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Deformation and fracture of carbonaceous materials using in situ micro-mechanical testing 

Dong Liu* 1and Peter E J Flewitt 

HH Wills Physics Laboratory, University of Bristol, Tyndall Avenue, BS8 1TL 

Abstract 

The local mechanical properties of vitreous carbon and another three porous graphite 

materials have been investigated using a novel in situ micro-cantilever bending approach. 

Vitreous carbon is used for validation of the micro-mechanical measurements. Filter graphite 

is a single phase material with ~52 vol.% porosity. Gilsocarbon graphite is a nuclear-grade 

graphite that is currently used in the advanced gas-cooled reactors in the UK with ~20 vol.% 

porosity in the filler particles and matrix; Pile Grade-A graphite (PGA) was extracted from a 

fuel brick within a Magnox reactor core with 15% weight loss due to neutron irradiation and 

CO2 radiolytic oxidation. The ‘true’ material properties obtained at micro-scale are found to 

be of much higher value than those measured at the macro-scale due to different failure 

controlling mechanisms. In particular for the PGA graphite, the micro-mechanical tests 

allowed the mechanical properties of the filler particles and matrix to be measured separately. 

The filler particles showed a higher stiffness and flexural strength compared with the matrix 

indicating the different influence of neutron irradiation on these two constituents. It is 

demonstrated here that the local mechanical properties of carbonaceous materials with 

various complex microstructures and even following neutron irradiation can be successfully 

evaluated. 

1. Introduction 

Carbon has many allotropic forms of which several are used for a wide range of engineering 

applications. Of these forms those most often encountered are diamond and graphite; these 

two are the allotropes that can be completely characterised. Another form is non-graphitizing 

vitreous carbon derived from pitches and polymeric precursors or produced by various 

modern thin film deposition and growth techniques [1]. There are several interpretations of 

the detailed atomic structure of this class of material, but as shown by Harris [2] the final 

arrangement is conditional upon the fabrication route adopted. Vitreous carbon has physical 

properties and fracture characteristics similar to glass and ceramic materials, and one 

particular application is in the form of a reticulated foam. Its good bio-compatibility with 
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blood and tissue enabled the applications for medical technology and biotechnology [3]. By 

comparison, there are a range of industrial graphites [4], many of which are polygranular, 

aggregate materials prepared by essentially heating a mixture of coke particles and pitch 

binder in the absence of air to temperatures of up to 3000°C. One particular example for the 

application of these graphites is as a moderator and structural supports within the reactor core 

of UK gas-cooled civil nuclear power plants. These nuclear-grade graphites are electro-

graphites produced by modifications to conventional graphite manufacturing methods, with 

special care being taken to exclude high-cross section impurities such as boron [5]. It has 

been long recognised that neutron irradiation produces large changes in the elastic modulus 

and strength of single crystal and polygranular graphites [5][6][7]. The effects of atomic 

displacements in graphite arising from collisions with fast neutrons lead to the accumulation 

of damage at various exposure temperatures. The induced lattice defects are based upon point 

defects, Frenkel pairs, which alter both physical and mechanical properties of the graphite. 

During these processes energy is stored within the graphite. To date, when addressing the 

effect of neutron irradiation on the mechanical properties and fracture characteristics of UK 

reactor core graphites, attention has focussed on the role of bulk macroscopic mechanical and 

thermal properties and dimensional changes [6]. The measurements made on macro-size 

samples removed periodically from reactors, either by trepanning from bricks or surveillance 

schemes, have not allowed deconvolution of the neutron irradiation damage from the 

radiolytic oxidation induced porosity contribution to the mechanical properties of the 

constituent phases, namely filler particles and binder matrix. It would be instructive to have a 

measure of the changes introduced to individual components of the complex polygranular 

aggregate microstructure of these graphites. 

Micro-mechanical testing has been used to characterise the mechanical properties of 

materials for a wide range of applications, such as micro-electro-mechanical systems [8][9], 

single crystal and polycrystalline silicon and silicon-based dialectic thin films 

[10][11][12][13], tungsten-based alloys for the use of plasma-facing components in future 

magnetic confinement fusion reactors [14], nanocrystalline metals [15], and in biomaterials to 

test constituent elements such as individual collagen fibrils [16]. Amongst the micro-scale 

approaches, nano-indentation tests provides the hardness and indentation modulus on the 

surface of samples; but the geometry of the elastic/inelastic zone below the indenter varies 

with crystal orientation and local microstructure. Since the stress state within that volume is 

complex, this hinders interpretation of the test results. For some materials such as nuclear 
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graphites, nano-indentation is susceptible to localised microstructural inhomogeneity and 

surface roughness [17]. Another approach is to create a micro-scale specimen, typically using 

techniques such as focus ion beam milling [10][18], micro-electron-discharge machining and 

laser ablation, and then deform the specimens by a non-sharp tip nano-indenter such as a 

conical or flat punch that has a large diameter compared with the local microstructure, or a 

purpose-built loading probe [19]. The tests can be undertaken either ex situ under an optical 

microscope [11] or in situ within a scanning electron microscope [10] and/or an atomic force 

microscope [12]. A range of test geometries have been adopted including pillar compression, 

single cantilever bending, clamped cantilever bending, double cantilever bending and 

uniaxial tension [19][18][10]. For the two most commonly used configurations, pillar 

compression specimens have a length to diameter ratio of 2 to 2.5 : 1 [18] and single 

cantilever bending specimens usually with a length to width aspect ratio larger than four 

[11][19][10]. In these cases, the specimen manufacture process is more complicated than that 

adopted for conventional nano-indentation, but it is possible to obtain a measure of elastic 

modulus, yield, tensile and flexural strength, fracture toughness and fracture energy, e.g. by 

introducing a Chevron notch using low-current focus ion beam line milling [12].  

There is often a requirement to undertake micro-mechanical measurements of the 

deformation and fracture properties of carbonaceous materials because of (i) the form of the 

material such as a porous foam [20]); (ii) the need to evaluate specific features of the 

microstructure; or (iii) the need to minimise the active volume of materials previously 

exposed to neutron irradiation [21][7]. Approaches focussed on reducing the size of the 

irradiated test specimens give rise to a range of miniaturised specimens tested using different 

geometrical arrangements. In the specific case of irradiated nuclear graphites, smaller length-

scale tests, such as the mm-scale Brazilian disc geometry test, have been adopted by Heard et 

al. [22]. However, the latter authors provided only final failure load for the one macroscopic 

graphite specimen tested [22]. By adopting focussed ion beam milling, it has been possible to 

explore a wide range of micro-scale geometry specimens that have been tested to measure 

mechanical properties [19][23][15][10][18]. One of the first applications that invoked gallium 

ion milling to prepare irradiated graphite specimens in a focussed ion beam (FIB) workstation 

and then conducting an in situ trench-probe test, was described by Heard et al [22]. During 

that particular test, the specimen was moved towards a fixed probe, the localised fracture of 

irradiated PGA graphite was observed but no outputs of load or displacement were provided. 

Recently, a quantitative approach adopting micro-scale cantilever beam geometry 
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unirradiated nuclear graphite, prepared and tested within a Dualbeam workstation that 

contains a force measurement system, has been developed by Liu et al [23]. This approach is 

able to produce a measure of stress-strain (force-displacement), elastic modulus, fracture 

strength and in situ characterisation of the progressive development of damage.   

Several challenges remain for evaluating the mechanical properties of carbonaceous materials. 

The first is to ensure that representative mechanical properties measured are appropriate over 

a range of length-scale. In the case of commercial graphites which have microstructures with 

varying degrees of complexity, it is necessary to establish if micro-scale tests provide a 

measure of mechanical properties and fracture characteristics similar to those obtained at the 

macro-length scale. The latter length-scale is typical of data obtained from conventional 

laboratory tests. It is therefore important to perform tests at the micro-length-scale to evaluate 

the mechanical properties and fracture characteristics of specific microstructural constituents 

of commercial graphites, for example the polygranular graphite used in the core of AGR gas-

cooled reactors in the UK. The second is that it is necessary to understand how the properties 

of the constituent phases change when subject to hostile environments such as those 

encountered during service in UK gas-cooled nuclear power stations, namely hot CO2 gas and 

fast neutron irradiation. As a consequence, we consider a method for producing and 

undertaking measurements using micro-length-scale cantilever test specimens. Four 

carbonaceous materials have been selected to address the specific challenges described above. 

The first is a vitreous carbon that has a linear-elastic response and known material properties 

at the macro-length-scale. This material has been adopted to establish if the micro-scale 

mechanical properties and fracture characteristics are representative of macro-scale data. The 

second material has a microstructure intermediate between the simple linear-elastic vitreous 

carbon and the complex commercial graphites. A filter graphite with a large volume fraction 

of macro-porosity to allow evaluation of the micro-scale properties of the graphite without a 

contribution from the macro-pores. It is the overall microstructure, graphite plus porosity, 

measured at the macro-scale that is known to contribute to the quasi-brittle characteristics of 

this material. Finally, two commercial graphites used in the reactor cores of UK gas-cooled 

power stations have been selected: Gilsocarbon graphite and Pile Grade A, PGA, graphite. 

These have been tested to establish if it is possible to provide a measure of the mechanical 

properties of the respective graphitised Gilsonite and needle coke filler particles and the 

associated binder matrix. In addition, similar measurements have been made on PGA graphite 

post neutron irradiation in a hot CO2 gas environment to demonstrate the benefits of 
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evaluating mechanical properties using small volumes of active material to provide necessary 

data for input to multi-scale computer models. 

In this paper, we describe in Section 2 the experimental detail including a method for 

producing micro-length-scale cantilever beam specimens and the four selected carbonaceous 

materials. The mechanical properties measured and the associated fracture characteristics are 

discussed in Section 3 and Section 4. In the case of the neutron irradiated specimens, the 

change of local mechanical properties for the filler particles and binder phase have been 

explored and general conclusions are drawn in Section 5. 

2. Experiments 

2.1 The materials  

Four types of materials have been studied, Table 1. Vitreous carbon is a glassy material with 

a low degree of crystallographic order. The material studied here was supplied with 

millimetre size ligaments (1 mm width by 2 mm in length) removed from a foam structure 

(10 pore per inch), Fig. 1a; the properties of interest are listed in Table I.  

Table I Material physical and mechanical properties [1, 6, 25, 26, 27, 28, 29]*  

 Apparent 
bulk density 
(g/cm3)  

Porosity 
vol.% 

Bulk E (GPa) Bulk flexural 
strength (MPa)  

Compressive 
strength (MPa) 

Vitreous 
carbon 

1.42-1.54 0 or ≤0.05 20-35 120-400 450-1000 

PG25 
graphite 

1.05 ~52 0.2-0.3 3.0-5.2 6.0-9.0 

Gilsocarbon 
graphite 

1.81 ~20 11.0-12.0 20 to 30 70 to 80 

Pile Grade-
A graphite 

1.74 ~20 10-12  
Parallel*; 
5-6 
Perpendicular*; 

12-20  
Parallel*; 
9-14 
perpendicular*; 

25-30 

* Parallel refers to the measurements undertaken along the direction of extrusion; perpendicular refers 
to measurements normal to the direction of extrusion for PGA graphite. 

The filter graphite material (PG25) studied was manufactured by Morganite Electrical 

Carbon Ltd. Here the material contains interconnected macro-pores generated by 

manufacturing, Fig. 1b. These macro-pores have been characterised by computed X-ray 

tomography using a Nikon Metrology 225/320 kV Custom Bay system (Manchester 

University, UK) with a voxel size of 16.4 × 16.4 ×16.4 µm on a sample of 20 × 20 × 22 mm - 

a reconstructed image of the 3D structure is shown in Fig. 1c. The results showed a total 

porosity of 42.8 ± 0.5 vol.% that is fully interconnected (99.9% of the total porosity is one 
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open pore). In addition, micro-pores in the matrix were observed by three-dimensional high 

resolution focussed Ga+ ion beam serial milling tomography in a Helios NanoLab 600i 

Dualbeam workstation, Fig. 1d. The measurement at several locations indicated an average 

micro-scale porosity of 16 ± 2 vol.% with pore size ranging from 0.05 µm to 2 µm 

(equivalent sphere diameter), Fig. 1d. Therefore, the total volume of the pores in this PG25 

graphite is approximately 42.8 vol.% + 16 vol.% × (1 - 42.8 vol.%) = 52 vol.%. The typical 

macro-mechanical properties are listed in Table I.  

The Gilsocarbon graphite studied was a moulded medium-grained IM1-24 (GCMB grade) 

polygranular nuclear graphite supplied by EDF Energy Ltd (manufactured by Graftech). It 

comprised spherical Gilsonite (a naturally occurring solid hydrocarbon bitumen) filler 

particles of ~ 0.5 mm dia. in a coal-tar pitch binder matrix, Fig. 2a. It is used as fast neutron 

moderator and structural component in the core of the UK Advanced Gas-cooled Reactor 

(AGR) fleet. This IM1-24 graphite is nearly isotropic (anisotropic ratio of 1:1.1) with the 

bulk elastic modulus in the range of 11 to 12 GPa, depending on the orientation, and the 

tensile strength between 19 to 20 MPa. The total porosity is considered to be 20 vol.%; 

macro-pores are measured to be 4 to 6 area% (10 µm to 200 µm equivalent circle diameter ) 

from optical and SEM images. The data for the macro-pores have been further confirmed by 

computed X-ray tomography scans on a cube sample of 20 × 20 × 20 mm using the same 

equipment for PG25 graphite with a resolution of 15.8 × 15.8 × 15.8 µm: the measured 

porosity was about 6.9 ± 0.4 vol.%, Fig. 2b. At this resolution, the pores measured were 

mainly isolated which is different from PG25 graphite. Both 2D optical and 3D tomography 

approaches indicate that the macro-pores represent a small part of the total porosity. The 

micro-pores contained in the filler particles and matrix were measured by high resolution 

serial sectioning tomography using the same approach as for PG25. Example slices of the 

cross-sections located inside the matrix (site 1), at the outer-region of the filler particles (site 

2 for ‘onion skin’), and near to the centre of the filler particles (site 3), Fig. 2a. The size of the 

pores at three sites range from 0.04 µm to 2 µm (equivalent sphere diameter), and occupy 13 

to 15 vol.% of the total volume. 

Pile Grade-A provided by Magnox Ltd is another grade of nuclear graphite used in Magnox 

reactors. PGA contains large elongated filler particles (0.1 to 1.0 mm in length) made from 

highly crystalline porous petroleum needle coke (by-product of oil refining process), and the 

crystallographic basal planes tend to lie parallel to extrusion axis as a result of processing. These filler 

particles are embedded in a coal tar pitch binder plus ground coke flour matrix. As-
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manufactured material has a porosity of ~20 vol.% comprising both macro-pores and micro-

pores distributed within the matrix, Fig. 3a, and the filler particles, Fig. 3b. In particular, the 

filler particles contains elongated micro-pores oriented along the extruded direction, Fig. 3b. 

The mechanical and physical properties of the PGA graphite vary with direction parallel to 

and perpendicular to the extrusion direction, Table I. In the present study, both unirradiated 

and irradiated PGA graphite have been investigated. The irradiated specimen was subjected 

to fast neutron irradiation (33.200 × 1020 n·cm-2 DIDO equivalent dose) and radiolytic 

oxidation in the CO2 coolant gas at a temperature of 287°C with a weight loss of 15%.  

Prior to micro-mechanical testing, X-ray diffraction (XRD) for the vitreous carbon, PG25 

graphite, IM1-24 and PGA graphite samples was carried out using a X’PERT PRO 

diffractometer with a CuKα source. Each scan covers a 2θ range from 5° to 140° at a step size 

of 0.02 deg and a dwell time of 1.5s per step. The Kα1 wavelength used for d-spacing 

calculation was 0.15405 nm, and overlays of diffraction patterns for the four materials are 

shown in Fig. 4a. Overall, the calculated {002} lattice space for filter graphite is about 0.337 

nm ({004} is about 0.168 nm), 0.338 nm for IM1-24 graphite ({004} is about 0.169 nm). For 

the PGA these values are {002} and {004} 0.331 and 0.156 nm, respectively. For vitreous 

carbon, the diffraction pattern is degraded and consistent with that obtained from low degree 

of order associated with glassy materials, Fig. 4a. In addition, Raman spectroscopy 

measurements using a Reinshaw Ramascope model 2000 with a laser source of 632.8 nm was 

applied to the same samples. An example of overlaid spectra are shown in Fig. 4b indicating 

the existence of graphite crystallites (G peak) and disorder (D, D’ and D*); only spectra for 

three materials are shown here as PGA graphite has similar spectrum to IM1-24 graphite. For 

PG25, similar forms of carbon were observed as Gilsocarbon graphite. The vitreous carbon 

foam has mainly a disordered structure consistent with XRD measurements.  

2.2 In situ micro-cantilever tests 

The approach adopted is an in situ force measurement system installed on a micro-

manipulator in a Helios NanoLab 600i Dualbeam workstation - it is a similar approach as 

described in ref. [19, 29]. Step I was to mill two trenches (the size of the trench is usually the 

length of the expected cantilever, h, 15 to 20 µm, by a depth more than 10 µm) at 45° into the 

edge of the bulk material, Fig. 5a. For this step a beam energy of 30 keV and current of 6.5 

nA was selected. The two trenches were usually separated by a wall with a thickness of about 

three times of the section size of the final cantilever, d. Step II was to mill two trenches from 

the other side of the sample using the same current and voltage settings, Fig. 5b. After these 
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two steps, a cantilever of 3d x 3d x h was produced. The beam current was reduced 

progressively from 2.7 nA to 96 pA to reduce the cantilever size to the final dimension d × d 

× h and minimise the Ga+ damage at the surface. A modified force measurement probe 

controlled by a micro-manipulator (Kleindiek Nanotechnik GmbH) installed in the Dualbeam 

workstation was used to load the cantilevers; the entire loading process was programmed to 

be displacement-controlled (0.025 µm·s-1). The advantage of this approach is that the 

deformation and fracture of the specimens can be viewed and recorded using SEM imaging. 

To generate load-displacement curves, the coordinates of the loading point were extracted 

manually from the images at a certain load. The elastic modulus was then determined from 

the linear part of the load-displacement curve and the flexural strength from the maximum 

load at fracture, the loading configuration and the specimen geometry. Prior to each test, the 

loading probe was calibrated against a standard provided by the manufacture to derive the 

spring constant and the results validated using single crystal silicon of known orientation [19]. 

For the irradiated PGA graphite tests, certain irradiation protection procedure was adopted 

such as using an aluminium dish with a diameter of 105 mm to collect the debris. For each of 

the materials tested, a range of cantilever specimens with different cross-section sizes and 

lengths were made. However, the maximum load that could be applied by the loading probe 

was 360 µN, and this sets a limit on the specimen size. 

Errors associated with the present micro-cantilever beam test method mainly arise from two 

sources where the first relates to the determination of specimen displacement from the SEM 

images. To reduce this error, 10 measurements at a different magnification of the same image 

sequence have been undertaken to give a final average value. There was less than a 3 to 4 % 

standard deviation associated with the displacement for all the tests. The second was that the 

loading probe slides along the length of the cantilever during loading, which becomes 

pronounced at large displacements. Since elastic modulus was determined from the linear 

part of the load-displacement curve at a small displacement, the derived value was less 

affected. For the determination of the flexural strength, the loading arm length between the 

loading point and the fracture initiation site was measured from the last frame of the image to 

minimise this error. Cross-sections of the cantilever beams were measured at 10 different 

locations along the length for each specimen and was evaluated according to the fractured 

location. This ensured that the accuracy in the interpretation of the data was within 5%. 
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3. Results 

3.1 Vitreous carbon 

Four cantilever specimens were made and tested with the dimensions of 1.75 × 1.75 × 11.50 

µm, 1.25 × 1.25 × 8.80 µm, 2.00 × 2.00 × 17.00 µm and 3.25 × 3.25 × 21.00 µm, respectively, 

Fig. 6a. All the specimens showed a linear-elastic load-displacement curve followed by 

prompt fracture at the proportional limit, Fig. 6b. The fracture surface of the four specimens 

each displayed features typical of brittle fracture, Fig. 6b. The elastic modulus values fall 

between 25 to 35 GPa (mean 29 GPa) with no systematic change with the section size of the 

specimen over the range tested, Fig. 6c. Flexural strength was determined from � = ��/� (�: 

flexural strength (MPa), �: loading force (µN), �: loading arm length (µm); �: section 

modulus of the cantilever cross-section). An average value of ~350 MPa was derived from 

the four specimens. The measured elastic modulus and corresponding flexural strength are 

listed in Table II. The failure strain centred around 1.0 to 1.8 % for this vitreous carbon 

material, and is similar to values obtained for pure pyrolytic carbon (1.28% to 1.58% [30], 

low temperature isotropic form of pyrolytic carbon (0.9-1.1% ) [3], polycrystalline graphite 

(0.1 to 0.7%) [3]. 

3.2 Filter graphite (PG25)  

Micro-cantilever specimens were milled from filter graphite PG25 and these contained sub-

micro pores. When under loads ≤ 1/3 of the fracture load, a linear load-unload response was 

observed, Fig. 7a. For loads above this range the displacement was non-linear and the post 

peak fracture was progressive, Fig. 7b, with clear load drops (marked as drop1, 2 and 3) as a 

main crack formed and propagated close to the root of the cantilever. The first drop of about 

5 µN corresponds to a small crack formed parallel to the root (marked as crack1 in Fig. 7b). 

This is followed by a load increase of about 3 µN (as the peak load is approached), prior to 

the formation of a new large cross-sectional crack, crack2 in Fig. 7b. This leads to the closure 

of the previously formed crack as the local stress/strain was redistributed. As a consequence, 

the load dropped by about 10 µN. Finally as this large crack propagated across the section the 

load dropped to nearly zero. These post-peak load drops and the associated crack propagation 

illustrates the progressive fracture behaviour within the material at the micro-scale. However, 

at this stage, (i) the fracture path was complex and difficult to quantify and (ii) the 

displacement was large and the direction of the applied load relative to the specimen had 

changed.  
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The geometry, load at fracture, elastic modulus and calculated flexural strength for the seven 

cantilevers tested are listed in Table II. For some of the specimens, multiple loading cycles 

were applied to obtain information on permanent set, see Table II. The average value for E 

was about 22 GPa with a standard deviation of 7.9 GPa. The lowest value measure was ~11 

GPa and highest was ~35 GPa. The lower value corresponds to a cantilever specimen with 

significant pre-existing defects within the root region. The average flexural strength of all the 

cantilever speciµens was 344 ± 160 MPa; the large scatter was consistent with the presence 

of defects contained within each individual cantilevers and the complex geometry of those 

defects. In terms of the measurement error associated with the flexural strength, it mainly 

originates from the pixel-based displacement measurement from the SEM images. 

Examination of the fracture surface of all specimens revealed that (i) the fracture surface 

usually comprised several steps as shown in Fig. 7c; and (ii) fracture occurred along the 

interfaces between crystallites at preferred locations with a complex 3D geometry. 

3.3 IM1-24 graphite 

IM1-24 graphite has filler particles bonded together by binder matrix. Compared with PG25 

graphite, the microstructure is complex, Fig. 2. For some of the cantilever specimens, load-

unload cycles were applied to acquire information on residual displacement on unloading, Fig. 

8a. For loads greater than 50% of the failure load, permanent displacements were observed 

after unloading (after cycle 2 this was about 0.04 µm; after cycle 3 this was about 0.08 µm), 

Fig. 8a. However, the loading modulus of the cantilever remains approximately the same for 

each cycle, Table II. Overall, there is linear load-displacement at lower loads and non-

linearity prior to final failure. Some of the cantilevers contained very complex arrangements 

of pre-existing defects and this resulted in intricate loading curves, Fig. 8b. In this particular 

case, a crack was formed at about two thirds of the peak load during load cycle 1, and this 

caused a reduction in the slope of the curve as more displacement was applied. Upon 

unloading, a permanent displacement was observed and the slope of the second loading cycle 

decreased to about 35.7 µN/µm compared with 43.0 µN/µm for cycle 1. During load cycle 2, 

a large crack was formed at about 30 µN; this crack was associated with a load drop and 

formed at a different location from the previous pop-in in load cycle 1. Upon unloading, the 

cantilever did not return to the previous position, however, upon re-loading, load cycle three, 

the slope (~36.8 µN/µm) remained nearly the same as for the previous cycle. Post-peak 

progressive failure was observed with load drops in both cycle 2 and cycle 3. This was a 

typical example of cantilever specimens that contained complex surface breaking defects and 
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the fracture was no longer abrupt brittle. In total, eight specimens were tested and the 

measured properties and loading cycles are listed in Table II. For comparison, E values are 

plotted in Fig. 8c as a function of specimen section size together with literature values for the 

macro-scale specimens. In general, values for E at micro-scale cluster between 10 and 30 

GPa with some values extending to ~ 67 GPa. The flexural strength ranged from 73 MPa to 

984 MPa at the micro-scale, Fig. 8d, which are much higher than the corresponding macro- 

scale values, see Table I and ref [31] (22.3 to 26.9 MPa). The large scatter at micro-scale can 

be attributed to the presence of micro-scale flaws and when their presence is minimal the 

measured properties approach the value for defect-free material. 

3.4 PGA graphite 

The PGA graphite samples studied in the present work included both as-manufactured and 

one removed from a reactor core brick following a period of in-service irradiation and 

radiolytic oxidation. The latter introduced changes to the microstructure and associated 

physical properties. In the unirradiated condition, the matrix has a surface morphology of 

randomly distributed flakes, Fig. 3a, and focussed ion beam milled cross-sections through the 

matrix revealed the presence of micro- and sub-micrometre pores, Fig. 3b. Following 

irradiation and radiolytic oxidation, the matrix comprised approximately circular-shaped 

pores (some as large as 15 µm in dia.), Fig. 9a. Needles of coke usually about 10 × 20 µm, 

see arrows in Fig. 9a, with a smooth surface were distributed with random orientation within 

the matrix. These were the finer ground coke particles (termed as flour) that was mixed with 

the binder during processing [32]. These elongated needles had a line marks along the long 

axes, and there were pores between these particles and the surrounding matrix, Fig. 9a. In 

addition, there are similar larger needle coke particle, for example 200 × 500 µm (one 

example of part of this type of particle is shown in Fig. 9b; a more complete image of this 

particle is shown later in Fig. 10a) that comprise long, thin and narrow ribbons. FIB milling 

across these particles revealed that clusters of these ribbons had ‘sintered’ to form a denser 

region, Fig. 9c.  

FIB milling was undertaken at a location where a large filler particle joins the matrix, Fig. 9d. 

Four locations, sites 1 to 4, were investigated, Fig. 9d, and the number of small pores was 

reduced significantly compared with unirradiated material, Fig. 3. In addition, one notable 

feature for all these sections was the presence of a layer of material (from nano-metre to ~ 3 

µm thick) with lighter contrast attached to the inner surface of the open pores as marked by 

arrows in Fig. 9d. This layer was not observed in any of the non-irradiated materials and is 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 

possibly related to the radiolytic oxidation process. Radiolytic oxidation occurs when CO2 is 

decomposed by ionising radiation to give reactive oxidising species. For Magnox reactors, 

hydrogen was added on a regular basis to avoid the carbon deposition. In general, radiolytic 

oxidation via CO2 gas access to existing open pores removes material from the inner surface 

and would enlarge the pores to give the structures similar to those observed in Fig. 9a.  

Micro-cantilever specimens were created in the dense regions within the filler particles and 

the matrix, respectively. Fig. 10a shows the loading probe positioned on a micro-cantilever 

milled at the end of a bundle of filler particle ribbons in the irradiated PGA. These cantilevers 

have the features of the interfaces on the surface, Fig. 10b, and these sites were where 

fracture eventually occurred. In total, three cantilevers were tested; the measured elastic 

moduli were 37.5 GPa, 48.6 GPa and 86.7 GPa, respectively; the corresponding flexural 

strengths derived were 652 MPa, 1080 MPa and 1340 MPa, respectively (Table II). A 

schematic of the orientation and flexural strength is shown in Fig. 10c. The ‘weakest’ 

cantilever was created normal to and tested parallel with the layers of ribbons, and the 

flexural strength was about 652 MPa. The highest strengths, 1080 MPa and 1340 MPa, were 

derived when a cantilever was positioned at 20 and 70 degree from the extrusion direction. 

For the three cantilever specimens tested, fractured locations were two to three micrometres 

from the root so that the measured strength is an evaluation of these defects and the ‘true’ 

strength of the flaw-free material within the filler particles should be higher than these values. 

For simplicity, the measurement of the micro-cantilevers in unirradiated PGA graphite are 

not described in detail. But as shown in Table II, the elastic modulus was lower than 20 GPa 

for both the particles and matrix, with the highest flexural strength less than 300 MPa. The 

elastic modulus increased by a factor of 2 to 4 in the irradiated filler particles compared with 

the unirradiated condition (Table II). 

The load-displacement curves for these cantilevers typically comprised a linear range at low 

load that became progressively non-linear as the load approached fracture, Fig. 10d. After 

initiation, the cracks usually arrested at specific microstructural features. As a consequence, 

the load applied remained high to maintain stable crack propagation through the cross-

sections of the test specimens. For example, the specimen tested in Fig. 10d had a crack 

mouth opening displacement of 0.18 µm while the load remained almost constant. 

Examination of the fractured surface of this cantilever revealed an irregular initial crack path, 

Fig. 10e, and the subsequent crack propagation surface had a complex geometry in 3D space 
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which contributed to the stable crack growth at higher loads. In addition, there were 

alternating nano-metre thickness lines with a darker contrast shown by the arrows embedded 

in the cantilever volume, Fig. 10e. These related to the interaction between graphite sheets in 

the particles arising from neutron irradiation, Fig. 10f.  

In the matrix, two micro-cantilevers were created within the solid regions between large 

pores and when loaded both fractured at the root, Fig. 11a. The load-displacement curves for 

both specimens were similar and as shown in Fig. 11b. They typically comprised three stages: 

(i) linear-elastic up to 60 to 70% of the peak load; (ii) a plateau where the load remained 

almost constant while displacement extended by about 0.15 to 0.20 µm; and (iii) a final stage 

with a lower slope to failure. Post peak load, a brittle abrupt fracture was usually observed, 

and the fractured surface is shown in Fig. 11c. Elastic moduli were 5.2 GPa and 8.6 GPa for 

the two specimens, and the corresponding flexural strengths are 154 MPa and 357 MPa, 

respectively. These moduli and strengths are much lower than those measured in both the 

unirradiated PGA graphite and irradiated filler particles. In addition, compared with the filler 

particles, the specimens in the matrix sampled a more uniform material with no obvious 

surface breaking defects. Finally, when compare with the load-displacement curves from 

unirradiated material, these post-service graphite specimens exhibit more ‘brittle’ fracture 

characteristics, i.e. abrupt failure with no obvious post-peak load drops. 

4. Discussion 

4.1 Micro-scale mechanical properties 

The present micro-cantilever testing configuration falls within the broad category of ‘in situ’ 

single micro-scale cantilever tests. Of the range of carbonaceous materials selected, apart 

from the vitreous carbon, they contain varying amounts of sub micro-scale porosity together 

with pores at the macro-length scale. Hence, for many of the micro-scale cantilever beam 

tests variability in the measured data arises from sampling selected volumes of these 

heterogeneous materials. The advantage of these micro-cantilever beam tests is that it is 

possible (i) to evaluate the properties of the microstructural constituents of the polygranular 

graphites, (ii) to determine the ‘true’ properties of material that contains macro-scale pores 

and (iii) to undertake measurements on small volumes of irradiated material. Compared with 

the earlier geometry of the micro-cantilevers described by Darnbrough et al [19], using the 

present specimens it is possible to view the root region which allows both the location of 

fracture initiation to be observed over the full length of the specimen and measurement of the 
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loading arm length to be made more accurately. This provides improved confidence in the 

evaluated mechanical properties of these carbonaceous materials. However, it has to be 

recognised that the stress state at the specimen root is complex. For the present tests the 

majority of the failures did not occur at the root region mainly due to the presence of nano-

scale pores and flaws in the materials. It would be more appropriate to use a tapered 

geometry that would allow the strain energy to be kept constant, but the difficulties 

associated with producing such specimen reproducibility offsets the advantages of adopting 

that geometry. In terms of the overall micro-scale properties, the measurements undertaken 

on the vitreous carbon provide a validation for the mechanical data derived from these micro-

cantilever tests. As shown in Fig. 6, the elastic modulus E and strength obtained from 

vitreous carbon were reproducible between the tests within experimental scatter and they are 

consistent with the bulk value. Fig. 12a shows the correlation between E and the flexural 

strength for the vitreous carbon and PG25 filter graphite. The data show a simple, if scattered, 

correlation where σ ~ (1/60)E, which is comparable with other brittle materials such as 

ceramics and glassy carbon (σ ~ (1/(10-100))E [33]. Fig. 12b includes all the measured data 

for the range of other materials considered and the data fit reasonably well with this 

relationship, apart from the large scatter in the IM1-24 material. This is consistent with the 

more quasi-brittle characteristics of the IM1-24 and PGA graphite arising from the presence 

of significant porosity at the sub-micro-length scale. 

There are two factors that should be taken into account when comparing the micro- and 

macro-scale data. Firstly, for the three types of graphite, the values of flexural strength 

measured at micro-scale are much higher than those from the macro-scale, by an order of 

magnitude, compare Table II and Table I. The elastic moduli derived from the linear part of 

the loading curve, using IM1-24 graphite as an example, are mainly in a range between 10 to 

30 GPa at micro-scale with values extending to 67 GPa. This is because the microstructure 

tested at these two length-scales is different since the micro-scale cantilever specimens 

include both micro-metre and sub-micro-metre porosity, while macro-scale specimens sample 

pores at both micro- and macro-length scales. Secondly, the broad distribution of the 

measured properties at the micro-scale is due to the varying pores, defects and the 

crystallographic orientation of the grains sampled in each cantilever volume. Again, at the 

macro-scale, the sampled volume has to contain a sufficient number of characteristic 

microstructural features to produce a representative quantification of the properties. Certainly, 

if the volume is too small, then larger scatter in the data is expected. Admittedly, the micro-
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size specimens tested in the current work may not represent all aspects of the microstructure 

for the material. It is the in situ observation of the deformation and fracture and their 

correlation to the measured mechanical properties that are essential to ultimately develop a 

complete mechanistic understanding of the material. For example, without in situ micro-

mechanical testing, the complex inter-locking microstructural contributions could be easily 

mis-interpreted.  

It has been recognised that the measurements obtained at micro-scale provide the appropriate 

input parameters for computer models, in particular for the type of models based on the 

microstructure and the multi-phases [31][34][35]. The model proposed by Berre et al [34] 

derived the elastic modulus of the individual phase by extrapolating the measured phase 

density using X-ray tomography between pores (zero density with E = 0 GPa) and pore-free 

single crystal graphite (density = 2.26 g/cm3 with E = 19 GPa). However, some of the E 

values measured by the micro-cantilevers in the current work (PG25, Gilsocarbon and PGA 

graphites) are higher than 19 GPa, which is the minimum E for single crystal graphite. This 

indicates that density is not the only factor affecting the E. The detailed microstructure 

including nano-scale crystallites and complex inter-locking architecture, Figs. 7, 9, 10, 11, 

could strengthen the material and lead to a higher modulus. As a consequence, micro-scale 

measurements provide the appropriate mechanical properties for the individual phases for use 

as input data to microstructure-based computer models and the macroscopic properties acts as 

the output and provide validation for the macro-scale predictions. 

4.2 Crystallite size and orientation 

The nano- and micro-scale pores, the size and orientation of graphite crystals and crystallites 

all potentially affect the measured properties of the cantilever specimens [36][37]. In general, 

the structure of heat-treated carbon is usually characterised in terms of the parameters, La and 

Lc, defined as the length and thickness of the graphite lamellae structure within the material, 

respectively [42]. A range of non-destructive techniques are available for such 

characterisation. For example, Raman spectroscopy provides information of the bond 

structure and type for graphite [38]. From the intensity ratio of the first order defect-related D 

peak and G peak which corresponds to a doubly degenerate phonon mode with E2g symmetry 

for sp2 bonds, the in-plane crystallite size can be determined using the Tuinstra-Koening 

relationship [39]. The crystallite size can also be derived from XRD using the Scherrer line 

broadening formula. Usually, these two methods are combined and provide validation on the 
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measured crystallite size. For carbon materials prepared below 1000°C, these two parameters 

are usually around 1 nm indicating a relatively low graphitization level and high disordered 

structure [2]. With heat treatment up to 3000°C, these two parameters could reach values up 

to 100 nm via three thermally activated processes: in-plane crystallite growth (increase in La, 

while Lc and the number of crystallites remain constant), coalescence of a crystallites along 

the c-axis (increase in Lc and reduction in the number of crystallites), and coalescence of 

crystallites along the a-axis (increase in La and reduction in the number of crystallites) [40]. 

Typical measurements of these two parameters in PGA and IM1-24 graphites are listed in 

Table III.  

Table III La and Lc measurements for PGA and IM1-24 graphites using Raman spectroscopy, 

XRD and transmission electron microscopy, respectively [36][41][42]. 

Graphite type La Lc Methods [36, 41-42] 
PGA (1.74 g/cm3) 21±4 nm - 

Raman [36, 41]  
IM1-24 (1.81 g/cm3) 20±11 nm - 
PGA (1.74 g/cm3) 7-44 nm - 

Raman [42] 
IM1-24 (1.81 g/cm3) 10-35 nm - 
PGA (1.74 g/cm3) 44.8 nm 23.7 nm 

XRD  
IM1-24 (1.81 g/cm3) 47.2 nm 35.6 nm 
PGA (1.74 g/cm3) 5-80 nm 2-26 nm (10.3±7.4 nm) 

TEM 
IM1-24 (1.81 g/cm3) 5-200 nm 2-36 nm(11.2±9.1 nm) 

It has been difficult to quantify the orientation of the crystallites in commercial graphites 

because the binder phase of nuclear graphite has a complex microstructure and the outcomes 

from the graphitizing process are not well understood. For example, PGA graphite binder 

contains various forms of carbon such as well-graphitized structures, quinoline insoluble 

particles, nano-sized graphite structures, chaotic structures and non-graphitizing carbon 

[32][43]. The various microstructures of the binder in nuclear graphites have been defined by 

distinguishing regions of common basal plane alignment extending over linear dimensions 

greater than 100 µm and those of small randomly oriented pseudo-crystallites with linear 

dimensions of common basal plane orientation of less than about 10 µm [35][43]. The micro-

cantilever specimens used for the present evaluation of mechanical properties were of aspect 

ratio 5:1 with a side length of between 2 µm and 7 µm so that when a crack propagates, even 

neglecting the fact it follows a tortuous path, it would traverse ~ 104 crystallites for the 

smallest size of specimen tested. Since the microstructure for the polygranular commercial 

reactor core graphites are heterogeneous, then a selection of randomly oriented crystallites 

will be sampled within, but particularly between, specimens. As discussed above, it is the 

nano- and sub-micro pores and flaws that dominate the scatter in the measured data. 
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4.3 Failure modes  

In terms of failure modes of nuclear graphite, such as PG25 filter graphite, IM1-24 and PGA, 

each displayed quasi-brittle fracture behaviour when tested at macro-scale [23]. At micro-

scale, these characteristics were also present when a single crack formed, Figs. 7 to 11. The in 

situ cantilever loading is undertaken via displacement control, therefore, the local ligament 

fracture relates to a load drop in the load-displacement curves. In particular, an important 

observation is that the crack initiation site is not necessarily the site of final fracture, i.e. 

when damage was introduced or an existing micro-defect opened some of these features 

subsequently closed by relaxation of strain as a new crack was formed in the vicinity upon 

further loading. This phenomenon provides implications of the formation of micro-cracks at 

the macro-scale. Complexity of the microstructure and porosity is the key to promoting 

micro-cracks that are associated with the quasi-brittle characteristics of these graphites. 

Ultimately, micro-cracks nucleate and coalescence to form macro-cracks [44]. At the micro-

scale, the formation of micro- and sub-micro-metre cracks is analogous to the macro-scale 

behaviour. However, one point worth noting is that the graphite materials (PG25, IM1-24 and 

PGA graphites) are more ductile at micro-scale compared with the reported macro-scale data 

- although the vitreous carbon displayed similar failure strain both at micro- and macro-scale. 

The failure strain of Gilsocarbon graphite has been reported to be less than 0.3% for macro-

scale uniaxial tension test [45][34]. Whereas the failure strain measured in the present work is 

over twice the average value ~ 0.6% with a highest value of 1.0%. Combined with the 

investigation of the fractured surface, this ductility could be associated with basal slip leading 

to sliding of the graphite layers under load.  

4.4 Neutron irradiation 

When PGA graphite is exposed to fast neutron irradiation in the CO2 gas service environment 

of a Magnox reactor, its mechanical properties change. These changes arise from two 

mechanisms: the first due to the injection of lattice point defects which increase both the 

elastic modulus and the fracture strength; the second arises from radiolytic oxidation which 

reduces both of these properties due to mass loss which results in the formation of pores. As a 

consequence, the overall change in these properties is the result of a competition between 

neutron irradiation hardening and oxidation weakening [6][46][41][47]. The micro-scale 

cantilever beam tests have specific advantages when testing this irradiated PGA graphite 

because mechanical properties can be measured on both the filler particles and the matrix. 

However, there is the potential that the measured mechanical properties at this micro-length-
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scale could be influenced by the size, orientation and distribution of the complex crystallite 

substructure within both the filler particles and the matrix. As indicated in Section 4.3, such 

contributions associated with the crystallites are not easily evaluated. But since their size is 

typically of the order of 10 nm dia., the micro-scale cantilever test specimens sample many 

crystallites and therefore provide an average value that accommodates any local crystallite 

contribution to the measured mechanical properties.  

For the filler particles, as shown in Table II, despite the scatter in the data, there is a 

significant increase in both the elastic modulus from an average value of 20 GPa to 55 GPa 

and for the fracture strength from 300 MPa to 1024 MPa on average for a neutron irradiation 

of 33.2 x 1020 DIDO equivalent dose. Therefore, the particles indeed follow the increases in 

properties typically attributed to fast neutron hardening. However, surprisingly, the elastic 

modulus for the matrix reduced to an average of 6.9 GPa and 255 MPa for the average 

fracture stress. Although there is not a simple explanation for the changes to the matrix, it has 

been noted by other workers that the mass loss during neutron irradiation occurs 

preferentially within the matrix [4][43]. Hence the changes observed within the matrix 

probably relate to a complex, but unspecified, interaction between the irradiation induced 

damage and the oxidation mechanism. 

To test the significance of these micro-scale test data for both unirradiated and irradiated 

PGA graphite, the values described in this paper have been used as inputs to a 

microstructurally based, multi-scale computer model [31]. The computer modelling was 

designed to predict at the macro-length-scale the load-displacement response and the 

deformation and fracture properties for material containing macro-porosity arising from 

fabrication in unirradiated material and neutron dose in an irradiated oxidising environment 

[31]. Using the mean values given in Table II, both the magnitude and trend predicted for the 

elastic modulus and fracture strength were in reasonable agreement with experimentally 

measured values obtained at the macro-length-scale from bend geometry tests. Thus there is 

consistency between the experimental observations and model predictions when using the 

micro-scale mechanical property data. 

5. Conclusions 

In situ micro-mechanical testing has been adopted to evaluate the local mechanical properties 

of four different types of carbonaceous materials: vitreous carbon, filter graphite, IM1-24 

graphite, unirradiated and irradiated PGA graphite. The key outcomes are: 
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• It is demonstrated that cantilever beam test specimens can be prepared from (i) 

samples of complex geometry, e.g. foams; (ii) specific locations within the overall 

microstructure and (iii) small volumes of irradiated material. 

• The micro-scale mechanical properties of vitreous carbon have values of elastic 

modulus, fracture strength and strain to failure comparable with data obtained from 

bulk samples and therefore validate the micro-scale measurements. Moreover, the 

brittle fracture characteristics were similar to macro-scale material. 

• Filter graphite, IM1-24 and PGA graphites, which contained micro-scale porosity all 

showed a much higher elastic modulus and flexural strength compared with macro-

scale because contributions from macro-pores have been removed. At micro-scale, the 

cantilever specimens usually show progressive fracture within the local microstructure.  

• Filler particles and matrix in PGA graphite response differently to neutron irradiation 

and radiolytic oxidation. The filler particles become stiffer and stronger whereas 

matrix becomes more compliant. But both demonstrated a more brittle fracture mode 

compared with unirradiated specimens. 

• Micro-mechanical tests of the type described provide a powerful method for 

evaluating individual features of carbonaceous materials where the microstructure is 

complex. These tests enable fracture characteristics of the various regions to be 

explored. Despite the advantage of the in situ micro-mechanical testing on the 

investigation of local mechanical-microstructure relationship, the variation of local 

features result in a broad distribution of the measured data.  
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Table II The geometry, elastic modulus and flexural strength of all the cantilevers tested  

Materials Geometry (µm) Elastic modulus (GPa) Flexural 
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strength 

(MPa)  

± 5%  

Vitreous 

carbon 

1.75×1.75×11.50 30.5 393 

1.25×1.25×8.80 25.8 295 

2.00×2.00×17.00 34.7 447 

3.25×3.25×21.00 25.0 (Load1); 25.4 (Load2) 283 

PG25 1.80×1.80×10.00 16.2 261 

2.00×2.00×12.00 11.1 285 

2.50×2.50×20.00 25.4 524 

3.00×3.00×25.00 31.5 (Load1); 20.9 (Load2) 201 

3.20×3.20×20.00 34.8 604 

5.00×5.00×44.00 26.6 341 

6.60×6.60×44.00 18.0 192 

IM1-24 

graphite 
1.00×1.00×5.00 

7.7(Load1); 8.9(Load2); 8.4(Load3); 

9.5(Load4) 
423 

2.00×2.00×10.00 
17.98 (Load1); 23.99 (Load2); 17.72(Load3);  

36.435 (Load4); 18.0 (Load5) 
564 

2.10×2.10×10.50 27.63 (Load1); 22.07 (Load2) 611 

2.30×2.30×13.10 
7.7 (Load1); 8.7 (Load2); 8.97 (Load3); 8.4 

(Load4) 
308 

1.40×1.40×11.00 
25.2 (Load1); 19.1 (Load2); 18.6 (Load3);  

16.4 (Load4); 17.8 (Load5); 17.1 (Load6) 
979 

4.00×4.00×23.30 8.5 (Load1); 7.6 (Load2); 7.8 (Load3) 73 

2.30×2.30×18.10 5.8 84 

2.90×2.90×25.40 62.7 (Load1); 62.5 (Load2); 67.1 (Load3) 984 

PGA 

unirradiated  

2.50×2.50×14.00 16.5 (Load1); 17.1 (Load2); 15.9 (Load3) 264 

2.60×2.60×14.50 22.4 335 

PGA_particle 

Irradiated  

2.30×2.30×11.80 37.5 652 

2.80×2.80×16.10 79.4 (Load1); 86.7 (Load2) 1080 

2.30×2.30×14.00 48.6 1340 

PGA_matrix 

Irradiated 

2.00×2.00×18.00 5.2 154 

2.00×2.00×12.00 8.6 357 
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FIGURES 

 

Fig. 1 Scanning electron microscopy (SEM) images of (a) vitreous carbon fractured surface 
and no obvious pores or texture observed; (b) surface of PG25 graphite - M: matrix, P: 
macro-pores; (c) the reconstructed tomographic images for a volume of PG25 graphite 5 × 5 
× 5 mm and (d) a 3D reconstructed pore structure of PG25 graphite obtained by focus ion 
beam serial milling. 
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Fig. 2 (a) SEM image of Gilsocarbon IM1-24 grade graphite. M: matrix, F: filler particles 
(circled by dashed lines), P: macro-pores (marked by arrows – only part of the pores are 
marked to leave the other part original for a better view of the microstructure). High 
resolution FIB serial milling revealed the micro-pores in the cross-sections of the three 
constituent elements (1. matrix, 2. outer surface (onion skin) of filler particles, and 3. inside a 
filler particle), respectively; (b) reconstructed 3D pore structure together with detailed image 
of the marked region. 
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Fig. 3 (a) SEM image showing the surface of PGA graphite matrix. The insert shows the FIB 
cross-section with micro-scale pores; (b) a typical PGA filler particle with the insert showing 
the FIB cross-section with oriented pores within a particle. 
 

 

Fig. 4 (a) XRD patterns and (b) Raman spectra for vitreous carbon, filter graphite and 
Gilsocarbon graphite where G peak corresponds to a doubly degenerated phonon mode with 
E2g symmetry, D and D’ represent the disorder component and D* is the second order peak 
related to disorder 
 

 

Fig. 5 Schematic showing the two main steps, (a) Step I and (b) Step II, for the milling of 
micro-cantilevers.  

 

(a) (b) 

Step I Step II (a) (b) 
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Fig. 6 (a) The deformation of the vitreous carbon cantilever beams prior to final fracture; (b) 
All the test specimens showed linear elastic deformation prior to an abrupt fracture (the load-
displacement curve is from the 2.00 × 2.00 × 17.00 µm specimen in Table II) - the insert is a 
typical fracture surface of cantilever; (c) the elastic modulus does not display a systematic 
change with section size of the specimens, the average value is 29.0 ± 4.5 GPa.  
 

 

Fig. 7 For cantilever specimens made in filter graphite PG25: (a) under low load, a linear-
elastic loading curve was usually observed (3.00 × 3.00 × 25.00 µm specimen in Table II); (b) 
a load-displacement curve of the insert cantilever (2.00 × 2.00 × 12.00 µm specimen in Table 
II) showing the formation of cracks accompanied with the load drops (loading direction from 
top to bottom); (c) fractured surface of a cantilever being loaded from bottom to top 
illustrates complex morphology of the fracture surface at the micro-scale; the selected region 
shows detail of the deflected crack path and the fracture along crystallite interface.  

(a) 

(c) 

(b) 
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Fig. 8 For IM1-24 graphite: (a) the first four loading cycles for a cantilever sample showing 
the residual displacement (2.30 × 2.30 × 13.10 µm specimen in Table II); (b) three loading 
cycles for a cantilever with existing complex surface defect (4.00 × 4.00 × 23.30 µm specimen 
in Table II); (c) the elastic modulus and (d) the flexural strength measured at micro-scale 
compared with macro-scale literature values (Table I); errors bars are represented by the size 
of the symbols.  

 

(a) (b) 

(c) (d) 
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Fig. 9 SEM images of (a) surface of the irradiated and oxidised PGA graphite matrix; (b) 
PGA graphite filler particles with ribbon-shaped structure; (c) FIB cross-sections within a 
filler particle shows a cluster of the filler particle layers sintered together to form a denser 
region and left a large open pore next to it; (c) the enlarged open pores and flour of ground 
filler particles in irradiated PGA graphite matrix; (d) a large filler particle embedded in the 
matrix showing the four sites selected for FIB cross-section imaging; a higher magnification 
of sites 1 to 4 show the sintered micrometre pores in the ‘dense’ region and the dominating 
large pores.  
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Fig. 10 For irradiated and radiolytically oxidised PGA graphite filler particle: (a) an overview 
of the probe in place to load micro-cantilever beam specimens created on the edge of a 
bundle of filler particle ribbons (filler particles are circled by dashed lines; matrix is the 
adjacent shaded area); (b) two typical example micro-cantilevers in filler particles. The 
elongation direction of the particles intersect with the cantilevers resulted in oriented 
interfaces visible on the cantilever surface; (c) three cantilevers created with different relative 
orientation with the long axis of the filler particles had different flexural strength values; (d) a 
typical loading curve showing the linear, non-linear and post-peak macro-crack propagation 
stage when the load remained above 150 µN as the crack mouth opening displacement 
increased from 0 to 0.18 µm; (e) fractography analysis of the fractured surface of cantilever 1 
in (b) shows the tortuous initial crack path and undulating crack surface in a 3D space; (f) a 
typical example of the sintered boundaries between ribbons within a large filler particle. 
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Fig. 11 For irradiated and radiolytically oxidised PGA graphite matrix: (a) deformed 
cantilever beam specimens prior to fracture (dimensions are 2.00 × 2.00 × 18.00 µm and 2.00 
× 2.00 × 12.00 µm respectively); (b) the load-displacement curve for the 2.00 × 2.00 × 18.00 
µm cantilever showing three stages: linear-elastic, plateau region and linear increase to 
fracture; (c) examination of the fractured surface at the root of the two cantilevers indicates a 
complex cross-sectional geometry. 

 

Fig. 12 The correlation between elastic modulus and flexural strength for (a) vitreous carbon 
and PG25 graphite and (b) IM1-24 and PGA graphites. 
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