysis have been reviewed (Marsh 

et al., 1999).  In this study, they showed that when petroleum residues are pyrolysed semi-cokes 

of different properties are formed depending on factors such as type of the pitch material, 

viscosity of the pitch-material, heating rate, aromaticity indexes to name but a few. Mesophase is 

a pre-requisite for formation of these semi-cokes. These semi-cokes are precursors to different 

carbon artefacts including graphite. More important is that in petroleum-derived pitches 

mesophase was observed at temperatures as low as 350 °C. For example, in a pitch produced by 

high pressure pyrolysis of naphthalene, anisotropic spheres start to show up at a temperature of 

350 °C (Lewis, 1971).  

 

2.3.2 Fusion during carbonisation 

Some factors affecting graphitisation of polymeric carbons have been reported (Kipling et al., 

1964). This study observed that polymers which pass through the fusion stage during 

carbonisation (e.g. polyvinyl chloride) become graphitic when heated to graphitizing 

temperature, 2700 °C, while those which do not pass through the fusion stage become non-

graphitic (e.g. polyvinylidene chloride). The fusion stage is the key factor for subsequent 

graphitisation of the polymers. Fusion during carbonisation is not the necessary and sufficient 

requirement for producing graphitic carbons; the other important aspect is that it must occur in a 

wide temperature range and the material undergoing fusion must contain varying molecular 

weights/complexes (Kipling et al., 1964). 
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2.3.3 Cross-linking 

Another important factor is the type and extent of cross-linking in the parent material/precursor. 

There are different types of cross-links which could be found in the pre-carbon, namely cross-

links in the original polymer precursor, cross-links occurring during decomposition of the parent 

precursor and those that are formed by the heteroatoms. 

In order to form a carbon there must be a certain degree of cross-linking in a decomposing linear 

polymer. However extensive cross-linking may give 3 dimensional structures which could inhibit 

fusion during carbonisation and therefore result in a non-graphitic carbon. This phenomenon is 

found mostly in carbons derived from resol-type phenolic resins (Kipling et al., 1964).   

Decomposition which occurs during the early stages of carbonisation can result in different types 

of intermediates for various precursors with different degree of cross-linking. For example, 

dehydration of cellulose result in the formation of ether links which is the form of cross-links 

that gives a non-graphitic carbon. Hydrogen-bonding in this material is also reported to inhibit 

fusion (Kipling et al., 1964).  

Heteroatoms such as O, N, B and S which are sometimes found in the parent materials form 

different types of cross-links. These atoms can also be incorporated into the layer planes of a pre-

carbon and are analogous to those in the heterocyclic compounds. Kipling et al. reported 

dehydrochlorination of polyvinyl chloride in the presence of air below 250 °C which forms a 

non-graphitising carbon when graphitized. It is reported that the air forms extensive cross-links 

which prevents occurrence of fusion. This was confirmed by the fact that pyrolysis of the same 

compound resulted in a graphitising carbon (Kipling et al., 1964). It has been also reported that 

excess amount of oxygen and/or sulphur in an organic precursor inhibits formation of mesophase 

spheres which is the key step in formation of graphitising carbons (Dubois et al., 1997). 
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It has also been reported that cumulative addition of sulphur to polyvinyl chloride before 

carbonisation leads to reduction in graphitisability of the polymer. About 9 % sulphur was 

sufficient to change this polymer from being graphitic to becoming non-graphitic when 

pyrolysed to 2700 °C (Kipling et al., 1964). Again, sulphur forms cross-links and inhibits fusion. 

Optical microscopy showed that the polymer sulphurised with 5 % S contained two regions of 

optical activity, one isotropic and the other anisotropic (Kipling and Shooter, 1966). 

Unlike other heteroatoms, incorporation of boron into the pre-carbon has proved to improve the 

graphitisability of the precursor as it does not form extensive cross-links. The catalytic effect of 

boron on the graphitisation behavior of three different industrial carbons/cokes has been 

demonstrated (Murty et al., 1977). It was shown in this work that the same lattice constant, 

which is a measure of extent of graphitisation, was attained atmost 500 °C lower for carbons 

containing lower boron content (i.e. 0.5 and 1.0 wt %) than boron-free carbons. It was also 

shown that there is a limiting boron concentration of approximately 2.5 wt %, above which all 

boronated carbons show the same lattice constants values. However carbons boronated above 

this value show a faster graphitisation process apparently due to increase in the pre-exponential 

factor, a kinetic factor (Murty et al., 1977).  

It has also been shown previously that substitutional incorporation of boron in the pre-carbon 

structure enhances its graphitisation (Hu and Chung, 1996). This particular study showed that a  

Boron/Carbon material synthesized from pyrolysis and subsequent graphitization at 2300 °C of 

the precursor 9-chloroborafluorene had X-ray diffraction parameters attainable by traditional 

carbons heat-treated in excess of 3000 °C. The process of graphitisation of the B/C material is 

apparently enhanced by in situ boron catalysis during heat-treatment. The interlayer spacing of 

the B/C material decreases with temperature, however, when compared to Murty’s data (Murty 
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et al., 1977) on industrial carbons smaller interlayer spacings were attained in the B/C material 

for the same temperature. Unlike in Murty’s data the B/C material does not show any limiting 

boron concentration value for the interlayer spacing, in fact at 2000 °C the minimum interlayer 

spacing for the B/C material is equal to that of graphite (Hu and Chung, 1996). 

Enhanced diffusivity of boron is believed to be the mechanism of high temperature graphitisation 

of boronated carbons. Two mechanisms have been postulated by Fischbach: 

 The substituted boron on the carbon matrix play the same role as vacancies, hence the 

boron atoms diffuse out of the matrix faster than carbon atoms thereby increasing rate of 

graphitisation. 

 Secondly, during annealing of boronated carbons vacancy concentration in the matrix 

increase as excess boron diffuse out of the lattice, hence the removal of these vacancies 

during heat-treatment enhances graphitisation reaction (Fischbach, 1971).  

Incorporation of boron into a pre-carbon can be vital or detrimental depending on the end 

application of the graphite. This is not desired for graphites used for nuclear reactor applications 

since boron has a larger absorption cross-section area for neutrons, i.e. approximately 4 × 10
-21

 

cm
2
. The heteroatoms O, B and N are removed from the precursor by heat-treatment to 

temperature above 1500 °C while sulphur can be entrapped into the carbon matrix up to about 

2000 °C. In the next section we discuss catalytic graphitisation of organic precursors using 

inorganic additives/metals as catalysts. 
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2.3.4 Catalytic graphitisation 

Graphitisation can be enhanced by addition of certain inorganic additives to the precursor 

carbons. The overall effect of these additives is to lower the temperature needed to achieve a 

certain degree of graphitisation. A review on catalytic effects of many inorganic additives on 

graphitisation of carbons as well as the mechanisms involved was reported (Marsh and 

Warburton, 1970). In this review the use of inorganic additives containing metals Al, Cu, Cr, Fe, 

etc were looked at. 

2.4 Graphite properties applicable to nuclear industry 

Graphite has many applications ranging from making pencils, electrodes, as well as lubricant for 

aerospace applications. In this section we focus on the properties of fuel matrix graphite used for 

nuclear applications as a moderator. Graphite is a suitable material for moderator and reflector in 

nuclear reactors because it exhibits low thermal expansion coefficients (CTE), excellent thermal 

shock resistance and low neutron activation (Kelly, 1981a). It is light, inexpensive, machinable 

and readily available. Graphite is one of the stable materials under irradiation; however its high 

temperature oxidation poses a problem and as such it requires oxygen protective systems for 

prolonged use. In pebble bed reactors, it is used as a neutron containment barrier in a UO2-based 

fuel pebble wherein it encapsulates these fuel particles. It is used together with other coatings 

such as pyrolytic carbon and silicon carbide. 

In the reactor, graphite is subjected to harsh conditions such as high neutron dosage, high 

temperature, fission reactions, etc. Thus the graphite used whether as moderator/reflector or 

encasing materials must withstand these conditions. One of the properties the graphite must 

possess is equal coefficients of thermal expansion in both the a-crystallographic axis and the c-

crystallographic axis (see Table 2.1) to prevent the high temperature swelling of the reactor 
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block and therefore isotropic graphite is desirable in this instance. The other important factor is 

that the graphite must possess high density of at least 1.7 g.cm
-3

 and hence high strength at high 

temperature (Cohn et al., 2005). 

 

Table 2.1: Properties of nuclear graphite (Cohn et al., 2005) 

Property Anisotropic 

 Graphite 

Isotropic  

Graphite 

Density(g.cm
-3

) 

 

1.71 1.86 

Resistance (μΩ.cm) 

 

735 1000 

Tensile strength (kPa
c
) 

 

9.93 46.172 

Coefficient of thermal 

expansion (10
-6

/°C) 

 

  

With grain 

 

2.2 5.3 

Against grain 

 

2.8 5.3 

Anisotropic ratio 

 

1.73 1.0 

Total ash (ppm) 

 

740 400 

Boron content (ppm) 0.4 0.3 

 
 

The graphite moderator must possess a greater slow-down power for neutrons than the tendency 

to capture them; therefore the graphite should have low boron content (see Table 2.1) as boron 

has a larger absorption cross-section area for neutrons, i.e. approximately 4 × 10
-21

 cm
2
. The 

boron- free graphite should have a low neutron capture cross-section of 0.0032 ± 0.002 × 10
-24

 

cm
2
. This factor is dependent on the purity of the starting organic precursor as well as the 

processing conditions of the graphite manufacture (Cohn et al., 2005). 
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2.5 Fabrication and properties of graphite matrix material for various high 
temperature gas-cooled nuclear reactors 

 

Graphite matrix material or composites are used as fuel encasement; a neutron moderator as well 

as a heat conductor in high temperature reactors (Zhao et al., 2006) (Tang et al., 2002) (Tang et 

al., 2008) (Schulze et al., 1981) (Mehner et al., 1990). The graphite matrix is composed of 

natural graphite, synthetic graphite and resin in a certain proportion.  The graphite matrix 

materials have been developed in Germany in the 1950s for the use in the German high 

temperature gas cooled reactors. For example, the Arbeits gemeinschaft Versuchs-Reaktor 

(AVR) and Thorium Hochtemperatur Reaktor (THTR) (Schulze et al., 1981) (Mehner et al., 

1990) (Hoinkis and Robens, 1989) uses standard matrix graphite composites, A3-3 and A3-27. 

The fabrication steps for the fuel-free standard matrix graphite, A3-3 are outlined in Figure 2.4 

below. The filler particles natural flake graphite (64 wt.%), graphitized coke powder (16 wt.%) 

were mixed to form a graphite filler which was then kneaded with phenol/formaldehyde based 

phenolic resin (20 wt.%) dissolved in methanol. After kneading, the mix was dried and then 

ground to form a resinated graphitic powder. The graphitic powder was then pre-pressed at a 

pressure of 30 MPa at 25 °C in a silicon rubber die, followed by quasi-isostatic cold molding at a 

pressure of 300-350 MPa at 25 °C in a silicon rubber mold. The fabrication steps of the A3-27 

graphite matrix material (which was only used in the AVR reactor) are shown in Figure 2.5. 

First, the natural flake graphite (62.4 wt.%), the graphitized coke powder (15.6 wt.%) and the 

phenol/hexamethylenetetramine based phenolic resin (22 wt.%) were mixed together at a 

temperature of 130 °C. The hot mixing was then followed by grinding to form a resinated 

powder which was subsequently pre-pressed at a pressure of 30 MPa at 25 °C.  
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Figure 2.4: Fabrication steps of standard A3-3 graphite matrix used in the German AVR and 

THTR reactors  (Schulze et al., 1981) (Hoinkis and Robens, 1989). 
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Figure 2.5: Fabrication steps of the A3-27 graphite matrix material used in the German AVR 

reactors  (Schulze et al., 1981) (Hoinkis and Robens, 1989)  

 

The compacts were further subjected to quasi-isostatic cold moulding at a pressure of 300-350 

MPa at 25 °C in a silicon rubber mold. The compacts or spheres were then carbonized at 800-900 

°C in inert atmosphere followed by purification or annealing at 1950 °C in vacuum. The main 

differences in the fabrication of the A3-3 and A3-27 graphite matrix materials are:  

 The initial weight percentages of the raw materials are not the same. 
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 A phenol/formaldehyde resin was used as binder in the A3-3 matrix whilst a 

phenol/hexamethylenetetramine resin was used in the case of A3-27 matrix.  

 The A3-3 matrix raw graphites were cold mixed first before mixing with the resin whilst 

in the A3-27 matrix all the raw materials were mixed at the same time and at high 

temperature (130 °C). 

 The purification of the graphitic spheres was performed at 1800 °C for the A3-3 matrix 

while it was performed at 1950 °C for the A3-27 matrix.   

A similar method to the one used to make A3-3 matrix was used in the manufacture of the 

graphite matrix used in the Chinese high temperature reactor (HTR-10), see Figure 2.6.  The 

natural flake graphite (from Beishu mine, China) was used as filler together with electrographite. 

These graphites were first crushed into a suitable particle size distribution using a mill, followed 

by pre-mixing.  

 

 

 

 

 

Figure 2.6: Manufacture steps of graphite matrix for Chinese HTR-10 (Zhao et al., 2006, Tang et 

al., 2008). 

 

The graphite mix was then kneaded with dissolved phenolic resin binder (phenol/formaldehyde 

based), dried at 100 °C under vacuum and ground using a hammer mill with a sieve of 1 mm. 

The matrix was then moulded using cold quasi-isostatic pressing in a silicon rubber die at a 
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pressure up to 300 MPa. The pressing was followed by carbonisation at 800 °C to remove 

volatiles in the phenolic resin, lathing and purification at 1900 °C (Zhao et al., 2006) (Tang et al., 

2002, Tang et al., 2008). The fabrication methods/steps used dictate the properties of these 

matrix graphite materials; some properties of interest are shown in Table 2.2.   

 

Table 2.2: Properties of graphite matrix materials used in some HTRs. 

React

or 

Matrix 

type 

(HTT) 

Bulk 

density 

(g.cm
-3

) 

CTE 

(20-500 °C,  

10
-6

 K
-1

)
 

Thermal 

conductivity, 

at 1000 °C 

(W.m
-1

K
-1

) 

Reference 

AVR A3-3 

(1800 °C) 

1.70 ║2.80 

┴2.92 
║26 

┴27 

(Rind, 1981)  

(Schulze et al., 1981) 

(IAEA, June 2012) 

 

 

 A3-27 

(1950 °C) 

1.74 ║2.43 

┴2.69 
║44 

┴39 

THTR A3-3 

(1950 °C) 

1.73 ║2.89 

┴3.45 
║41 

┴37 

HTR-

10 

A3-3 

(1800 °C) 

1.73  ║2.72 

┴2.99 
║29.3  

┴29.7 

(Tang et al., 2008) 

 

 

Similar graphitic composites were made by compacting graphite powders of variable grades 

(1645, 3610, 4012 and 4956 all from Asbury carbons; SFG-75 and KS-150 from Timacal 

Graphite and Carbon) ad-mixed with phenolic resin (Cunningham et al., 2005). In this study, the 

compaction behavior, the structure and mechanical properties of graphite and graphite-phenolic 

resin mixtures were characterized.  This work showed that compaction of the graphites without 

addition of the resin did not produce adequate compacts. The graphite powders, 3610, 1645 and 

SFG-75 were very compactable when ad-mixed with the resin and showed green densities above 

1.88 g.cm
-3

 and green strength greater than 11.2 MPa. On the other hand the mixtures of the 

graphites 4012 and 4956 showed lower green densities and strengths. XRD analysis also showed 

that mixtures with high green densities and strengths exhibited highest degree of anisotropy and 
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their (002) diffraction planes showed preferential alignment in the direction perpendicular to 

compaction axis. On the other hand no preferential (002) planes alignment was observed for non-

compactable 4956 graphite; Graphite 4012 showed small degree of orientation and was weak and 

thus classified as non-compactable (Cunningham et al., 2005).   

 

In conclusion the graphite required for nuclear applications must meet most of the above 

mentioned characteristics, if not all, depending on the reactor design. The graphite manufacture 

and processing steps, as discussed in Section 2.2, can be quite costly. The fabrication of graphite 

matrix material used as encasement in fuel elements of high temperature gas-cooled reactors was 

discussed. In most gas-cooled HTRs, the graphite matrix is prepared by cold quasi-isostatic 

moulding at high pressure. The properties of the prepared matrix depend on the fabrication route 

employed. 
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CHAPTER 3: PHENOLIC RESINS 

 

Introduction 
 

This chapter focuses on production of phenolic resins (resols or novolacs) and their applications 

as binders. The main source of information on how these materials are made is described in a 

book by Knop and Pilato (Knop and Pilato, 1985). Phenolic resins are relatively inexpensive, 

light weight and have excellent insulating properties.  

 

3.1 Raw materials for phenolic resins production 
 

The raw materials for the synthesis of phenolic resins are phenols and aldehydes. Phenols are a 

class of compounds containing a hydroxyl group bonded directly to the aromatic nucleus or 

benzene structure. Phenols behave like weak acids and dissolve readily in aqueous sodium 

hydroxide and are insoluble in aqueous sodium carbonate. The simplest or pure phenol is also 

called hydroxybenzene; it has a molecular weight of 94.1 g.mol
-1

, melting point 40.9 °C and 

boiling point 181.8 °C. All other types of phenol such as cresols are derived from this structure. 

The largest use of phenols is in the production of phenol-formaldehyde resins (Knop and Pilato, 

1985). The use of formaldehyde in the synthesis of phenolic resins has attained much 

commercial importance than other aldehydes such as acetaldehyde and furfural. Formaldehyde is 

a colourless, pungent, irritating gas and it exists in aqueous solution as a mixture of oligomers of 

polymethylene glycol. It is used mainly in the production of thermosetting resins based on 
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phenol, urea and melamine (Knop and Pilato, 1985). The next section focuses on formation of 

different types of phenolic resins, i.e. Phenol-formaldehyde reactions.  

 

3.2 Phenol/Formaldehyde reactions 
 

Phenolic resins are formed by step-wise polymerisation of di-functional aldehyde monomers and 

phenols having more than 2 functionalities. The end characteristics of the phenolic resin depend 

on temperature and pH at which the reaction is carried out. There are two types of phenolic 

resins formed when phenol and formaldehyde react, namely, Novolacs and Resols.  

3.2.1. Novolacs 

Novolacs are formed from acid catalysed reaction (pH 1 to 4) of phenol and formaldehyde at a 

Formaldehyde-Phenol mole ratio less than 1. The reaction occurs as an electrophilic substitution 

reaction, see Figure 3.1. The first step entails formation of hydroxymethylenecarbonium ion 

from the reaction of the formaldehyde with an acid; followed by reaction of the formed 

carbonium ion and phenol to form o-hydroxymethylphenol. The substitution is observed at an 

ortho-position under acidic conditions. The o-hydroxymethylphenol formation is an intermediate 

step and forms a benzyliccarbonium ion in acidic medium and water as by-product. The next step 

involves the reaction of the benzyliccarbonium ion with phenol to form 

dihydroxydiphenylmethane which is a basic back-bone for a novolac-type phenolic resin(Knop 

and Pilato, 1985). 

The reaction of phenol with formaldehyde in acidic medium does not form meta-substituted 

phenolics. A typical example of the novolac-type phenolic resin is shown in Figure 3.2, with 

only ortho-para substitutions to the phenol structure. The novolacs are linear condensation 
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products linked with methylene bridges and have a relatively low molecular weight (MW) of 

about 2000. They are soluble in alcohols, fusible and can be cured only by addition of a 

hardener.  

 

3.2.2. Resoles 

Resoles are formed from base catalysed reaction (pH > 5) of phenol and formaldehyde at a 

formaldehyde-phenol ratio more than 1. They are mono or polynuclearhydroxymethylphenols 

(HMP) and are stable at room temperature. Commonly used catalysts include group 1 and 2 

metal hydroxides, ammonia, tertiary amines as well as transition metal hydroxides.  

An example of an alkali catalysed reaction of a phenol and formaldehyde is shown in Figure 3.3. 

First the phenol reacts quickly with an alkali forming resonance stabilized phenoxide ion, since 

the hydroxyl group in phenol is an inductive electron withdrawing group and is a good 

ortho/para director; the reaction of these resonance stabilized ions with formaldehyde result in 

monomethylol phenol derivatives at ortho/para positions, see step 2 and 3. The monomethylol 

phenol derivatives then react with excess formaldehyde to form o,p-dihydroxymethylphenol, o,o-

dihydroxymethylphenol and trihydroxymethylphenol (Sprengling and Freeman, 1950). The ortho 

substitution is favoured when the metal hydroxides of group 1 and 2 elements are utilised as 

catalysts at an intermediate pH. The mechanism by which the formaldehyde reacts with 

phenoxide ion is not fully understood (Knop and Pilato, 1985). Unlike the novolacs, the resoles 

form 3 dimensional, cross linked insoluble and infusible polymers when heat-treated under inert 

conditions.  
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Figure 3.1: The reaction scheme for the formation of a novolac-type phenolic resin (Adopted 

and re-drawn from (Knop and Pilato, 1985)). 
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Figure 3.2: A typical example of a novolac-type phenolic resin (Knop and Pilato, 1985). 

 

It must be clearly stated that phenol and formaldehyde are basic raw materials for the production 

of phenolic resins, some substituted phenols and other aldehydes (e.g. cresols and furfural) may 

be used for specialised applications. Therefore phenolic resins of many different forms can be 

produced depending on the raw starting materials, reaction conditions and their end application. 
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3.3 Use of phenolic resins as binders 

Phenolic resins have many applications which include use as abrasives, coatings, refractory 

materials, rubber, adhesives, composites, etc. Phenolic resins form a non-graphitising carbon 

upon heat-treatment to graphitising temperatures (≥ 2800 °C). Due to their high affinity for 

graphitic carbon, good wettability, good molding properties, good thermosetting properties and 

high carbon content, phenolic resins have been used as binders for moderator matrix graphites in 

high temperature nuclear reactors (Zhao et al., 2006, Nicholls, 2001, Nicholls, 2002).  

In this project a phenolic resin was used as a binder for two grades of nuclear graphites, i.e. 

natural flake graphite and synthetic or electro graphite. The resulting graphitic matrix or 

composite is used together with other materials as an encasement for fuel particles and serves as 

fast neutron moderator in the reactor.  

This chapter reviewed what phenolic resins are, how they are made and how to control the type 

of the phenolic resin being formed. The use of these resins as binders was elucidated.  In the 

experimental section of this thesis (Chapter 5), novolac phenolic resin was used as a binder for 

two graphite filler materials.  
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Figure 3.3: The reaction scheme for the alkali-catalysed formation of a resol-type phenolic resin 

(Knop and Pilato, 1985). 
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CHAPTER 4: THEORETICAL BACKGROUND ON 

TECHNIQUES 

 

4.1. Laser diffraction 

 

Laser diffraction is a technique used in the measurement of particle size distribution of a 

powdered sample dispersed in a solvent. The particulate sample must be insoluble in the solvent 

at room temperature. The particle size distribution is measured by passing a laser beam on 

particles dispersed in a solvent; the particles then scatter the laser light. The angular scattering 

intensity data is obtained and analysed to calculate the size of the particles based on Mie theory 

of light scattering (Mie, 1908, Hergert and Wriedt, 2012). The particle size is given in terms of 

sphere diameter, i.e. this technique assumes all particles are spherical. The advantages of this 

technique are that no calibration is required, it is easy to rapidly perform the measurements, it 

can measure sub-micron to few millimeter size range and it is repeatable. 

4.2. X-ray diffraction (XRD) 

 

X-ray diffraction is a technique used to measure the positional arrangement of atoms in a crystal 

lattice in crystalline materials (they possess repetitive arrangement of atoms in space). It is also 

useful in determining interlayer spacings, crystallite size, preferred orientation and composition. 

In a typical XRD measurement, a beam of monochromatic X-rays is incident on the sample 

surface and the X-rays are elastically scattered in various directions as shown in Figure 4.1. The 

scattered X-rays will interfere constructively and destructively, the latter ones will cancel out 

while those that interfere constructively will satisfy Bragg condition below: 

nd sin2
          (4.1)
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where d is the spacing between diffracting layer planes, θ is the incident beam angle, n is an 

integer representing order of the reflection and λ is the wavelength of the radiation source used. 

 

 

Figure 4.1: Schematic representation of the diffraction of X-rays beam on the sample surface 

(Cullity, 1978). 

 

It is these X-rays which are then diffracted, detected and recorded as intensity versus scattering 

angle (2θ). These intensities are due to diffraction in various lattice planes in a crystalline 

material. An example of a XRD pattern for hexagonal synthetic polycrystalline graphite is shown 

in Figure 4.2 below. The attained spectrum is then fitted with the reported literature patterns in 

the International Centre for Diffraction Data (ICDD) database. After the fitting procedure, the 

lattice planes as well as the phase are indentified consistent with reported data.  
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Figure 4.2: The X-ray diffraction pattern of a hexagonal synthetic graphite crystal used in this 

work. 

 

For example the synthetic graphite pattern shown in Figure 4.2 fitted exactly with the hexagonal 

crystalline phase of graphite (Trucano and Chen, 1975). The (002) peak which is observed 

around 2θ~26 ° (if CuK  source is used) is the most dominant and very crucial in graphite 

characterization as it is used in calculating interlayer spacing using equation (4.1), the degree of 

graphitization, g, which is a measure of how close to the ideal single crystalline hexagonal 

crystalline graphite, is calculated using the following equation (Nightingale, 1962):     

354.344.3

44.3 002d
g           (4.2) 
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where 3.44 is by definition the interlayer spacing of a turbostratic carbon in Å, d002 is the 

observed interlayer spacing in the material and 3.354 is the interlayer spacing of the ideal single 

crystalline graphite in Å. 

The out of plane (Lc) and in-plane (La) crystal sizes can be calculated using the Scherer equation 

shown below (Scherer, 1918):  

cos

K
L            (4.3) 

where L is the crystal size, θ is the incident angle of the beam, λ is the wavelength of the 

radiation source used, β is the peak width at half maximum intensity and K is the shape factor. 

The shape factor K equal to 0.9 is utilized when determining the out of plane crystal size, Lc 

together with angular position of the (002) peak (Klug and Alexander, 1954). When calculating 

the in-plane crystallite size, Lathe K factor value of 1.84 is utilized together with (110) 

diffraction peak (Warren, 1941). XRD method has been extensively utilized in the 

characterization of carbon materials more than 100 years ago. For example Bragg used it to 

determine the crystal structure of diamond (Bragg and Bragg, 1913). This technique has also 

been used to characterize graphites of different origins (Trucano and Chen, 1975, Lipson and 

Stokes, 1942a, Kelly, 1981b, Parthasaray et al., 2006, Ruland, 1965). 

 

4.3. Raman Spectroscopy 

 

This is a spectroscopic technique which measures vibrational, rotational and low-frequency 

modes in the system or sample by using inelastic scattering of photons resulting from interaction 

of laser (in the visible, infrared or near ultraviolet region) with sample or system. In a typical 
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Raman spectroscopy measurement, a sample is incident with a monochromatic laser beam and 

then light from the illuminated spot is collected with a lens and sent through a monochromator 

whereby wavelengths closer to that of the laser are filtered out while the rest is collected into a 

detector. Typically, a monochromatic laser beam is incident on a molecule and interacts with the 

electron cloud and bonds of the molecule and as a result a laser photon excites the molecule from 

the ground to the virtual energy state. This is called spontaneous Raman effect. This molecule 

will emit a photon and returns to a different vibrational or rotational state during its relaxation. 

The difference in energy between the new vibrational or rotational state and the ground state 

result in the shift in the frequency of the emitted photon relative to the laser excitation 

wavelength. This shift is called Raman shift wave number and is characteristic of the sample or 

system under study and serves as its finger print of the sample. This technique has been used 

extensively in carbon science to characterize different types of materials such as graphite 

(Tuinstra and Koenig, 1970, Nakamizo et al., 1974a, Wang et al., 1990), diamond (Prawer and 

Nemanich, 2004, Ferrari and Robertson, 2004), carbon nanotubes (Dresselhaus et al., 2004, 

Hodkiewicz, 2013), fullerenes (Schettino et al., 2002), grapheme (Dresselhaus et al., 2010a, 

Dresselhaus et al., 2010b) and others. The Raman spectra of different carbon materials are shown 

in Figure 4.3 and Figure 4.4below. Figure 4.3shows the Raman spectra of diamond and graphite 

on silicon substrate, the diamond spectra exhibit a single band around 1332 cm
-1

due to vibration 

of the C-C single bonds in the tetrahedral crystal structure of diamond. The graphite on silicon 

substrate spectrum shows bands around 520 and 950 cm
-1 

characteristic of silicon, a 1
st
 order 

band around 1582 cm
-1

 (called G band) attributtable to the vibration of the C-C double bonds 

(sp
2
) and a 2

nd
 order peak around 2650 cm

-1
. In Figure 4.4the spectra of graphene, highly 

oriented pyrolytic graphite (HOPG), single-walled carbon nanotubes (SWNT) and amorphous 
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carbon are shown; due to their different vibrational modes or Raman signatures these materials 

can be distinguished with ease. Graphene comprise two main bands around 1580 and 2650 cm
-1

 

due to C-C double vibrations (sp
2
); the latter is the second order peak also called G' band. The 

HOPG has a similar Raman signature as the graphene except that it’s G' band is of low intensity. 

On the other hand SWNT possess additional peaks around 250 cm
-1

 and 1340 cm
-1

 due to radial 

breathing modes (RBM) of the tubes and disorder induced D-band, respectively. The RBM is 

very important in calculating the diameter of the SWNT. The amorphous carbon spectrum 

consist of mainly two bands, i.e. the D- and the G-bands, which are characteristic of C-C single 

(sp
3
) and double (sp

2
) vibrations, respectively. In amorphous carbon, the D-peak is more intense 

than the G-peak showing high degree of disorder or high fraction of sp
3
 carbon atoms. This 

illustrates the power of Raman spectroscopy as a characterization tool. 

 

 

Figure 4.3: The Raman spectra of diamond and graphite on Silicon substrate. (Hodkiewicz, 

2013) 
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Figure 4.4: The Raman spectra of various carbon materials. (Dresselhaus et al., 2010a) 

 

The advantages of using this technique are it is non-destructive and requires no or little sample 

preparation. It can also be utilized to determine parameters such as crystallite size and perfection, 

stress evaluation and structural defects. 

 

4.4. Optical Microscopy (OM) 

 

Optical microscopy is a technique which uses visible light together with a system of lenses and 

cameras to magnify the image of small specimens. An example of a modern optical microscope 

is shown in Figure 4.5 below. It typically consists of structural components such as an eyepiece 

(1) used for bringing the sample image under view into focus to the eye; an objective turret or 

revolver (2) which is used to hold and change between different objective lenses (3). Objective 

lenses are usually cylindrical and contain a glass single or multi-element lens. They are 
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characterized by mainly two parameters, magnification and numerical aperture; the former 

ranges from 5× to 100× while the latter ranges from 0.14 to 0.7. Objectives having higher 

magnification normally possess higher numerical aperture and shorter focal lengths.  

 

 

Figure 4.5: A typical optical microscope showing various components of the instrument. 

(www.en.wikipedia.org/wiki/Optical_microscope; 2013-09-30) 

 

Some optical microscopes use oil-immersion or water-immersion objectives so as to improve 

resolution at higher magnification. This is because the refractive index of the oil or water is 

higher than that of air and therefore allows the objective to have larger numerical aperture (> 1) 
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so that the light is transmitted from the specimen to the outer face of the objective lens with 

minimal refraction. This allows for detection of smallest microstructural details in the sample. 

The adjustment knobs (fine knob (4) and coarse knob (5)) are used to move the stage (6) up and 

down, this operation helps to fine tune the clarity of the sample image under view. Below the 

objective is a stage which serves as a support platform for the specimen under view. The stage 

also possesses a hole at its centre to which light passes through to illuminate the sample. The 

light source (7) is commonly made of a halogen lamp although LEDs and lasers could also be 

utilized. The light passes through the diaphragm and condenser (8) which is effectively a lens 

designed to focus the illuminated light on to the sample. The condenser may include features 

such as filters to control the quality and intensity of the incident light (Richardson, 1971, Haynes, 

1927-, Murphy, 2001). Illumination techniques such as cross-polarized light, dark field and 

phase contrast and others can be utilized to improve contrast of the image from the sample. 

In carbon science, this technique is very vital in the microstructure studies of carbon materials 

especially graphite. This is because under polarized light the anisotropy of the graphitic lamellar 

structure can be detected using this technique. When visible polarized light interact with the 

graphite lamellar structure, it produces interference colours. These interference colours are 

significant because they inform about the orientation of graphite basal planes with respect to 

incident polarized light. When the retarder plate (1λ-plate) is inserted in the optical path, the 

basal planes appear in different colours as follows: 

 basal planes aligned perpendicular to plane of polarization appears purple. 

 basal planes oriented at an angle to the plane of polarization appear blue or yellow (the 

blue or yellow particles being indicative of filler particles perpendicular to each other) 

(Edwards, 1989). 
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The mounting resin which fills the pores of the filler particles appears purple under polarized 

light because it is optically non-textured. It does not change colour under polarized light when 

the stage is rotated. Poorly aligned region do not change colour as well (Nightingale, 1962).  

 

4.5. Scanning Electron Microscopy (SEM) 

 

This technique is used to characterize the microstructure of many materials including graphite 

and its composites. With SEM, a sample surface is scanned with high-voltage or energy beam of 

electrons. These electrons interact with electrons in the sample and the output thereof is a scan 

image revealing the microstructural features as well as composition of the sample. This 

technique also enables detection of surface impurities on samples. The disadvantage of this 

technique is that it requires the sample to be electrically conductive; otherwise the sample 

understudy should be coated with carbon coating or metal coating such as Gold or Platinum prior 

scanning to make it conductive. Secondary electrons (SE) and backscattered electrons (BSE) are 

the main signals produced by SEM. The latter are beam electrons that are reflected by sample by 

elastic scattering; the BSE is very useful in determination of elemental distribution in the sample 

surface. More information on this technique can be read in these references (McMillan, 1995, 

McMillan, 1988, Smith and Oatley, 1955).  

 

4.6. Pycnometry 

 

Pycnometry is a technique used in measuring the density and porosity of a solid material by 

either solid or gas displacement. There are three types of pycnometers, namely glass pycnometer, 

envelope pycnometer and gas pycnometer. The two latter ones were used in this work and more 
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focus was given to them. An envelope pycnometer measures the envelope/bulk density of the 

material by measurement of the bulk volume of the sample using displacement in a certain dry 

medium, e.g. dryflo medium (or sand). The envelope/bulk density of the material is calculated as 

the mass of the sample divided by the bulk volume. This method is non-destructive of the 

sample, is easily performed and it uses non-hazardous materials. However this method is 

inapplicable to powdered samples. Some instrument manufacturers refer to this method as 

Geopyc method (this method is also discussed in detail in Section 5.2.6). 

On the other hand, the gas pycnometer determines the skeletal volume (and hence enables 

skeletal density calculation) of the solid or powdered sample by measuring the pressure change 

of gas in a calibrated volume. Gases such as nitrogen, helium, etc are used in these pycnometers. 

In this work Helium pycnometer was employed in measuring skeletal density. It is a constant-

volume pycnometer consisting of essentially two inter-connected chambers (see Figure 4.5)one 

chamber is empty (expansion chamber, Ve) and the other one is having a sample of interest 

(sample chamber Vc having sample of volume Vs). The following steps are followed in principle 

to determine the volume of a sample: 

 The sample of volume Vs is put in the sample chamber of volume, Vc 

 The valve X and valve Y (gas supply valve) are open and the pycnometer is filled with 

helium 
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Figure 4.6: Simplified schematic diagram of a Helium pycnometer. 

 

 

 The gas supply valve (valve Y) is closed and the absolute pressure (P1) inside the 

pycnometer is measured using a transducer 

 The valve X is then closed to isolate the sample chamber 

 Valve Y is opened and the helium gas flows into the calibrated empty chamber 

 Valve Y is closed again and the helium pressure in the empty chamber is measured (P2) 

 Valve X is opened and the gas expands into the sample chamber or vice versa 

 When the expansion is finished, the final gas pressure is measured. 

From these steps the volume of the sample is measured using pycnometer working equation as 

shown in equation (4.4): 

1 1
2

s c

V
eV V

P

P
         (4.4) 

This equation assumes the Helium gas behaves ideally; is not adsorbing on solid surface and is 

not compressible. To test whether the instrument works perfectly, standard steel balls of known 

volume are used to calibrate the volume at ambient temperature.  More information on gas 

Calibrated 

expansion volume 

Ve 

Valve X 
Valve Y 

Calibrated sample cell 

volume 

Vc 

Vs 
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pycnometers can be attained in these references (Tamari, 2004, Webb, 2001 , Micromeritics, 

2009).  

 

4.7. Thermogravimetric analysis 

 

Thermogravimetric analysis (TGA) is a thermal analysis technique utilised to study the changes 

in physical and chemical properties of a material as a function of temperature at constant heating 

rate; or as a function of time at a constant temperature and/or mass loss (Wendlandt, 1964, 

Brown, 2001). The resulting information from TGA scan is, for example, a residual mass loss vs. 

temperature curve which provides information regarding thermal stability, air oxidation and 

composition of the original sample, intermediates and residue. The sample weight/mass change 

in the instrument is monitored using a thermobalance which consist of electronic microbalance, a 

furnace, a temperature controller, an atmospheric controller and a connected PC which records 

the output from these devices (Brown, 1988, Wendlandt, 1964). In this project, a mettler Toledo 

A851 TG/SDTA machine was used during air oxidation measurements on raw graphite and 

composite samples.  

4.8. Thermomechanical analysis 

 

Thermomechanical analysis (TMA) is a thermal analysis technique which studies the properties 

of materials when they are subjected to a change in temperature. The primary signal in this 

technique is the dimension change in the sample as it is heated or cooled (Haines, 1995). A 

schematic diagram of a typical TMA instrument is shown in Figure 4.6 below. Basically a 

sample is placed on top of a support material and a probe (both made of a quartz glass) sits on 

top of the sample. Quartz glass is preferably used due to its low thermal conductivity and 
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expansion. The geometry of both the sample and probe are such that they are placed within the 

furnace as shown. Next to the sample is a temperature monitoring device, a thermocouple, which 

measures the temperature of the sample during heating or cooling. The probe is connected to a 

Linear Variable Displacement Transducer (LVDT) which monitors and records the dimension 

changes in the sample (Fifield and Kealey, 1995). Measurements are normally performed under 

the flow of an inert gas such as nitrogen or helium gas to prevent air oxidation during the heat-

treatment or cooling. The probe should at least touch the sample in order to obtain error-free 

data. To do this, the measurements are performed under zero load or under very negligible load. 

Various types of probes can be used: expansion, penetration, tension, flexure, etc; depending on 

what the user intends to measure (Brown, 1988), (Fifield and Kealey, 1995). For example, an 

expansion probe is used when one is interested in measuring linear coefficient of expansion 

whilst the penetration probe is utilized when one measures the glass transition temperature (also 

called Tg) of a material. A calibration with a material(s) of known CTE or Tg value is required 

prior to analysis. TMA instruments are capable of taking measurements in the temperature range 

-100 to 1000 °C. The measurements can also be obtained at variable loads.  
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Figure 4.7: A schematic diagram of a typical TMA instrument. 

 

4.9. Xenon Flash Photolysis 

 

Xenon flash photolysis is a specialized laser flash method used to measure thermal diffusivity of 

a sample subjected to a high energy Xenon pulse on one end and monitoring the temperature rise 

of the sample on the other end (Parker et al., 1961, Clark and Taylor, 1975b). In principle, an 

energy pulse is incident on one side of the sample (as shown in Figure 4.7) and the time 

dependent temperature signal is detected on the back side of the sample. If the measurement is 

performed in one-dimension as shown in Figure 4.7 and under constant pressure, the thermal 

diffusivity of the sample can be calculated as follows: 

2/1

2

1388.0
t

d
          (4.5) 

where α is the thermal diffusivity, d is the sample thickness and t1/2 is the time required for the 

pulse to reach its half maximum value. 
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Figure 4.8: A diagram showing how Xenon Flash measurement works. 

 

This technique requires the sample to be homogeneous; the energy pulse input must also be 

uniform and very short (typically in micro-seconds). Thermal diffusivity measurements are very 

helpful in the indirect measurement of the thermal conductivity of a material. The relationship 

between these properties is as follows: 

pC            (4.6) 

where κ is the thermal conductivity in W m
-2

 K
-1

, α is the thermal diffusivity in m
2
 s

-1
, ρ is the 

density in kg m
-3

 and Cp is the specific heat in J kg
-1

 K
-1

. Combining equations (4.5 and 4.6) 

gives the thermal conductivity expression as follows: 

2/1

2

1388.0
t

Cd p
          (4.7) 
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4.10. Four-point bending 

 
The four-point bending test method is used to test the flexural or bending strength of brittle 

materials. Flexural strength is defined as the ability of the material to resist deformation when a 

load is applied on it. It represents the highest stress it experiences at the moment of rupture. It is 

measured as force per unit area or simply it is expressed in pressure units such as MPa. Figure 

4.8 below shows a four-point loading beam of a rectangular sample. When the load is applied on 

the sample, it experiences various stresses, i.e. compressive stress on the loaded side (top side) 

and a tensile stress on the other side (below the sample). Most materials fail under tensile stress 

than compressive stress.  

 

 

 
 

Figure 4.9: Beam with four-point loading. 

 

For a rectangular sample under four-point bending load the strength is calculated as follows: 

2bd

FL
          (4.8) 

where  is the flexural strength in Pa, F is the applied load at fracture in N, L is the support span 

length in m, b and d are the sample width and thickness, respectively, in m. The formula in 

equation (4.8) applies only if the load span length (Li) is one-third of the support span length (L). 

If the load span is half the support span, the flexural strength is given by: 

L 

Li 

d 
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24

3

bd

FL
           (4.9) 

If the load span is neither one-third nor half of the support span then the strength is given by: 

22

)(3

bd

LLF i
          (4.10) 

A different formula for calculating strength applies for samples tested using three point bending 

fixtures and this can be attained in literature (Hodgkinson, 2000). Factors affecting strength and 

modulus are defects in the material, its porosity, particle size, inter-particulate binding, etc. In 

this work the graphitic composites samples tested were in accordance with an ASTM standard 

C651-91 (Reapproved 2000). 
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CHAPTER 5: EXPERIMENTAL 

 

5.1. Raw Materials 
 

The raw materials used to fabricate graphitic composites in this work were natural graphite 

(NG), synthetic graphite (SG) or electro graphite and a phenolic resin binder. These materials 

were supplied to our laboratory by PBMR (Pty) Ltd and their origin and manufacture are 

proprietary and therefore information as to how they were made and their grades was not 

available due to confidentiality agreement with their suppliers.  

 

5.2. Fabrication 
 

Graphite composites containing a fixed amount of novolac phenolic resin binder (20 wt.%) were 

fabricated according to the procedure outlined in Figure 5.1. The compositions of the graphite 

composites made are shown in Table 5.1. They were labelled according to the proportions of 

natural flake graphite (NG), synthetic graphite (SG) and novolac binder in wt.%. For example, 

the composite containing 64 wt.% natural graphite, 16 wt.% synthetic graphite and 20 wt.% 

phenolic resin was labelled 64:16:20, etc. 

The appropriate amounts of the natural flake graphite (NG) and synthetic graphite (SG) powders 

were mixed in a Z-blade mixer (Jones Mixers, South Africa) for one hour. A methanol solution 

of the phenolic novolac resin was then added. Just sufficient methanol was used to ensure a 

flowable paste. This resinated paste was dried at 70 °C for 6 h in a convection oven. The 

resulting rigid residue was then ground into a powder using a carbon steel ring mill and sieved 

through 212 μm mesh using electromagnetic shakers (Labotec, South Africa). About 120 g 

sieved powder was placed in a 100 mm  cylindrical stainless steel die. Disc-shaped test 
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specimens were compression moulded for 1 h at 13 MPa in a hydraulic press (Vertex 

Automation Pty (Ltd)).An example of the green graphite composite sample attained after 

pressing is shown in Figure 5.2. The green moulded specimens were then carbonised at 900 °C 

in N2 atmosphere to remove all volatiles. This was followed by an annealing step at 1800 °C in a 

helium atmosphere using a graphitising furnace (Thermal Technology Inc., USA). The samples 

were maintained at this temperature for 2 h and then allowed to cool to ambient conditions. 

Depending on the measurement to be made, the samples were cut to the required dimensions 

with an Isomet 4000 linear precision diamond saw (Buehler, Germany). 
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Figure 5.1: Fabrication scheme of the graphite-carbon composites. 
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Table 5.1: Graphite-carbon resin composites fabricated in this work. 

Composition 

 

 (NG:SG:novolac) 

Natural graphite 

(NG) content 

(wt.%) 

Synthetic graphite 

(SG) content 

(wt.%) 

Phenolic resin 

content 

(wt.%) 

0:80:20 0 80 20 

16:64:20 16 64 20 

40:40:20 40 40 20 

64:16:20 64 16 20 

80:0:20 80 0 20 

 

 

 

 

 

Figure 5.2: A disc-shaped unheated or green test sample obtained after uniaxial compression 

moulding. 
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5.3. Characterisation of the graphite composites. 
 

The crystal structure, microstructure and properties of the raw materials and moulded annealed 

graphite samples were characterised using various techniques. The methodologies employed in 

the characterisation were outlined as follows. 

 

5.2.1 Particle Size Distribution 

 

The particle size distribution of the sieved (<212 µm) powdered graphite composites and the 

precursor graphites were measured by a mastersizer2000 from Malvern instruments using 

distilled water as dispersing medium. The instrument uses a blue laser source having power of 

0.3 mW. 

 

5.2.2 X-ray diffraction 

 

The diffraction patterns were recorded using a BRUKER’s D8 ADVANCE powder 

diffractometer. Measurements were done using CuK  radiation, with the generator operated at 

40 kV and 40 mA. Detection of the diffracted beam was done using 1 D Position Sensitive 

Detector (Lynx eye detector). The samples were loaded into the sample holders and flattened (X-

ray beam was incident on flat pressed sample surface). Measurements were performed in the 

range 15-90° in 2  with 0.04° step size, counting time 0.2 s. Phase identification was done using 

EVA’s [ref: Diffrac
plus

 Basic evaluation Package User manual release 1998] SEARCH & 

MATCH in conjunction with ICDD 2007 PDF-2 database. The peak widths were calculated 

using TOPAS v4.2 [ref: Diffrac
plus

 TOPAS User manual]. The interlayer spacing (d002) and the 
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degree of graphitisation (g) were calculated using the Bragg equation (4.1) and equation (4.2), 

respectively. A copper radiation source of wavelength, λ equal to 0.15418 nm was used.  

        

5.2.3 Raman Spectroscopy 

 

The Raman spectra were recorded with the T64000 series II triple spectrometer system from 

HORIBA Scientific, Jobin Yvon Technology using the 514.3 nm laser line of a coherent 

Innova 70 Ar
+ 

laser with a resolution of 2 cm
-1

in the wavenumber range 1200 to 1750 cm
-1

. The 

samples were recorded in a backscattering configuration with an Olympus microscope attached 

to the instrument (using a LD 50× objective). A liquid nitrogen-cooled CCD detector was used 

with the laser power of 6 mW at the sample. The accumulation time was 120 s and the spectra 

were baseline corrected with the use of the LabSpec software program. All the spectra were 

collected at a spot scale of 2 µm. 

 

5.2.4 Optical microscopy 

 

The microstructure of the raw graphite samples and heat-treated moulded graphite composites 

was studied by optical microscopy (OM) under reflected and polarised light. The samples were 

mounted in an epoxy resin and hardener (5:1v/v, respectively), they were then vacuumed out for 

10 minutes to remove the air from the sample and to allow the resin to penetrate the sample. The 

samples were polished with a Buehler Alpha 2 speed grinder-polisher with a continuous flow of 

water for 1 min for each of the silicon carbide grinding papers (400, 600, 1200 grits).The 

samples were then successively polished with Buehler Metadi polishing suspensions of size 1.0 
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μm and 0.05 µm.  This was done for 3 and 5 min, respectively. This polishing methodology 

yielded very smooth sample surfaces. All the polishing equipments were supplied by Buehler . 

The polished samples were then mounted on the glass slide with plasticine using a manual 

mounting press to obtain surface evenness; the polished surface was protected by a lens tissue 

during pressing. The samples were analysed using a Leica DM 2500 M microscope under 

reflected and polarized light at different magnifications. 

 

5.2.5 Scanning electron microscopy 

 

The graphite samples were mounted on an aluminium holder as follows; first, the carbon double-

sided adhesive tape was placed onto the holder and another single-sided adhesive tape was used 

to mount the graphite. This was then adhered to the tape already on the aluminium holder, the 

excess powdered graphite particles which did not adhere to the tape were removed. The solid 

samples adhered onto the carbon tape with ease. A conductive carbon paint made of colloidal 

graphite mixed with isopropyl alcohol was applied on the samples adhered onto the tape to make 

the samples conductive. The morphology of the samples was determined using an ultrahigh field 

emission SEM (HR FEGSEM Zeiss Ultra Plus 55) with an InLens detector at an acceleration 

voltage of 2 kV. 

 

5.2.6 Pycnometry 

 

The bulk density of the pre-weighted moulded annealed graphite composite samples was 

measured using a Geopyc 1360 pycnometer purchased from Micromeritics Instruments 
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Corporation, USA. The Geopyc 1360 uses the displacement of a sample in a dry medium to 

determine the bulk volume of the test sample, see Figure 5.3. First the zero-volume baseline was 

determined by applying a force of 145 N to a precision glass cylinder containing only the dry 

medium (dryflo). This was done in 3 cycles (i.e. three times). Thereafter a pre-weighted sample 

was placed in the dryflo and the same amount of force was applied in 3 cycles (three times). The 

volume of the displaced medium relative to the baseline gives the bulk volume of the inserted 

sample as follows: 

 

0
2

0
h

t
hrV

t
V

s
V         5.1 

 

where 
s

V  = sample volume, 
t

V = total volume after displacement, 
0

V = baseline volume,   

t
h  = total height after displacement and 

0
h = baseline height. 

 

 

Figure 5.3: Determination of bulk volume by displacement of dry medium (Webb, 2001 ). 

 

The apparent skeletal (or Helium) density of the moulded annealed graphite samples was 

measured using an Accupyc II 1340 V1.03 He pycnometer purchased from Micromeritics 

Instruments Corporation, USA. The volume of the sample cup was calibrated prior analysis by 
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filling it with He gas until it reaches a pressure of 134.45 kPa, this was done in 5 cycles. 

Thereafter two standard steel balls of known volume were inserted into the sample chamber and 

the same amount of pressure was applied in 5 cycles. After the calibration the pre-weighed 

sample was placed into the sample cup and the same pressure was applied same number of times. 

The sample volume was measured by displacing the He gas until it reaches a pressure of 134.45 

kPa; the volume of the sample was calculated as the volume of He gas displaced in the sample 

cup. The apparent density (or He density) of the sample was then calculated from its mass and 

the measured volume (Micromeritics, 2009). The percentage open porosity was calculated using 

the following equation: 

 

% 1 100%B

He

Openporosity
       (5.2) 

where ρB is the bulk density and ρHe is the helium density. 

Triplicate measurements were performed per sample and three samples were measured per type 

or composition (therefore 9 measurements per composition).  

5.2.7 Thermogravimetric analysis (TGA) 

 

The air oxidation behaviour of the powdered raw graphite samples, the novolac phenolic resin 

and the annealed graphite composites was determined by TG analysis using a mettler Toledo 

A851 TG/SDTA machine. About 20 mg samples were placed in a 70 μl alumina pan and heated 

from 18 to1000 °C at scan rate of 5 °C/min in instrument grade air flowing at 50 ml/min. No 

sample pre-treatment was performed. 
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5.2.8 Thermomechanical (TMA) analysis 

 

The linear coefficients of thermal expansion (CTE) of the annealed solid composites were 

determined in expansion mode with a TA Instruments TMA Q400 V22.1 analyser. The runs 

were made on a quartz stage from 20 to 600 °C at a heating rate 5 °C/min in N2 flowing at a rate 

50 ml/min and applying a force of 0.05 N. The dimensions of the samples used were 10 mm × 5 

mm × 5 mm. The true or instantaneous thermal expansion coefficient, CTE was calculated as 

follows: 

 

0

1
,

L
CTE

L T
        (5.3) 

 

where L is the length of the sample in m, T is the temperature in K and L0 is the initial length of 

the sample in m at some initial temperature T0 (Hacker et al., 2000). The instantaneous CTE 

value is in principle the slope of the tangent at a particular temperature in the length change vs. 

temperature curve. The mean or average linear thermal expansion coefficient was calculated as 

the slope of the chord in the length change vs. temperature curve between 20 and 600 °C. At 

least three measurements per sample were done both parallel (║) and perpendicular ( ) to the 

direction of the pressing force. The instrument was calibrated using a copper sample with known 

linear CTE (17×10
-6

K
-1

). 

5.2.9 Xenon Flash Photolysis 

 

The thermal conductivity of the annealed graphite composites samples were indirectly measured 

using the Xenon flash method. The thermal diffusivity was measured at each temperature using 

the Clark and Taylor analysis of a back face thermogram generated from a Xenon flash on the 
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front face(Clark and Taylor, 1975a). Samples of 20 mm in diameter and 2 mm in thickness were 

used in an Anter Flashline 3000 with a Xenon flash under nitrogen flow. A thermographite 

sample was used as a reference. The thermal conductivity of the samples was calculated from 

measured thermal diffusivity, density and specific heat of the samples at each temperature using 

equation (4.6). 

 

5.2.10 Four-point bending tests 

 

Rectangular annealed graphite composite samples were cut to the specifications of ASTM 

Standard C651-91 (Reapproved 2000). The length of the samples were 40.00±0.02 mm, their 

widths were 10.00±0.02 mm and had thickness of 5.00±0.02 mm. The samples were polished on 

their faces with 1200 silicon carbide paper grit to make them smooth and free of visible defects. 

The samples were loaded onto a tensile tester (LRX plus tensile tester, LLOYD Instruments); the 

support and loading spans used were 30 and 10 mm, respectively. A loading rate of 1 mm/min 

was utilised. All samples tested were unnotched. The flexural strength was calculated using 

equation (4.8). At least triplicate measurements were performed for each composition. 
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CHAPTER 6: RESULTS AND DISCUSSION-

CHARACTERISATION 
 

 

6.1. Fabrication 

The moulded graphite composites having various weight ratios of natural flake and synthetic 

graphites were fabricated. Sample discs of diameter 100 mm were made; see an example in 

Figure 5.2. The incorporation of novolac phenolic resin binder is essential because compression 

moulding of the graphite powders or their mixtures without it did not yield monolithic structures. 

Similar behavior for such graphite composites has been reported, although a lower binder level 

(10 wt %) was used (Cunningham et al., 2005). The addition of the novolac phenolic resin in the 

form of a methanol solution ensured a more uniform distribution of the resin in the graphite than 

would have been possible by dry solid addition. The milling of the dried samples also aided, to 

some extent, homogeneous distribution of the binder resin and graphite powder particles. 

 

The fabrication steps of the graphite matrix composites used in this work is different from those 

used in gas cooled reactors, as discussed in Section 2.5. For example, the matrix material used in 

the German AVR (A3-3 or A3-27) was made using cold quasi-isostatic pressing at high pressure 

of approximately 300 MPa, carbonization at a temperature of 800 °C and annealing in vacuum at 

1800 °C (Schulze et al., 1981) (Hoinkis and Robens, 1989) whislt the matrix developed in this 

work was cold compression molded at 13 MPa, carbonized at 900 °C in N2 and then annealed in 

vacuum at 1800 °C for 2 h.  Also the Chinese HTR-10 which uses the A3-3 matrix was made 

using a method similar to that of the German AVR (Tang et al., 2012) (Tang et al., 2008) (Tang 

et al., 2002). These differences in the processing steps and parameters would lead to different 
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properties in the composites. The differences in fabrication steps of the graphite composites 

made in this work and those reported in literature will in fact result in different properties.  

 

Having made the samples it was very critical to characterise them in order to check their quality 

and structural features. Graphite composites characterisation is very essential because it gives 

one the sense of what is the quality of the samples made in any manufacturing or processing. In 

this chapter, the focus was on the quality assessment of the raw materials and the graphitic 

composites fabricated. Techniques used for characterisation were X-ray diffraction (XRD), 

Raman Spectroscopy, Optical Microscopy (OM), Scanning Electron Microscopy (SEM) and 

Pycnometry.  

 

6.2. Particle Size Distribution of the graphite composites 

The particle size distribution of the graphite powders and annealed graphite composite powder 

mixtures are shown in Figure 6.1. The natural graphite powder (100:0:0) showed lower particle 

size distribution than other materials. Its particle sizes range from 0 to 150 µm and it had mean 

particles size of 30.6 µm, see Table 6.1. On the other hand, the particle sizes for the raw 

synthetic graphite powder (0:100:0) ranged from 0 to 200 µm having a mean particle size of 48.8 

µm. The particle size distributions of the graphite composites were broader than those of the 

graphite precursors. There was a shift in particle size range towards larger values for composites 

compared to the raw graphite powders. For example, a greater volume percentage of particles 

having particle sizes greater than 75 µm were mainly observed in the graphitic composites. This 

showed that some agglomeration of the particles has occurred.  
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Figure 6.1: Particle Size Distribution of the precursor graphites and annealed graphite composite 

powders. 

 

Addition of the novolac phenolic resin to the natural graphite powder sample resulted in the 

increase in the mean particle size to 70.8 µm. The synthetic graphite sample showed a similar 

increase to 70.6 µm. This increase in the mean particles sizes confirms that the addition of the 

binder resin to the graphites result in the agglomeration of the graphite particles. A composite 

containing equal amount of the graphite fillers and binder showed larger mean particle size value 

of 87.7 μm. It is interesting to note that the composite containing 64:16:20 wt.% ratios had 

smaller mean particle size. 
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Table 6.1: The mean particle sizes of raw graphites and annealed graphite composites. 

Composition 

NG:SG:Novolac 

(wt.%) 

Mean particle size 

(µm) 

100:0:0 30.6 

0:100:0 48.8 

0:80:20 70.6 

40:40:20 87.6 

64:16:20 43.9 

80:0:20 70.8 

 

 

 

6.3. X-Ray Diffraction analysis of the graphite composites 

The crystal structure and the degree of graphitisation are very key aspects/parameters in the 

characterisation of graphitic materials. One requirement for use of graphites or graphite 

composites in high temperature nuclear reactor applications is that it must be highly crystalline. 

The X-ray diffraction patterns of the as-received graphite powders and the solid annealed 

graphite composites are shown in Figure 6.2. The patterns for all the annealed composites, as 

well as that of the SG (0:100:0), were consistent with the hexagonal crystalline phase of graphite 

(Trucano and Chen, 1975). The NG (100:0:0) pattern corresponded to the graphite-3R pattern 

which contains both the hexagonal and rhombohedral crystalline phases. The latter phase 

possesses additional peaks at 2θ = 43.4, 46.2 and 56.6° (Lipson and Stokes, 1942a). It is well 

known that the hexagonal phase is the more stable phase and that the rhombohedral phase is 

thermodynamically unstable (Kelly, 1981a). The presence of the latter phase in the NG could 

have been caused by the milling operation used during its comminution. The rhombohedral 

phase results from stacking faults of the hexagonal phase (Kelly, 1981a, Parthasaray et al., 

2006). Owing to an annealing effect, this phase did not appear in the profiles of the heat-treated 

composites, especially those containing mainly NG and the binder (Kelly, 1981a). All the 
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composites showed a hexagonal crystal graphite structure after annealing. The reflection at 2θ  

30° could not be assigned but may be an instrument artefact. This reflection did not appear in the 

patterns of the raw graphite samples and in the annealed graphite composite powders (see Figure 

6.3). The interlayer spacing (d002) values and the degree of graphitisation (g) of the graphite 

powders and the annealed graphite composites calculated using equation (4.1) and (4.2); 

respectively, are shown in Table 6.2. 

The interlayer spacing (d002) of the raw natural flake and synthetic graphites as determined by 

XRD were 0.3357 and 0.3354 nm, respectively. Their degree of graphitisation was 0.96 and 

0.99, respectively. Thus the raw graphite powders featured interlayer spacing values close to that 

of the ideal single crystal graphite (Ruland, 1965). In fact these graphites were very crystalline 

when compared to other nuclear grade graphites such as PGA, IG110 and UcarC; their degree of 

graphitisationwere reported as 0.91, 0.74 and 0.84, respectively (Fazluddin, 2002). The annealed 

graphite composites showed larger average interlayer spacing values (i.e. 0.3364 to 0.3371 nm) 

than the raw graphite powders. 

This is attributed to defects introduced during the milling of the green compound and the high 

pressure moulding process used to make the samples. The presence of the non graphitic phenolic 

resin carbon also resulted in the increase in the interlayer spacing in the composites even though 

they were heat-treated to 1800 °C. This is clearly confirmed by the decrease in the degree of 

graphitisation of the graphite powders upon addition of the novolac phenolic resin binder and 

subsequent heat-treatment. The SG is the most affected in this case because its degree of 

graphitisation decreased by 19 % whilst that of the NG decreased by 7 %.  
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Figure 6.2: The X-ray diffraction patterns of raw graphite powders and solid annealed graphite-

resin composites of various compositions heat-treated to 1800 °C in a helium atmosphere. 

 

 

Figure 6.3: The X-ray diffraction patterns of the annealed graphite-resin powdered composites 

heat-treated at 1800 °C in He atmosphere. 
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Table 6.2: The interlayer spacing (d002) and degree of graphitization (g) of the raw graphites and 

annealed graphite composites. 

Composition 

(NG:SG:Novolac) 

2θ 

(°) 

d002 

(nm) 

g 

- 

100:0:0 25.539 0.3357 0.96 

0:100:0 26.562 0.3354 0.99 

0:80:20 26.437 0.3371 0.80 

40:40:20 26.443 0.3370 0.81 

64:16:20 26.438 0.3371 0.80 

80:0:20 26.497 0.3364 0.89 

PGA
a 26.492 0.3362 0.91 

IG110
a 26.375 0.3376 0.74 

UcarC
a 26.442 0.3368 0.84 

a
reported literature values of nuclear graphites (Fazluddin 2002) 

 

Important to emphasize is that the XRD studies have shown that the graphitic composites made 

in this work were similar to other reported nuclear graphites in terms of their degree of 

graphitisation.  

 

6.4. Raman analysis of the graphite composites 

The Raman spectra of the raw graphite powders and the annealed graphite composites were 

collected on the filler phase spot (G) and binder phase spot (B) as shown in Figure 6.4. The 

Raman spectra collected on the filler phase spot (G) are shown in Figure 6.5. The spectra exhibit 

two distinct peaks. The disorder induced Defect ‘D’ band is located at approximately 1350 cm
-1
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and the structural order induced Graphite ‘G’ band at approximately 1580 cm
-1

. These two peaks 

are a result of vibrations of the sp
3
 (C-C) and sp

2
 (C=C) carbon atoms in the carbon material, 

respectively. The intensity ratio of the ‘D’ peak (ID) to the ‘G’ peak (IG) provides an indication of 

the degree of structural ordering in the carbon material. Pure crystalline graphite features a very 

low intensity D-peak and the intensity ratio is close to zero (Tuinstra and Koenig, 1970, Ko et 

al., 2001, Nakamizo et al., 1974b). 

The neat resin was Raman inactive as it did not show any Raman peaks consistent with literature 

(Ko et al., 2001). The Raman Spectrum of the novolac phenolic carbonized to 1000 °C in 

nitrogen atmosphere is shown in Figure 6.6. It exhibited two peaks of almost equal intensities 

confirming its non-graphitic nature and that it is highly disordered. The estimated intensity ratios 

of the raw graphite powders, carbonised phenolic resin as well as annealed graphite composites 

are shown in Table 6.3. The intensity ratio of the NG, SG and carbonised resin obtained were 

0.18, 0.12 and 0.9 (see Table 6.3); respectively. 

 

 

 

 

 

 

 

Figure 6.4: The micrograph of annealed graphite composite containing 64 wt.% NG 

(64:16:20) showing local spots under focus. 
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Figure 6.5: The Raman spectra of neat graphite powders and annealed carbon-graphite 

composites. 
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Figure 6.6: The Raman spectrum of the novolac phenolic resin carbonized to 1000 °C in 

nitrogen atmosphere. 
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Therefore the degree of structural ordering was in the order: 

Carbonised resin < NG < SG. 

The disorder in the NG could be due to the presence of impurities or the rhombohedral crystal 

forms. It has been observed in literature that disordered carbon materials have a broader and 

intense D-peaks relative to defective graphitic materials (Kudin et al., 2008). This was also 

observed in this work because the D-peak of the carbonised resin was broader than those of the 

raw graphite powders for example. The annealed graphite composites showed more intense and 

broad ‘D’ peaks than the raw graphite powders. This was due to the presence of the highly 

disordered residue from the resin binder and, to a less extent, to defects induced during the 

milling of the samples. The intensity ratio for the composite containing only SG and binder, (i.e. 

80:0:20) is 0.59 while the one containing NG and binder, (i.e. 0:80:20), is 0.37. Thus the 

incorporation of the resin and milling resulted in more structural defects in the SG composite 

than in other composites. This is surprising as, according to the XRD and Raman results, the raw 

NG powder was less perfect than the synthetic one. 

However these results suggest that annealing improved the perfection of the NG. Another 

observation is that the addition of the binder resin and subsequent annealing result in the shifting 

of the G-peak to a higher frequency especially for a composite containing no NG, i.e. 0:80:20 

composite, which had shifted from ca. 1575 cm
-1

 to 1580 cm
-1

. The Raman spectra were also 

collected on the binder phase (spot B in Figure 6.4). The Raman spectra are shown in Figure 6.7. 

The D-peaks of the spectra collected in the binder phase were broader and more intense than 

those observed in the filler phase; the G-peaks were also broad and less intense than those 

obtained for the filler phase.  
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Table 6.3: The relative intensity, ID/IG, of the raw graphites and annealed graphite composites. 

Composition 

NG:SG:novolac 

(wt.%) 

ID 

(a.u) 

IG 

(a.u) 

Relative intensity ID/IG 

100:0:0 41.4 230.6 0.18 

0:100:0 33.9 291.8 0.12 

0:0:100 127.8 140.6 0.91 

0:80:20 574.2 981.4 0.59 

40:40:20 680.4 939.3 0.72 

64:16:20 539.3 1363.2 0.40 

80:0:20 490.7 1325.6 0.37 

 

 

 

Figure 6.7: The Raman spectra of annealed graphite composites attained on the graphite binder 

phase (spot B in Figure 6.4). 
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Table 6.4: The relative intensity, ID/IG, of the annealed graphite composites attained on the 

binder phase (spot B in Figure 6.4). 

Composition 

NG:SG:Novolac 

(wt.%) 

ID 

(a.u) 

IG 

(a.u) 

Relative intensity ID/IG 

0:80:20 177.8 257.8 0.69 

40:40:20 280.2 596.0 0.47 

64:16:20 237.9 413.5 0.58 

80:0:20 222.6 325.5 0.68 

 
This suggests that the binder phase had more disordered regions than the filler particles which 

was understandably due to the non-graphitic nature of the binder. The relative intensities of the 

D- to G-peaks for the spectra attained at the binder phase ranged from 0.47-0.69 (see Table 6.4) 

showing the high degree of disorder compared to the ones for the filler phase or particles. 

 

 

6.5. Microstructure analysis of the graphite composites 

The previous sections focused on the determination of the crystal structure of the annealed 

graphite composites as well as their degree of structural ordering. In this section we focus on the 

microstructural characteristics of the annealed graphite composites when they interact with 

different light conditions. Optical microscopy and scanning electron microscopy are the two 

principal techniques used to study these microstructural features.  
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6.5.1 Optical and scanning electron microscopy 

 

It is well known that the interaction of polarised light with graphite lamellae produce different 

interference colours. The basal planes oriented perpendicular to the plane of polarization of the 

incident light appears purple when the retarder plate (1 λ tint) is inserted into the optical path. 

Whilst those oriented at an arbitrary angle to incident polarized light appear blue or yellow. The 

planes or grains that appear yellow and blue are aligned perpendicular to each other. The planes 

which are oriented at intermediate angles between planes appearing blue and yellow appear pink. 

This is not the case when viewed under reflected light (Edwards, 1989).  

The reflected light, polarised light and scanning electron micrographs of the raw NG powder are 

shown in Figure 6.8(a), (b) and (c), respectively. The reflected light micrograph shows that the 

NG consists of flake-like particles (F) of different sizes with some pores (P) observed between 

and within the particles. Under the polarised light (see Figure 6.8(b)), the grains within the flakes 

showed different colors consistent with literature (Edwards, 1989) as mentioned above. The 

scanning electron micrograph of the NG shown in Figure 6.8(c) clearly shows the flake-like 

particles even though it was attained at higher magnification. The porosity (P) was more clearly 

visible in the SEM image of the NG consistent with OM observations. The microstructure of the 

SG powder is different from that of the NG powder. The reflected and polarised micrographs are 

shown in Figure 6.9(a) and (b), respectively; it consists of very thin needle-coke particles (NC) 

and some fine grained particles (FG). However the SEM image of the SG as shown in Figure 

6.9(c) showed that the particles are more compact relative to the NG powder. Being optically 

non-textured, the raw and carbonized resin could not be examined using optical microscopy. The 

optical micrographs of moulded annealed graphite composites with various compositions are 

shown in Figure 6.10.  
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Figure 6.8: The micrographs of the NG under: (a) reflected light, (b). polarised light and (c) the 

SEM image. 
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The micrographs were taken in the direction perpendicular to pressing direction. The white thick 

arrow in the micrographs shows the pressing direction. Clearly the annealed graphitic composites 

showed very compacted particles relative to the raw graphite powders due to pressing and the 

binding effect of the resin. A composite containing only SG and binder, see Figure 6.10(a) and 

(b), showed a microstructure having compacted needle-coke particles (NC) and fine-grained 

mosaics inherent from the SG powder. Some porosity (P) and the resin carbon (R) were also 

seen. Under the polarised light (see Figure 6.10(b)), the resin carbon (R) appears blurry because 

it is optically non-textured and the pores appear black. The observed porosity resulted from 

volatilization of the phenolic resin during heat-treatment.  

When viewed under the polarised light (with 1λ retarder plate or tint inserted in the optical path), 

see figure 6.10(b), different interference colours were observed as in the raw graphites showing 

different orientations of the filler particles within the grains. The optical micrographs of a 

composite containing equal amount of the graphite fillers are shown in Figure 6.10(c) and (d). 

The microstructure of this composite appeared more flake-like (F) and it is challenging to 

distinguish individual filler particles from the both graphites in this micrograph. Some particles 

showed to be cracked (C), these type of cracks could have arise from the processing of the 

graphites or from mechanical stresses applied on the graphite during compaction.  The filler 

particles also showed different colours as observed for the composite having 0 wt.% NG 

(0:80:20). The composites containing mostly NG and binder, Figure 6.11, showed more 

compacted flake-like particles (F) and appear to be less porous than the other compositions 

although they were pressed at the same pressure for equal duration. 
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Figure 6.9: The micrographs of raw SG under: (a) reflected light, (b) polarised light and (c) 

SEM image. 
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b

d

a

c

 

Figure 6.10: The optical micrographs of annealed graphite composites containing 0 wt.% NG 

(0:80:20) under: (a) reflected light and (b) polarised light. Micrographs for the composite 

containing 40 wt.% NG (40:40:20) under: (c) reflected light and (d) polarised light. 

 

 

All the graphite particles in the annealed composites studied showed to be preferentially aligned 

perpendicular to the uniaxial pressing direction; an example is shown in Figure 6.12 wherein the 

graphite particles are shown at higher magnification. This type of particle alignment has also 

been observed in literature (Mariner and Sayir, 1999). However, the crystallites within the 

particles are oriented differently as shown by the different interference colours. 
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Figure 6.11: The optical micrographs of annealed graphite composites containing 64 wt.% NG 

(64:16:20) under: (a) reflected light and (b) polarised light. Micrographs for the composite 

containing 80 wt.% NG (80:0:20) under: (c) reflected light and (d) polarised light. 

 

 

As the amount of the natural flake graphite filler increased (i.e. Figure 6.10 and 6.11), the flake-

like particles (F) appeared more compacted. In all the composites studied, there was small 

porosity within some particles and not only between the particles as depicted on the micrographs. 

This was clearly seen under the reflected light. From this study it is clear that the annealed 

graphite composites clearly possess different microstructures, with more flake-like particles seen 

on the optical micrographs of composites containing mostly NG and the needle-like particles on 

optical micrographs containing mainly SG. 
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The morphologies of the annealed graphite composites were studied by SEM. The SEM 

micrographs of the annealed graphite composites are shown in Figure 6.13. All the composites 

showed similar morphologies; they showed compacted graphite filler particles with some voids 

between them. All composites had very smooth surfaces. The resin carbon (R) was also observed 

as black blurry spots on all the samples. A composite containing only SG and binder, Figure 

6.13(a), appeared more porous than other composites consistent with OM observations.  

 

10 m
 

Figure 6.12: The optical micrograph of the annealed graphite composite (64:16:20) at high 

magnification showing preferred particle orientation. 
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Figure 6.13: Scanning electron micrographs for annealed graphite composites containing: (a) 0 

wt.% NG (0:80:20), (b) 40 wt.% NG (40:40:20) , (c) 64 wt.% NG (64:16:20) and (d) 80 wt.% 

NG (80:0:20). 

 

 

 

6.6. Density measurements by Pycnometry 

Characterization of annealed graphite composites using optical and scanning electron 

microscopy showed that these composites were porous. Porosity is a crucial feature or parameter 

which affects properties such as oxidative stability, thermal expansion, thermal conductivity and 

strength of the materials. The open porosity of the annealed graphite composites was measured 

and quantified using a pycnometer. The bulk and helium densities of the annealed graphite 

composites as well as graphite powders are presented in Table 6.5.  

Table 6.5: The bulk and helium densities of the annealed graphite composites made in this work. 
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Composition 

(NG:SG:Novolac) 

Sample 

ID no. 

Bulk density 

(g.cm
-3

) 

Helium density 

(g.cm
-3

) 

Open 

porosity 

(%) 

100:0:0 _ _ 2.2529±0.0009 _ 

0:80:20 S1 1.2318±0.0024 2.1295±0.0005  

 S2 1.2406±0.0048 2.1296±0.0004  

 S3 1.2402±0.0016 2.1314±0.0008  

 Average 1.2375±0.0029 2.1302±0.0005 41.9 

16:64:20 S1 1.5058±0.0034 2.0549±0.0008  

 S2 1.4948±0.0012 2.0546±0.0007  

 S3 1.5151±0.0001 2.0516±0.0009  

 Average 1.5052±0.0015 2.0537±0.0008 26.7 

40:40:20 S1 1.4013±0.0027 2.0663±0.0005  

 S2 1.3743±0.0020 2.0671±0.0003  

 S3 1.3410±0.0037 2.0703±0.0006  

 Average 1.3722±0.0028 2.0679±0.0004 33.6 

64:16:20 S1 1.4622±0.0032 2.0811±0.0006  

 S2 1.3987±0.0019 2.0858±0.0010  

 S3 1.4354±0.0075 2.1047±0.0011  

 Average 1.4321±0.0042 2.0905±0.0009 31.5 

80:0:20 S1 1.5268±0.0026 2.0968±0.0008  

 S2 1.5316±0.0037 2.0918±0.0007  

 S3 1.4898±0.0050 2.0958±0.0011  

 Average 1.5161±0.0038 2.0948±0.0008 27.6 

0:100:0 _ _ 2.3070±0.0014 _ 

A3-3 (AVR)
a
 _ 1.70 _ _ 

A3-3 (THTR & HTR-10)
a,b

 _ 1.73 _ _ 

A3-27
a
 _ 1.74 _ _ 

a
(Rind, 1981, Schulze et al., 1981, IAEA, June 2012)

  b
(Tang et al., 2008) 
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Triplicate measurements were performed per sample and three samples were measured per type 

or composition (therefore 9 measurements per composition). It is quite clear from this table that 

the pycnometers were very precise as shown by the lower standard deviations on the density 

values. The helium density of the SG and NG were 2.2529±0.0009 g.cm
-3

 and 2.3010±0.0014 

g.cm
-3

, respectively. The helium density value of the NG was peculiar; it was more than the 

theoretically accepted value of graphite (2.26 g.cm
-3

). It is not known what causes this at present 

as at least 9 measurements were done and similar values were obtained. The average density 

results are better presented graphically as shown in Figure 6.14. The average bulk density 

increased as the NG content in the composites increased (from 1.2375 to 1.5161 g.cm
-3

).  

 

 

Figure 6.14: The bulk and helium densities vs. the NG content in the annealed graphite 

composites as well as open porosity calculated using equation (5.4). 
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The bulk density values of the graphite composites made in this work were lower than those of 

the graphite matrix composites (A3-3 and A3-27, i.e. 1.70-1.74 g.cm
-3

) reported in literature 

(Rind, 1981) (Schulze et al., 1981) (IAEA, June 2012) (Tang et al., 2008). This is due to mainly 

low pressure used during cold compression molding of the composites used in this work, in fact 

the pressure used (13 MPa) is less than the pre-molding pressure (30 MPa) of the matric 

composites used in literature. Factors such as the mixing, carbonisation temperature, annealing 

temperature, holding time and the method used to measure bulk density also have the effect on 

bulk density. The helium density (a measure of skeletal densities excluding closed pores) values 

of the composites were constant; the values agreed with each other to within 1.6 %. The helium 

densities of the composites were expectedly lower than those of the raw graphite powders due to 

the presence of the non-graphitising resin carbon. The open porosity, calculated using equation 

(5.2), decreased with the increase in the NG content in the composite. This is consistent with the 

microstructural observation that the composite containing no NG (0:80:20) appeared more 

porous (see Figures 6.10(a) and 6.13(a)). The decrease in open porosity as the NG increased 

could be attributed to the malleability of the NG flakes particles. During the pressing they 

deform more readily to form dense structures. The average open porosity in the composites is 

approximately 28%. 

This characterisation study showed that the annealed graphite composites were polycrystalline 

materials having hexagonal crystal structure. Microstructurally, the graphite composites 

containing mainly NG possessed flake-like particles while those containing mainly SG possessed 

needle-like particles. These particles were aligned in the direction perpendicular to uniaxial 

compression direction. The composite containing only SG and binder was the most porous (41 

%) of the materials. 
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CHAPTER 7: RESULTS AND DISCUSSION-PROPERTIES 

 

Introduction 
 

In the previous chapter, a report and discussion on how the model graphite composites were 

made, their microstructure, particles orientation and porosity characterized were elucidated. The 

focus in this chapter was on the properties of these composites and discusses the effect of 

changing the ratio of the graphite powders in the composite on properties. It is also shown how 

cold uniaxial pressing result in anisotropy in properties in the fabricated composites. The 

properties of interest were air oxidative stability, thermal expansion, thermal conductivity, 

bending strength and modulus.  

 

7.1  Thermogravimetric analysis (TGA) 

 

The non-isothermal air oxidative stability of the raw materials (i.e. NG, SG and novolac phenolic 

resin) in air, as well as that of the annealed graphite composites, was studied by 

thermogravimetric analysis. The TGA profiles of the natural graphite, synthetic graphite and 

novolac phenolic resin are shown in Figure 7.1. The onset (Ti) and endset (Te) air oxidation 

temperature were determined using intersection of the segments before and after inflection points 

(Brown, 2001). The temperature at which the sample loses maximum weight was denoted Tm. 

The neat phenolic resin had a lower stability than the other raw materials. It started to lose mass 

at a Ti value of approximately 120 °C due to the loss of moisture, followed by loss of volatiles in 

the temperature range 340-510 °C.  
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Figure 7.1: (a) TGA profiles of the novolac phenolic resin, NG and SG heated at 5 °C/min in air. 

(b) The derivative mass loss curves for materials in (a).  
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The loss of carbonaceous matter was observed above 510 °C and the endset air oxidation was 

reached at a Te of about 700 °C. The weight losses associated with moisture, volatiles and resin 

carbon oxidation were 0.89 %, 31.4 % and 67.2 %, respectively. The phenolic resin had an ash 

content of 0.5 %. The derivative mass loss curve of the phenolic resin heated in air (see Figure 

7.1 (b)) revealed that the mass loss occurred in 5 steps. The maximum mass loss rate was 

observed at about 631 °C. The profile of the phenolic resin heated in nitrogen (see Figure 7.1(a)) 

has shown that it contains 41 % carbon. The NG was less reactive than the novolac phenolic 

resin as it started to oxidise at higher temperatures, i.e. about 600 °C. The endset oxidation 

temperature (Te) of the NG was about 860 °C. The TG profile of the SG showed that it was most 

stable against oxidation with a Ti value of about 750 °C and the Te of about 900 °C. The graphite 

powders contained negligible ash. The lower onset temperature of the neat NG can be attributed 

to the presence of catalytic impurities such as Fe and Na in the sample (Badenhorst et al., 2010) 

and having more reactive edge sites. The heat-treatment at 1800 °C is expected to partially 

deactivate these impurities. In addition, the raw NG had structural defects (rhombohedral 

crystalline phase as evidenced by XRD) which made them more susceptible to oxidation. These 

observations are consistent with reports in literature (Welham and Williams, 1998) that air 

oxidation of carbonaceous materials depend on parameters such as crystal structure and surface 

area. The bimodal response in the DTG curves (see Figure 7.1(b)) indicated that the oxidation of 

NG proceeded in two overlapping steps. It is expected that the defective sites in the NG would 

oxidise first, followed by carbon atoms in the graphite hexagonal lattice. In contrast, the 

oxidation of the SG was a single-step reaction. The SEM image of the NG in Figure 6.8(c) 

showed the sample to be more porous than that of the synthetic graphite, see Figure 6.9(c), this 

could also be one of the reasons why the NG was more reactive in air. The air oxidative stability 
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of the SG could also be related to how it was made especially if it was somewhat purified. 

Another important point is that the NG had a mean particle size of 30.6 μm while that of the 

synthetic graphite was about 48.8 μm, this also contributed to lower reactivity in air for the SG.  

It is well known that the larger the average particle size, the more resistant to air oxidation the 

graphitic material becomes (Jiang et al., 2000, Honda et al., 1972). The TGA profiles of the 

annealed graphite composites are shown in Figure 7.2. These composites showed pronounced air 

oxidation stability with an onset temperature (Ti) at approximately 650 °C. The endset oxidation 

temperature (Te) of these composites was approximately 940 °C. However the composite 

containing only SG and binder (0:80:20) showed slightly higher onset and endset air oxidation 

temperatures, i.e. about 670 and 980 °C, respectively. The lower reactivity of the annealed 

composites in air is attributed to the heat-treatment which annealed some structural defects and 

deactivated catalytic impurities especially in the composites containing mainly NG as a major 

component (i.e. 64:16:20 and 80:0:20 composites). These composites were observed to be 

oxidatively less stable than the other composites (i.e. 0:80:20 and 40:40:20 composites) but the 

difference was approximately 50 °C. The mass loss rate curves for the annealed samples 

appeared bimodal as shown in Figure 7.2(b). The first step around 700 °C was due to the loss of 

resin-derived carbon which oxidizes first, followed by loss of graphitic carbon around 850 °C. 

The loss of resin-derived carbon appeared to wane with increasing NG content. The reason for 

this is not understood at this point. These graphitic composites were oxidatively stable below 650 

°C and therefore in the absence of air and thermal gradients, they should be able to withstand 

high temperature nuclear reactor conditions where they could be applied or used as moderator or 

reflector.  
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Figure 7.2: (a) The TGA profiles of the annealed graphite composites heat-treated to 1800 °C (in 

a helium atmosphere) at 5 °C/min and soaked for 2 hours. (b) the derivative mass loss curves for 

materials in (a). 
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7.2  Thermomechanical analysis (TMA) 

 

The expansion behaviour of the annealed graphite composites was studied using 

thermomechanical analysis. The linear expansion coefficients (CTE) measured in the direction 

parallel to compression moulding direction were denoted, αP whilst those measured in the 

direction normal to compression moulding direction were denoted, αN (N.B. the direction parallel 

to compression moulding is from top to bottom of the disc surface shown in Figure 5.2 while the 

direction normal to compression moulding direction is from side to side of the disc). The length 

change and CTE, αP as a function of temperature for the composite containing only synthetic 

graphite and binder (0:80:20) is shown in Figure 7.3. The expansion behaviour of the annealed 

graphite composite as shown in Figure 7.3 (a) was linear throughout the temperature range 

studied (20-600 °C). The maximum length change in the direction parallel to pressing was 

approximately 38 µm for this composite. The instantaneous CTE value at a particular 

temperature is defined as a slope of the tangent of the length change vs. temperature curve at that 

particular temperature. On the other hand, the mean or average CTE is defined as a slope of the 

chord between two points in the length change vs. temperature curve. The instantaneous CTE, αP 

(20-600 °C) values, calculated using equation (5.3), are shown in Figure 7.3(b) and were in the 

range (2.4-11.2) ×10
-6

 K
-1

 for this composition. The average CTE, αP for the three runs 

performed in this temperature range was (6.25±0.89) ×10
-6

 K
-1

 as shown in Table 7.1.  

A composite containing 16 wt.% NG (i.e. 16:64:20) showed expansion behaviour similar to the 

synthetic graphite-binder composite; the maximum length change in the pressing direction for 

this composition was approximately 37 μm (see Figure 7.4(a)). The instantaneous αP (20-600 °C) 

values were in the range (1.7-9.1) ×10
-6

 K
-1

. The average αP (20-600 °C) value for this composite 
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was (5.70±0.80) ×10
-6

 K
-1

. A composite containing equal amount of the filler graphites, i.e. 

40:40:20, was no different in expansion behaviour as shown in Figure 7.5 (a). 

 

Table 7.1: Average linear coefficients of thermal expansion of the annealed graphite composites 

obtained in the temperature range 20 to 600 °C and their anisotropic ratios. 

Composition 

(NG:SG:Novolac) 

wt.% 

Open 

porosity 

(%) 

Length 

change, 

ΔLp 

(μm) 

Length 

change, 

ΔLN 

(μm) 

CTE, αP  

(×10
-6

) 

(K
-1

) 

CTE, αN 

(×10
-6

) 

(K
-1

) 

αP:αN 

0:80:20 41.9 38 13 6.25±0.89 2.06±0.50 3.0 

16:64:20 26.7 37 10 5.70±0.80 1.74±0.31 3.3 

40:40:20 33.6 34 12.5 5.82±0.75 2.08±0.44 2.8 

64:16:20 31.5 51 15 7.88±1.40 2.00±0.17 3.9 

80:0:20 27.6 45 15 6.58±0.71 1.91±0.45 3.4 

A3-3 (AVR)a  - - 2.80 2.92 1.0 

A3-3(THTR)a  - - 2.89 3.45 0.8 

A3-3 (HTR-10)b  - - 2.72 2.99 0.9 

A3-27(AVR)a  - - 2.43 2.69 0.9 
a
(Rind, 1981, Schulze et al., 1981, IAEA, June 2012)

  b
(Tang et al., 2008) 

 

The maximum length change on heat-treatment to 600 °C was approximately 34 µm. The 

instantaneous αP values obtained, as shown in Figure 7.5 (b), were in the range (1.7-10.2) ×10
-6

 

K
-1

 in the temperature range 20-600 °C. The average αP value for this composite was (5.82±0.75) 

×10
-6

 K
-1

. The average αP values for the composites containing 0 wt.% NG, 16 wt.% NG and 40 

wt.% NG were very close or similar. 

On the other hand, composites containing mainly natural graphite, i.e. 64:16:20 and 80:0:20, as 

shown in Figure 7.6 and 7.7, respectively, showed maximum length change of approximately 51 

and 45 µm, respectively. The instantaneous αP values ranged from (4.3-15.7) ×10
-6

 K
-1

 for the 

64:16:20 composite. The average αP value was (7.88±1.40) ×10
-6

 K
-1

. The αP values for a 

composite containing only natural graphite and binder (i.e. 80:0:20) ranged from (1.5-8.5) ×10
-
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6
K

-1
. The average αP value for this composite was (6.58±0.71) ×10

-6
 K

-1
. All the annealed 

graphite composites expanded linearly and uniformly in the temperature range 20-600 °C in the 

compression moulding direction.  

 

 
Figure 7.3: The length change (a) and CTE, αP (b) as a function of temperature for annealed 

graphite composite 0:80:20 wt. % (NG:SG:Novolac). 
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Figure 7.4: The length change (a) and CTE, αP (b) as a function of temperature for annealed 

graphite composite 16:64:20 wt. % (NG:SG:Novolac). 
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Figure 7.5: The length change (a) and CTE, αP (b) as a function of temperature for annealed 

graphite composite 40:40:20 wt. % (NG:SG:Novolac). 
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Figure 7.6: The length change (a) and CTE, αP (b) as a function of temperature for annealed 

graphite composite 64:16:20 wt. % (NG:SG:Novolac). 
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Figure 7.7: The length change (a) and CTE, αP (b) as a function of temperature for annealed 

graphite composite 80:0:20 wt. % (NG:SG:Novolac). 
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Clearly a composite containing 64 wt.% NG showed slightly higher average αP value than the 

other composites. Also it can be noted that composites containing mainly synthetic graphite 

expanded less in the pressing direction than those containing mainly natural graphite as a major 

component.  

The average αP values of the annealed graphite composites attained in this work were similar to 

reported literature CTE values of nuclear graphites recorded in the temperature range 20-120 °C, 

i.e. 5.3×10
-6

 K
-1

 for isotropic graphites and for anisotropic graphites 2.2×10
-6

 K
-1

 with grain and 

3.8×10
-6

 K
-1

 against grain (Cohn et al., 2005). Hacker et al. (Hacker et al., 2000) also reported 

thermal expansion coefficients of extruded PGA graphite in this temperature range using 

dilatometry and obtained similar CTE values. For example, they reported that the average CTE 

in the direction parallel to extrusion direction was 2.5×10
-6

 K
-1 

while in the direction 

perpendicular to extrusion direction the average CTE value was 5.5×10
-6

 K
-1

.  

The spherical graphite matrix composites used in various gas cooled reactors (AVR, THTR and 

HTR-10) reported in literature showed lower CTE values (i.e. (2.43-2.89) ×10
-6

 ºC
-1

) in the 

direction parallel to equatorial plane of the spheres when compared to CTE values (i.e. 5.70-

7.88) ×10
-6

 ºC
-1

) of the graphitic matrix composites obtained in the direction parallel to 

compression moulding direction. However, the said reported literature values are only based on 

the composition of 64:16:20 (NG:SG:Novolac wt.%.) and there are no reported literature values 

on other compositions.  

The expansion measurements were also performed in the direction normal to pressing and 

similar expansion behaviour was observed as in the pressing direction. The maximum length 

change for a composite 0:80:20 was approximately 13 μm (see Figure 7.8(a)). The instantaneous 

αN values, as shown in Figure 7.8(b), for this composite were in the range (0.0-5.6) ×10
-6

 K
-1

. 
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The average αN value for this composite was (2.06±0.50) ×10
-6

 K
-1

. A composite containing 16 

wt.% NG (i.e. 16:64:20) had a maximum length change of 10 µm as it can be observed in Figure 

7.9 (a). The instantaneous αN values for this composite ranged from (0.3-5.1) ×10
-6

 K
-1

. The 

average αN value was (1.74±0.31) ×10
-6

 K
-1

. A composite containing equal amount of the filler 

graphites, (see Figure 7.10) showed a maximum length change of 12.5 µm. The instantaneous αN 

value observed were in the range (0.1-4.5) ×10
-6

 K
-1

. The average αN value obtained was 

(2.08±0.44) ×10
-6

 K
-1

. 

A composite containing 64 wt.% NG (i.e. 64:16:20) showed a maximum length change of 15 

µm. Its αN values were in the range (-1.6-10.3) ×10
-6

 K
-1

. The average αN value for this 

composite was (2.00±0.17) ×10
-6

K
-1

. A composite containing only natural graphite and binder 

(i.e. 80:0:20) showed a maximum length change of approximately 15 µm. The αN values for this 

composite ranged from (0.1-6.2) ×10
-6

 K
-1

. The average αN value for this composite was 

(1.91±0.45) ×10
-6

 K
-1

. The measured CTE, αN values were similar to reported literature values 

(Rind, 1981) (Schulze et al., 1981) (IAEA, June 2012) (Tang et al., 2008) (Cohn et al., 2005, 

Hacker et al., 2000) as shown in Table 7.1 and Table 2.2. The mean CTE values obtained in the 

direction perpendicular to pressing direction in this work were in the range (1.74-2.08)×10
-6 

K
-1

 

whilst those reported in literature were in the range (2.69-3.45)×10
-6

 K
-1

.   

The annealed graphite composites showed to be expanding three times more parallel to 

compression moulding direction than in the direction normal to compression moulding direction. 

The length change also showed similar behaviour as the samples were much elongated in the 

pressing direction than in the direction perpendicular to pressing. In the pressing direction, the 

average CTE, αp values seem to increase with the increase in the natural graphite content in the 

composite. The reason for this is that as the natural graphite content increase in the composite 
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(see Table 7.1), the open porosity decreases (i.e. bulk density increase) and therefore 

accommodation of expansion by the open porosity diminishes. 

 

 
Figure 7.8: The length change (a) and CTE, αN (b) as a function of temperature for annealed 

graphite composite 0:80:20 wt. % (NG:SG:Novolac). 
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Figure 7.9: The length change (a) and CTE, αN (b) as a function of temperature for annealed 

graphite composite 16:64:20 wt. % (NG:SG:Novolac). 
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Figure 7.10: The length change (a) and CTE, αN (b) as a function of temperature for annealed 

graphite composite 40:40:20 wt. % (NG:SG:Novolac). 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



117 

 

 

 
Figure 7.11: The length change (a) and CTE, αN (b) as a function of temperature for annealed 

graphite composite 64:16:20 wt. % (NG:SG:Novolac). 
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Figure 7.12: The length change (a) and CTE, αN (b) as a function of temperature for annealed 

graphite composite 80:0:20 wt. % (NG:SG:Novolac). 

  

The other important point is that there could be preferred crystal orientation in the direction of 

pressing. This phenomenon has been well documented (Sutton and Howard, 1962, Price and 
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Bokros, 1965). The increase in bulk density means that the natural graphite flake particles are 

more compressible than the needle-like synthetic graphite particles. It is interesting that the 

average CTE, αN value were constant at approximately 2×10
-6

 K
-1

 irrespective of the 

composition and open porosity. The anisotropic ratio in expansion (αp:αN) in the temperature 

range 20-600 °C was greater than two for all the annealed graphite composites as shown in Table 

7.1. This anisotropy was caused by the alignment of the graphite particles (i.e. flakes or needle 

cokes particles) during pressing as shown by optical micrographs in Figures 6.10-12. Clearly the 

graphite particles align themselves in the direction normal to pressing and therefore this causes 

them to expand more when they are heated from their sides or surfaces. When heated from their 

edges, which is the case when measuring expansion in the direction normal to pressing, the 

particles expands much less.  

The graphite matrix composites reported in literature, see Table 7.1, showed to be isotropic in 

expansion in the temperature range 20-500 ºC. Their αP:αN ratios were all close to 1.0, this was 

mainly due to isostatic pressing employed during their fabrication which aligned the filler 

particles randomly in the spheres. 

 

7.3  Xenon Flash Photolysis 

 

The thermal conductivity of the annealed graphite composites was calculated from measured 

thermal diffusivity, specific heat capacity and density values at each measurement temperature. 

The bulk densities of the annealed graphite composites were predicted at each temperature using 

known thermal expansion and bulk densities of a thermographite reference sample. The 

predicted bulk densities as a function of temperature are shown in Figure 7.13. Generally, the 

bulk density decreases slightly with the increase in temperature in the composites. The decrease 
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is due to volumetric expansion as temperature increases as expected. The percentage decrease in 

the bulk density was in the range 1.81-1.85 % in all the composites. A composite containing 16 

wt.% NG (16:64:20) showed larger bulk density values at each measurement temperature while 

the one containing only synthetic graphite and binder (0:80:20) showed lower bulk density 

values. A similar trend has been observed during room temperature measurements using 

pycnometry (see Table 6.5). The predicted bulk densities at 100 °C were lower than the room 

temperature bulk density values measured using pycnometry (see Table 6.5) by at most 7 %.  

 

 

Figure 7.13: Temperature dependence of the bulk density, ρ, of the annealed graphite 

composites. 

 

This gave us confidence in the predicted bulk density values we used in computing thermal 

conductivity. The temperature dependence of specific heat, Cp, values of the annealed graphite 

composites obtained in the compression moulding direction are shown in Figure 7.14. By 
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definition specific heat is the amount of heat (energy transfer) per unit mass that is required to 

raise the temperature of the material by one degree Celcius without any phase change. The 

specific heat increases with temperature for all the composites. A composite containing 16 wt.% 

NG (16:64:20) showed larger specific heat values at any measurement temperature than other 

composites. A composite containing only NG and binder, i.e. 80 wt.% NG (80:0:20), showed 

lower specific heat values than other composites.   

 

 

 
 

Figure 7.14: Temperature dependence of the specific heat, Cp, of the annealed graphite 

composites measured in the compression moulding direction. 

 

 

The temperature dependence of thermal diffusivity, α, of the annealed graphite composites 

obtained in the compression moulding direction are shown in Figure 7.15. Thermal diffusivity is 

a measure of how fast the material can transfer heat from one ‘hot’ side to a ‘colder’ one. The 
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thermal diffusivity of the annealed graphite composites decreases with the increase in 

temperature. This is because in graphite heat transfer or conduction occurs mainly via lattice 

vibrations. As the temperature increases, phonon scattering becomes prominent. A composite 

containing 64 wt.% NG (64:16:20) showed larger thermal diffusivity values at a given 

measurement temperature whilst the one containing only synthetic graphite and binder (0:80:20) 

showed lower thermal diffusivity values. This is related to high open porosity and structural 

defects (as shown by XRD and Raman data) observed in the latter.  

 

 
 

Figure 7.15: Temperature dependence of the thermal diffusivity, α, of the annealed graphite 

composites measured in the compression moulding direction. 

 

From the predicted bulk density values (Figure 7.13) and measured specific heat (Figure 7.14) 

and thermal diffusivity values (Figure 7.15); the thermal conductivities of the annealed graphite 

composites were computed using Equation (4.6). The temperature dependence of thermal  
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Figure 7.16: Temperature dependence of the thermal conductivity, κ, of the annealed graphite 

composites measured in the compression moulding direction. 

 

conductivity of the annealed graphite composites measured in the direction of pressing is shown 

in Figure 7.16. Generally the thermal conductivity values decreased with increasing temperature 

for all the annealed composites studied. This is because in graphite (which is the main 

component in the composites) heat conduction occurs mainly via lattice vibrations. As the 

temperature rises, phonon scattering becomes more pronounced and thus the thermal 

conductivities diminish (Taylor et al., 1968, Kelly and Gilchrist, 1969). A composite containing 

only SG and binder, i.e. 0 wt.% NG (0:80:20), showed lower values of thermal conductivity at a 

given measurement temperature. The thermal conductivity for this composite decreased from 9.8 

W.m
-1

.K
-1

 at 100 °C to 7.9 W.m
-1

.K
-1

 at 1000 °C (i.e. a 19.4% decrease). The composite 

containing 16 wt.% NG (16:64:20) showed higher thermal conductivities than other composites; 

it had a value of 29.8 W.m
-1

.K
-1

 at 100 °C and 19.3 W.m
-1

.K
-1

 at 1000 °C (35.4 % decrease). The 
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composite containing 64 wt.% NG (64:16:20) showed thermal conductivity values similar to 

those of 16 wt.% NG composite, i.e. 26.6 W.m
-1

.K
-1

 at 100 °C to 19.2 W.m
-1

.K
-1

 at 1000 °C 

(27.8 % decrease). The composite containing only NG and binder (80:0:20) showed values 

intermediate between the extremes; 18.4 to 13.7 W.m
-1

.K
-1

 at 100 and 1000 °C, respectively 

(decrease of 25.5 %). The contribution of the binder resin carbon to thermal conductivity values 

was very small since it had a very low thermal conductivity of approximately 0.3 W.m
-1

.K
-1

 at 

room temperature. In addition all the composites studied here contained the same amount of the 

binder resin and thus its influence should be the same. The composite containing only SG and 

binder showed lower thermal conductivity values possibly for the following reasons: 

 It had a higher open porosity than other composites (i.e. 41 %); this also evident from the 

polarised micrograph in Figure 6.10(b). It is well known that thermal conductivity decreases 

with increase in open porosity because heat transfer across pores is slow and inefficient 

(Matsuo, 1980).  

 Since these composites are polycrystalline and it has been shown that a composite containing 

0 wt.% NG (0:80:20) had more structural disorder or defects than other composites (see XRD 

and Raman data), therefore the low thermal conductivity values could be due to phonon 

scattering effects at crystallite boundaries consistent with literature (Taylor et al., 1968, Kelly 

and Gilchrist, 1969).  

The composites containing mainly NG flakes were easily compactable compared to those 

containing SG needle-like particles as evidenced by their high bulk densities. They also had 

larger aspect ratios, i.e. length: thickness ratio and therefore this is the reason why they 

conducted heat so well. This study found that the flakes orient themselves in the direction normal 

to pressing consistent with literature (Mariner and Sayir, 1999). However the thermal 
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conductivity values reported here were only obtained in the pressing direction due to sample 

geometry restrictions. The instrument as mentioned in the experimental section requires samples 

of 20 mm in diameter; unfortunately samples made in this work were 10 mm in height (see 

Figure 5.2) and therefore these measurements could not be made in the direction perpendicular to 

pressing direction. However we expect that the thermal conductivity values in the direction 

transverse to pressing could be significantly higher than those attained in the pressing direction 

because of the fact that it will be in the direction of the flakes.  

The thermal conductivity values of the annealed graphitic composites measured at 1000 °C in 

this work were compared to the values of similar composites reported in literature as shown in 

Table 7.2. Generally the values obtained in the direction parallel to pressing (in this work) are 

lower than those of similar graphite matrix composites reported in literature. The thermal 

conductivities of the annealed graphitic composites containing only synthetic graphite and binder 

(0:80:20) and the one containing only natural graphite and binder (80:0:20) were very low 

compared to reported literature values, see Table 7.2. 

 

Table 7.2: The thermal conductivity values at 1000 °C of the annealed graphitic composites in 

the compression moulding direction and literature values of similar composites. 

Composition 

(NG:SG:Novolac) 

wt.% 

Thermal conductivity at 

1000 °C 

(W.m
-1

K
-1

) 

0:80:20 7.9 

16:64:20 19.3 

40:40:20 - 

64:16:20 19.2 

80:0:20 13.7 

A3-3 (AVR)a 26 

A3-3(THTR)a 41 

A3-3 (HTR-10)b 29.3 

A3-27(AVR)a 44 
a
(Rind, 1981, Schulze et al., 1981, IAEA, June 2012)

  b
(Tang et al., 2008) 
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However, the annealed graphitic composites containing 16:64:20 and 64:16:20 wt.% showed 

slightly closer thermal conductivity values at 1000 °C (i.e. 19.3 and 19.2 W.m
-1

K
-1

, respectively) 

compared to the values of the A3-3 matrix composites used in AVR and HTR-10 reactors having 

values of 26 and 29.3 W.m
-1

.K
-1

, respectively. The matrix composites A3-3 (THTR) and A3-27 

(AVR) had very high thermal conductivity values compared to all composites made in this work. 

The reason for higher values observed for the literature composites is mainly due to their higher 

bulk density (1.70-1.74 g.cm
-3

) as compared to the measured bulk densities (1.24-1.52 g.cm
-3

) of 

the composites made in this work. It is also important to note that the literature values for AVR, 

THTR and HTR-10 are only based on the A3-3 and A3-27 matrices or composites. These 

composites contain only 64 wt.% natural crystalline graphite, 16 wt.% petroleum coke graphite 

and 20 wt.% phenolic resin.    

   

7.4 Mechanical properties 

 

7.4.1 Flexural Strength 

 

The mechanical properties, i.e. flexural strength and modulus, were measured using four-point 

bending tests in accordance with ASTM standard C651-91 (Reapproved 2000). These properties 

were measured both in the direction of pressing and in the direction normal to pressing. The 

load-deflection curves of the annealed composite samples of various compositions attained in the 

pressing direction are shown in Figure 7.17 to Figure 7.20. All the composites showed linear 

load-deflection curves in the pressing direction except at initial lower deflection values.  
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The load-deflection curve for a composite containing only synthetic graphite and binder, i.e. 

0:80:20, is shown in Figure 7.17. At least three samples per composition were tested. On average 

this composite experienced a catastrophic failure when a maximum load of 71.8 N was applied 

on it after which it was broken. The average maximum deflection for this composite was 0.22 

mm. The bending or flexural strength ( P and N) values for the composites, calculated using 

equation (4.8), are shown in Table 7.1. The average p value for this composite was 8.61±0.59 

MPa. The load-deflection curves for a composite containing 16 wt.% NG (i.e. 16:64:20) are 

shown in Figure 7.18. This sample experienced a catastrophic failure when the average 

maximum load of 91.6 N was applied. The average maximum deflection for this composite was 

0.27 mm. The average P value for this composite was 11.00±1.88 MPa. This shows that the 

slight increase in the natural graphite content to the synthetic graphite composite result in 

improvement in strength by about 28 %.  The load-deflection curves for a composite containing 

equal amount of the filler graphites (i.e. 40:40:20) are shown in Figure 7.19. 

Like in the other composites discussed, this composite also experienced a catastrophic failure.  

The observed average maximum load at break was 41.3 N. The average maximum deflection for 

this composite was 0.22 mm. The average P value for this composite was 4.96±1.26 MPa. 

Similar load-deflection curves were attained for a composite containing 64 wt.% NG as shown in 

Figure 7.20. This composite failed at the average maximum load of 85.2 N and the 

corresponding average maximum deflection on the samples was 0.30 mm. The average P value 

for this composite was 10.23±2.12 MPa. A composite containing only natural graphite and 

binder (i.e. 80:0:20) was very weak and did not withstand the tests.   
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Figure 7.17: The load-deflection curves for samples of annealed graphite composite 0:80:20; the 

loading was done in the pressing direction. 

 

 

Figure 7.18: The load-deflection curves for samples of annealed graphite composite 16:64:20; 

the loading was done in the pressing direction. 
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Table 7.3: Flexural or bending strength of the graphite-carbon composites annealed (in a He 

atmosphere) at 1800 °C for 2 hours. 

Green State Composition 

NG:SG:Novolac 

(wt.%) 

Bending  

strength, 

P 

(MPa) 

Bending  

strength, 

N 

(MPa) 

Anisotropy 

in strength 

( P: N) 

0:80:20 8.61±0.59 7.32±2.67 1.2 

16:64:20 11.00±3.57 3.39±1.04 3.2 

40:40:20 4.96±1.26 3.18±1.76 1.5 

64:16:20 10.23±2.12 9.28±0.40 1.1 

80:0:20 - - - 

 

 

From this data we note that the composite containing 40 wt.% NG (i.e. 40:40:20) featured a 

lower flexural strength than other composites. This is peculiar because a composite containing 

only synthetic graphite and binder had higher open porosity (41.9 %) but it was much stronger 

under flexure than the 40:40:20 composite (having 33.6 % open porosity); see Figure 7.21. I do 

not fully understand what causes this behavior but we think it might be related to differences in 

the anisotropy of the different graphite particles during uniaxial compression moulding. 
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Figure 7.19: The load-deflection curves for samples of annealed graphite composite 40:40:20; 

the loading was done in the pressing direction. 

 

 
 

 

Figure 7.20: The load-deflection curves for samples of annealed graphite composite 64:16:20; 

the loading was done in the pressing direction. 
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Another important factor is that the mean particle size for the 40:40:20 composite was larger 

than that of the other composites (see Table 6.1) and therefore the particles in this composite 

could be weakly bonded to each other. This is partly an explanation for a weaker strength 

observed. This is consistent with reported literature that the larger the graphite particle size, the 

lower the flexural strength (Zhang et al., 2005). Another possibility is that there could be a 

compromise in flexural strength due to change in particles shape since the composite contains 

equal amount of flake-like and needle-like particles (Zhang et al., 2005, Heo et al., 2006). The 

flake-like particles seem to be more compressible than the needle-like particles as evidenced by 

the measured bulk densities. It can be seen in Figure 7.21 that the flexural strength in the 

pressing direction decreases linearly with increase in open porosity. The composites 16:64:20 

and its mirror image, i.e. 64:16:20 showed larger flexural strength values than other composites. 

Both composites showed comparable flexural strength values. We have observed that a 

composite containing only natural graphite and binder (80:0:20) was much weaker as it failed on 

loading but when it was spiked with 16 wt % SG, the strength improved tremendously to 

10.23±2.12 MPa. The same observation was noted when a composite containing only synthetic 

graphite and binder (0:80:20) was spiked with 16 wt.% NG; the flexural strength improved from 

8.61±0.59 MPa to 11.00±3.57 MPa.  
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Figure 7.21: Flexural strength dependence on open porosity of the annealed graphite composites 

in the pressing direction. 

 

This is interesting because it means that the filler graphite particles complement each other as far 

as flexural strength is concerned. The flexural strength of the annealed graphite composites was 

also measured in the direction normal to pressing. Non-linear load-deflection curves were also 

observed, as it was the case in the pressing direction, as shown in Figure 7.22-Figure 7.25. Like 

when loaded in pressing direction, all the annealed graphite composites showed a catastrophic 

failure when loaded in the direction normal to pressing. The load-defletion curves were all non-

linear. A composite containing only synthetic graphite and binder (0:80:20) was broken when an 

average maximum load of 61 N was applied and the average deflection of 0.17 mm was 

observed. The average flexural strength ( N) for this composite was calculated to be 7.32±2.67 

MPa. The load-deflection curve for a composite containing 16 wt.% NG (16:64:20) is shown in 

Figure 7.23. 
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Figure 7.22: The load-deflection curves for samples of annealed graphite composite 0:80:20; the 

loading was done in the direction normal to pressing direction. 

 

 

 

 

Figure 7.23: The load-deflection curves for samples of annealed graphite composite 16:64:20; 

the loading was done in the direction normal to pressing direction. 
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Figure 7.24: The load-deflection curves for samples of annealed graphite composite 40:40:20; 

the loading was done in the direction normal to pressing direction. 

 

 

 

 

Figure 7.25: The load-deflection curves for samples of annealed graphite composite 64:16:20; 

the loading was done in the direction normal to pressing direction. 
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The average maximum load for this composite was 28.3 N and the corresponding deflection was 

0.17 mm. The average flexural strength ( N) for this composite was calculated to be 3.39±1.04 

MPa. The load-deflection curves for a composite containing equal amount of the graphite fillers 

are shown in Figure 7.24.This sample showed average loading capacity of 26.5 N and a 

corresponding average minimum deflection of 0.11 mm. This was the lowest deflection observed 

during the measurements. The average flexural strength value obtained in this case was 

3.18±1.76 MPa. It is very interesting that as the natural graphite content in the composite 

increase up to 40 wt.% the strength (normal to pressing) decreases. This decrease could be 

attributable to the increase in stiffness resulting from the flake-like particle alignment; effectively 

the flakes are loaded on their edges. As such it becomes relatively easier to break the inter-

particulate bond via the resin carbon in between the particles; this is consistent with literature 

(Heo et al., 2006). Suprisingly, a composite containing 64 wt.% NG showed the highest strength 

of 9.28±0.40 MPa. It also deflected more than other composites (0.25 mm), see Figure 7.25. This 

value is close to the one observed in the pressing direction; this was also observed for the 

synthetic graphite composite (0:80:20). It must be emphasized that this behavior was unexpected 

and the cause for this is unclear. It could be a combination of various factors, i.e. particle size 

effect, particle shape, degree of particle alignment, degree of crystallite orientation, the degree of 

inter-particulate binding, etc.  

The annealed graphitic composites containing only synthetic graphite and binder (0:80:20) as 

well as the one containing 64 wt.% NG (64:16:20) showed to be quasi-isotropic in their observed 

flexural strengths. On the other hand, the composites containing 16 wt.% NG (16:64:20) and 40 

wt. % NG (40:40:20) were anisotropic in flexural strengths. This could be caused by the variable 

degree of crystallite preferred orientation in these composites. 
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7.4.2 Flexural Modulus 

 

The flexural modulus of the annealed graphite composites was calculated as the slope of the 

initial linear region in a stress-strain curve or as a slope of the stress-strain curve if the slope was 

constant in the entire curve. The stress-strain curves for the annealed graphite composites in the 

pressing direction are shown in Figure 7.26-Figure 7.29. The curves were generally non-linear at 

lower strains and became linear at higher strains. The flexural modulus was taken as the average 

slope obtained from each sample (called a run); the slopes were taken on the fitted data points as 

shown. The flexural modulli0 obtained are shown in Table 7.3.  

The average flexural modulus, EP, in the direction of pressing for a composite containing only 

synthetic graphite and binder (0:80:20) was 1.54±0.41 GPa. A composite containing 16 wt.% 

NG showed a slightly higher average flexural modulus of 1.70±0.32 GPa. This means that the 

stiffness of the composite increases slightly by spiking it with a minute (16 wt.%) amount of the 

natural graphite. However a composite having of equal amount of the filler graphites (40:40:20), 

had the lowest modulus value of 0.92±0.26 GPa. The observed lower modulus in this composite 

is understood to be caused by the fact that this composite had weaker bond between the flake-

like natural graphite particles and needle-like synthetic graphite particles due to their 

incompatibility. This was also noted in the flexural strength measurement analysis. There could 

possibly be shearing during the test which would also cause a lower modulus.  A composite 

containing 64 wt.% NG showed modulus value intermediate between the extremes with a value 

of 1.41±0.17 GPa. For this materials it is clear that a composite having equal amount of filler 

graphites is not desirable.  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



137 

 

 

Figure 7.26: The four-point bending stress-strain curves for the annealed graphite composite 

0:80:20 obtained in the pressing direction. 

 

 

Figure 7.27: The four-point bending stress-strain curves for the annealed graphite composite 

16:64:20 obtained in the pressing direction. 
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Figure 7.28: The four-point bending stress-strain curves for the annealed graphite composite 

40:40:20 obtained in the pressing direction. 

 

 

Figure 7.29: The four-point bending stress-strain curves for the annealed graphite composite 

64:16:20 obtained in the pressing direction. 
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Table 7.4: Flexural moduli of the graphite-carbon composites annealed (in a He atmosphere) at 

1800 °C for 2 hours. 

Composition 

(NG:SG:Novolac) 

wt.% 

Sample or run Flexural modulus, 

Ep 

(MPa) 

Flexural modulus, 

Ep 

(GPa) 

0:80:20 run 1 1350.7 1.35 

run 2 2112.8 2.11 

run 3 1547.0 1.55 

run 4 1153.5 1.15 

Average 1541±413.7 1.54±0.41 

16:64:20 run 1 1972.4 1.97 

run 2 1353.8 1.35 

run 3 1781.6 1.78 

Average 1702.6±316.8 1.70±0.32 

40:40:20 run 1 828.71 0.83 

 run 2 1226.4 1.23 

 run 3 1010.3 1.01 

 run 4 628.6 0.63 

 Average 923.5±255.1 0.92±0.26 

64:16:20 run 1 1365.0 1.37 

run 2 1328.0 1.33 

run 3 1542.6 1.54 

run 4 1186.0 1.19 

run 5 1613.0 1.61 

Average 1406.9±171.5 1.41±0.17 

 

 

Generally the flexural moduli for these graphitic composites are very low when compared to 

nuclear graphites because of the fact that the bulk densities of the composites are low (1.24-1.52 

g.cm
-3

). The shear effect in the basal planes of the graphites and dislocation (defects) of atoms 
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also contribute to lower moduli observed. The observed lower moduli and strengths in the 

graphitic composites were due to variation in porosity, variation in the degree of particle 

alignment and the three phase nature of the composites. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

 

 

8.1 Conclusions 

 

Model graphite-carbon composites with potential use as encasement materials in fuel pebbles 

were prepared by uniaxial cold compression moulding. They were prepared from mixtures of 

natural and synthetic graphite powders with a fixed amount (20 wt.%) of a phenolic novolac 

resin as binder. Analysis of the particles size distributions of the raw graphite powders and the 

annealed graphite composite powders showed that there was some agglomeration of particles 

after resin incorporation into the graphite mixtures. X-ray diffraction studies showed that the 

graphitic composites had hexagonal crystal structure after annealing at 1800 °C. Raman 

spectroscopy showed the presence of structurally disordered phase derived from the novolac 

phenolic resin carbon.  

Optical microscopy showed different microstructures for the raw graphites and composites; the 

natural graphite comprised flake-like particles while the synthetic graphite consisted of needle-

like coke particles as well as some fine-grained mosaics. The needle-coke particles were 

indistinguishable from the flakes on the micrographs of the annealed composites. The particles or 

flakes tend to align themselves normal to pressing direction. All the composites showed similar 

morphologies having compacted filler particles and very smooth surfaces. The bulk density of 

the annealed graphitic composites increased with the increase in the natural graphite content. A 

composite containing only synthetic graphite and binder (0:80:20) was the most porous of all the 

composites studied. 
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Thermogravimetric analysis studies showed that the synthetic graphite powder was more stable 

in air than the natural graphite powder. This was due to the presence of impurities and defects in 

the latter. The graphitic composites were stable in air up to 650 °C. Composites containing 

mainly synthetic graphite filler (0:80:20 and 16:64:20) showed lower linear coefficient of 

thermal expansion values than the ones containing mainly natural graphite (64:16:20 and 

80:0:20) in the direction of pressing.  All composites showed constant linear expansion 

coefficients values of approximately 2×10
-6

 K
-1

 in the direction normal to pressing. Therefore 

there was anisotropy in expansion observed in these composites; an anisotropic expansion ratio 

of at least 2.8 was observed. This anisotropy was due to alignment of particles during 

compression moulding.  

Thermal conductivity values (in the pressing direction) of the graphitic composites decreased 

with increase in temperature. A composite containing only synthetic graphite and binder 

(0:80:20) showed smaller thermal conductivity values than other composites at any measurement 

temperature. This was due to its high open porosity and probably phonon scattering on crystal 

boundaries. It was interesting to observe that the thermal conductivity values of the composites 

containing compositional mirror images (i.e. 16:64:20 and 64:16:20) were similar at each 

measurement temperature and were higher than the ones made from each individual graphite.  

The four point bending flexural strength measurements showed that a composite containing 

equal amount of the filler graphites (i.e. 40:40:20) had the lowest strength than all the composites 

in both directions. This was attributed to incompatibility of the flake-like and needle-like 

particles. A composite containing 16 and 64 wt.% NG showed higher bending strength values in 

the direction of pressing than other composites. A composite containing 64 wt.% NG showed a 

larger bending strength in the direction normal to pressing as well. An anisotropy in strength was 
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observed in the composites containing 16 and 40 wt.% NG while the other composites were 

quasi-isotropic. The flexural modulus data followed the same trend as the strength data.  From 

this data it is clear that the composite containing 64 wt.% NG has the best mechanical properties. 

This work demonstrated the complimentary properties of the graphite fillers in the composites. 

The needle-like synthetic graphite was purer, more crystalline and thermally stable in air. A 

composite of this graphite showed lower expansion and thermal conductivity values in the 

pressing direction than composites containing mainly natural graphite. This composite showed 

intermediate flexural strength. On the other hand, the flake-like natural graphite was less pure 

and thermally stable than the synthetic one. A composite made from this graphite had a larger 

thermal expansion coefficient and best mechanical properties than the one containing synthetic 

graphite. A composition having close to best properties for use in making pebbles encasement is 

the one containing 64 wt.% NG (64:16:20). The reason is that it satisfies most of the 

requirements for this application, such as high density, high thermal conductivity, high 

mechanical strength, high air oxidation resistance and low expansion coefficient although further 

densification is required. 
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8.2 Future Work 

 

 It would be very interesting to study the effect of irradiation (with protons or neutrons) on 

the microstructure and properties of the graphitic composites studied in this work. This 

would provide an insight into how would the microstructure be affected and therefore 

how the properties would be after irradiation. That is whether or not there would be 

enhancement in properties? If not how are the properties deteoriating with irradiation 

dose or temperature?  

 The effect of using other fabrication techniques (extrusion and isostatic pressing) on 

structure and properties is also very vital. It would be interesting to see whether the 

anisotropy in properties could be entirely eliminated by employing isostatic pressing.  

 

 What effect will the use of other binders such as epoxides in making the composites have 

on microstructure and properties? What effects will the use of other graphite fillers from 

other organic sources, e.g. anthracine oil derived graphite, naphthalene derived graphite 

or a coal tar pitch derived graphites? 

 

 What would the effect of densification by application of high molding pressure (>13 

MPa) be on properties? 
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