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Abstract. A multi-scale approach for fracture simulation, based on the Cellular Automata
technique, has been developed and then applied to a nuclear graphite that is used in structural
components of the UK Advanced Gas-cooled Reactors (AGR). High resolution X-ray
computed tomographs of Gilsocarbon grade graphite, with up to 68% weight loss by radiolytic
oxidation, provide quantitative descriptions of the porosity within its constitutive filler
particles and their surrounding matrix. The statistical distributions for tensile strength and
elastic modulus obtained from small models of the filler and matrix are introduced to a large
scale model of the heterogeneous microstructure. These microstructure-derived simulations
achieve a good agreement with experimental data. The computationally efficient analysis is
then used to investigate the stochastic effects on mechanical properties of possible variations
in the microstructure between individual small test specimens. As these may represent material
of nominally the same microstructure, there is an apparent increase in the variability of

strength and modulus at high weight loss.

Nomenclature of symbols and abbreviations

AGR Advanced Gas-cooled Reactor
CA Cellular Automata
FE Finite elements
XFEM Extended finite element method
CAFE Cellular Automata and Finite element technique
HPB Hinkley Point B
EDN Equivalent DIDO neutron
DYM Dynamic Young’s modulus
SCF Stress concentration factor
SED Strain energy density
SE Strain energy
P Porosity
TP Total porosity
FP, MP Average filler and matrix porosities correspondingly
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F, M, L Filler, matrix and large pores fractions correspondingly
w Weight loss
p Density
Pc Density of the graphite crystal
01, 0y, 03 Principal stresses
Orr, Ors, O, O Stress components
p Uniaxial tensile stress
R Void radius
r Distance from the void centre
v Poisson’s ratio
N Number of active cells
a Packing geometry factor
n Pore geometry factor
Eo Young’s modulus for a pore-free material
E Young’s modulus for the porous material
Asurf The free surface area of all the matrix cells contacting the pores
orthogonally to the direction of tension
Asotal The total free surface area of all the ‘solid’ cells surrounding the
pore
k Topological factor
w; Local state of the cell with number i
Q The global state of the model
0, & U; Local values of the stress, strain and strain energy
Oappr Eapp Applied stress and strain
Utotal The global value of elastic energy in the system

1. Introduction

Nuclear graphite has a complex and porous microstructure, and serves as a neutron moderator
in nuclear reactors [1] for which knowledge of its structural properties is important to assure
their safe operation. The AGR Gilsocarbon grade nuclear graphite has a porosity of around
20% 1in its initial “virgin” state, but as a result of irradiation and radiolytic oxidation that
occur over the lifetime of these CO;-cooled reactors, the graphite’s microstructure and
properties change [2, 3]. Neutron irradiation affects directly the graphite crystallites, and the
changes in their properties can be described by pinning and structure factors that depend on
the fast neutron dose [4]. Radiolytic oxidation affects the pore structure and progressively
increases the total porosity, with a secondary effect on the evolution of the neutron dose-
dependent structure factor [5]. Nuclear graphite has porosity over a wide length scale from
the fine accommodation cracks [6, 7] to larger gas porosity, and radiolytic oxidation causes

the most significant changes in the smaller pores (area <100 pm?) [8].

The porosity of a material affects its mechanical properties; for instance, increasing pore

content decreases fracture strength, the elastic and shear moduli and the thermal resistance, as



shown by example in the literature that include sintered alumina [9, 10], cement and concrete
[10, 11] and magnesium oxide [12]. These dependencies have a close relation to the volume
fraction of porosity [9, 11, 12], and are also sensitive to the pore geometry (size, shape, and
orientation) [10]. Pores are concentrators of stress, and crack nucleation and growth in porous
brittle materials is affected by the resultant non-uniform stress distribution within the

microstructure.

This paper is concerned with the effects of radiolytic oxidation on the key mechanical
properties of elastic modulus and strength in AGR graphite. The aim is to develop a model
that gives improved confidence in the physical understanding of the quite significant effects
that porosity evolution has on these properties. Graphites for nuclear applications are
typically manufactured from calcined cokes, re-impregnated with coal or petroleum pitches,
so that after graphitization at temperatures in excess of 2500 °C the resulting heterogeneous
microstructure comprises filler particles within a matrix containing ground filler “flour” and
graphitized pitch. The overall material contains pores and flaws arising from manufacture
[13]. Crack nucleation in Gilsocarbon nuclear graphite, studied under different stress states
[14, 15], has been shown to initiate from the larger pores, or agglomerations of large pores.
Predictive models need to simulate the effects of the pore population on the stochastic
property of strength [16], which is affected by the microstructure, and such models need to
consider the real geometry of the complex pores that exist in nuclear graphite. The effects of
component geometry are also important; for instance, a combined experimental-theoretical
approach for studying the size effect on the fracture resistance of graphite was proposed in
[17], proposing a modified maximum tangential stress fracture criterion that determined the
extent of fracture process zone around the crack tip. As the graphite pore size ranges from

several nanometres to several millimetres [18], a multi-scale modelling approach is required.

Empirical models have been developed that describe the evolution of strength [19] and elastic
modulus [20] for Gilsocarbon graphite, accounting for both irradiation and oxidation effects.
In the un-irradiated virgin condition, polygranular nuclear graphite generally has non-linear
elastic properties, but these become linear with irradiation [21]. These models do not include
a detailed consideration of graphite's microstructure and are fits to experimental data obtained
over a limited range of oxidation, which limits their extrapolation to higher levels of
oxidation. Such models also are not able to examine the sensitivity of mechanical properties

to microstructure variations; for instance, the ratio of filler to matrix that may differ between



small test specimens, and the spatial distribution of the larger pores that may be affected by

processing and choices in raw materials in the manufacture of graphites.

Microstructure-sensitive simulations of nuclear graphite mechanical behaviour have been
performed, for instance with the use of extended finite element methods (XFEM) [22].
However, the pore shape, size and distribution were not taken into account and the filler
content was constant for all the considered microstructures. Three-dimensional (3D) finite
element method (FEM) models that directly represent the pores in polygranular graphite
microstructures during thermal [23] and radiolytical oxidation [24] have been created on the
basis of computed X-ray tomography images. In that approach, both the visibly observable
pores and the effects of non-observable porosity were considered, the latter quantified via the
measured X-ray attenuation and hence the local material density. The obtained exponential
decay of the bulk strength and elastic modulus with increasing porosity corresponded well
with the available experimental data for both radiolytic and thermal oxidation of the material,
although the models were both mesh and scale sensitive. The mechanical properties of
nuclear graphite have also been addressed by multi-scale models [25], developed with FEM
at the millimetre and centimetre length scales to simulate the effects of increasing porosity.
However, in this case the pore structure was simplified as spheres, and no effect of pore
geometry could be considered. Recent developments using multi-scale experimental
characterisation and modelling have demonstrated a dominant effect of large pores on
graphite strength and elastic modulus [26], and the collective behaviour of micro-cracks in
graphite was considered using a 3D site-bond model for tensile strength [27]. This approach
was subsequently developed into a dual scale model [28] for virgin Gilsocarbon graphite.
However, the effect of large pores on the fracture process was not considered, nor was the

influence of oxidation.

Despite significant advances in FE methods and parallel computing [29], the stochastic
assessment of microstructure effects on physical properties is still a challenge. For an
effective evaluation and prediction of the evolution of the physical properties of porous
materials, a computationally efficient and microstructure-based model is still necessary. Here
we propose and develop a novel and efficient Cellular Automata (CA) solution for the
general problem of stress concentration and fracture in porous materials. The CA simulation
takes into account the pore geometry and the direction of the applied load, and uses defined
local mechanical characteristics of the matrix between pores, such as Young’s modulus and

Poisson’s ratio. We then simulate the mechanical properties of radiolytically oxidised



graphite over a significant range of weight loss, using a morphological analysis of the

observed porosity as input for a multi-scale model.

2. Morphological analysis of radiolytically oxidised graphite

Laboratory X-ray computed tomography datasets of radiolytically oxidised Gilsocarbon
graphite microstructures were provided by EDF Energy Generation, and a morphological
analysis of their porous structure was conducted. All were obtained from material specified
for the same AGR station (Hinkley Point B, HPB), and were thus manufactured by AGL
(Anglo Great Lakes) similarly in terms of raw materials and processing; the specimens form
part of an accelerated aging test programme [30]. Ten datasets with nominal weight loss by
oxidation from 8.1% to 68.2% were selected for characterisation; the weight loss, also
provided by EDF Energy Generation, is calculated from physical density measurements and
is relative to the average density of virgin graphite of the same grade. The tomography data
comprised pairs of 32-bit greyscale scans for each of 10 samples, obtained with an image
voxel size of 2.5 um. Each image was converted to 8-bit data and processed with a binary
segmentation procedure using Avizo image analysis software (Avizo Fire 9.0) after a median
filter was applied to the original image stack to reduce image noise. The pore volume was
marked by the “magic wand” tool, selecting the large interconnected pores and the “tophat”

tool using adaptive kernel sizes to select the closed pores in the microstructure.

Microstructures of the examined samples, alongside example extracted sub-volumes of a
filler particle and matrix, are shown in Figure 1 for the lowest weight loss of 8.1%, for an
intermediate state with 41.5% weight loss, and for the highest weight loss of 68.2%. The
dimensions of each scan (approximately 5 x 5 x 3.5 mm) and the weight loss values are
reported in Table 1. The average observable porosity ranged from 17% to 73% with
increasing weight loss. A fraction of the porosity is not available for segmentation due to the
limited resolution of the tomographs; the virgin porosity, P, is 20.1% for this graphite
according to Eq. (1) with virgin density p = 1.805 g/cm’ [31] and the theoretical density of
the graphite crystal p, = 2.26 g/cm’.

P:pcp 1
Pc ()

The identifiable filler particle fraction was measured in one tomography scan for each weight
loss (Figure 2a) and decreases exponentially with the weight loss value. Filler particles can be

recognised by their characteristic lenticular porosity, which has been used previously to



identify such regions in microstructures of graphite by their fractal dimensions. By back-
extrapolation of the fitting function, the virgin graphite would have a filler fraction of large
particles of ~ 62%. It was not possible to verify experimentally this extrapolation for virgin
graphite; although filler particle regions can be identified in high resolution tomographs [32],
the matrix porosity was not well resolved in the virgin HPB graphite and so it was not

possible to reliably quantify the filler fraction.

Table 1. Characteristics of the radiolytically oxidised Hinkley Point B (HPB) graphite samples: dimensions of
tomography scans, average weight loss (from density measurement), observable porosity, total fast neutron dose
(equivalent DIDO neutron, EDN) and measured dynamic Young’s modulus (DYM). The tomographs and data for
weight loss, dose and DYM were provided by EDF Energy Generation.

Tomography volume dimensions, mm Nominal Observable total ~ Total dose, = Measured
(Scan 1/ Scan 2) weight loss, porosity, % 10 n/cm? DYM,
% (Scan 1/ Scan 2) EDN GPa
1 4.88x4.88x3.27/4.86x4.87x3.16 8.1 17.0/19.6 95.3 20.8
2 495x495x3.56/4.92x4.92x3.76 11.2 21.2/21.3 92.2 17.6
3 479x4.79x3.89/4.78 x4.78 x 4.45 12.2 21.8/23.2 114.5 18.4
4 458x4.58x3.32/448x4.47x3.65 14.2 25.8/23.9 102.8 19.5
5 4.89x4.87x3.31/4.90x4.89x3.78 27.5 37.2/37.1 95.0 11.5
6 4.75x4.82x3.84/4.75x4.81x3.78 34.7 41.4/46.3 106.3 9.1
7 490x4.90x3.24/4.90x4.90 x 4.35 41.5 43.5/50.3 154.8 6.6
8 4.75x4.75x4.07/4.90x4.90x4.10 53.0 58.5/57.5 173.6 2.9
9 494x494x3.65/4.92x4.92x3.61 61.2 65.5/66.1 183.4 -
10 491x491x3.38/4.89x4.89x1.92 68.2 71.7/72.9 181.8 -
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Figure 1 - Microstructure of radiolytically oxidised HPB graphite with different weight losses: 3D microstructure, 2D

slice of the microstructure, 3D microstructures of a filler particle and a matrix region.
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Figure 2 — Data measured with tomographs of radiolytically oxidised HPB graphite: a) observed filler fraction as a
function of weight loss; b) mean porosities for filler and matrix samples obtained at each weight loss (error bars are
the standard deviation of the measurements); c) filler particle volume distributions; d) filler particle size aspect ratio

distributions. The total observed porosity (and the reported weight loss) of the bulk sample are shown in the legend.

To characterise the matrix porosity, 7 samples of matrix volumes with a size of 0.5 mm® were
extracted randomly from each of the irradiated graphite datasets; this was the largest volume
that could be extracted reliably between the filler particles. The pore shapes are quite
different in the matrix from those in the filler, and with increasing oxidation the matrix pores
become spatially combined into a single pore, which occupies more than 90% of the
extracted volume. To characterise the internal porosity and dimensions of the filler particles,
14 filler particles were extracted randomly from each of the datasets. The sizes of the filler
particles are shown in Figure 2c; all the volumes are in the interval of 0.02-0.3 mm” and have
comparable aspect ratios (Figure 2d), calculated from the maximum and minimum
dimensions. The mean porosity evolution in the extracted filler particles and matrix regions is
shown in Figure 2b. It is notable that the matrix porosity is significantly higher than the filler
porosity at high weight loss. These data, which describe the oxidised Gilsocarbon graphite
microstructure, can be used in a multi-scale fracture model that takes into account the
filler/matrix phase composition, the fine porosity (including pore geometry) within the filler
particles and matrix sub-volumes, and also the larger scale porosity. The development of this

model is described in the next section.

3. Multiscale concept for microstructure based fracture modelling in porous graphite
The simplest multiscale approach should include at least two scales. A small scale model
must directly refer to a microstructure of a material under study and reflect its basic features

such as pore geometry and the porosity effect on mechanical properties of the material



including stress, elastic and shear moduli. This model may provide a statistical distribution of
heterogeneous properties within the microstructure. A large scale model must account for
these statistical data obtained from the small scale model and operate with the sample

geometry at different length scales.

3.1. 3D modelling for crack initiation and propagation in quasi-brittle porous materials
Many models have been proposed to introduce the influence of pore geometry into
simulations of the properties of materials, although there are few studies that have directly
coupled the measured pore characteristics to a model. For instance, the authors in [33]
proposed a function describing each pore shape and orientation; and in [34] a generalised
cellular method was used to simulate the effects of regular pore shapes on Young’s modulus,
Poisson’s ratio and the inelastic response (i.e. yield strength) of a well characterised glass that
contained spherical pores, achieving good agreement with measured elastic properties (e.g. of
Coble [9]). Both of these works consider only one type of regular porosity within the
microstructure. More recently, in simulations using analytical and FEM for the effects of
thermal [23, 35] and radiolytic [24] oxidation of nuclear graphite, the morphological
characteristics of the larger pores were predicted to have a dominant stress concentrating
effect. The characteristics of the pore population need to be considered explicitly, therefore,
to achieve a better description in predictive models of the relationships between the bulk

properties of a material and its microstructure.

The problem of the stress distribution in inhomogeneous materials has been solved exactly
for elastic materials with the use of particular mathematical functions, but only for spherical
pores and in single type porosity problems. This was demonstrated in [36] with the use of the
minimum solid area concept, in [37] using phase-field modelling, and in [38] on the basis of a
zero-order model. The problem of the stress distribution in complex porous microstructures
can be solved only by approximate numerical methods. The geometrical effect of a small
three-dimensional clusters of pores (up to 3 in number) on the stress concentration factor was
investigated in [39] for spot-welds in steel, but most of the works in the literature that
consider significant numbers of pores only describe 2D models, which have lower
computational costs than 3D models. This imposes certain restrictions on the use of the
results, as there is always the open question of whether a 2D model is sufficiently

representative to reflect the properties of a 3D microstructure.



To study fracture, a 3D model is needed that can simulate the patterns of stress and hence the
strain energy for a complex distribution of pores. Such a model should also be capable
ultimately of accommodating non-linear properties (i.e. a damage law) to adequately reflect
the links between the microstructure and its physical properties. One novel approach to this
problem, applied to concrete, used X-ray computed tomography observations of the
microstructure to develop 3D lattice model simulations that achieved quite realistic
predictions of the crack path [40]. Other methods that apply discrete elements include the
quasi-static approach used in [41] in a study of porous ceramics’ elastic behaviour on the
basis of 3D aggregates of overlapping spheres, whilst the load redistribution with damage in
ordered systems (exemplified by fibre composites) has been approximated using Green's

functions [42].

In the context of nuclear graphite, small scale models may represent each of the two
microstructure phases: either filler particles or matrix, taking into account their internal
porosity as a third phase with null-properties. Using individual sub-volumes of the filler
particles and matrix (i.e. as identified in Figure 2), one can develop small scale models for
their individual mechanical behaviour. This would provide a statistical distribution of the
failure stress values and local Young’s modulus from their corresponding pore size
distributions. Then, on the basis of experimental data for the filler and large pore size
distributions, a large scale model can be created, where each component associated with the
microstructure has mechanical properties that correspond to the chosen constituent, thus
providing heterogeneity of material properties. We propose a Cellular Automata-based model

for realisation of this problem.

3.2. Description of the Cellular Automata (CA) solution for the stress field of a pore
Cellular automata solutions represent a discrete system of a limited number of cells [43],
which form a regular CA lattice. The lattice is used to represent the microstructure, so certain
features of the microstructure are approximated by the CA cells. The cells may have different
states and follow rules for evolution, such as mechanical damage. The states of these cells
change synchronously at every simulation step and the cell states are determined by the
current environment of each cell. CA provide a mathematical alternative to differential
equations, so advantages arise because CA can operate in problems where differential
equations cannot, such as discrete systems and complex shape boundaries. CA methods can
provide flexible rules for evolution of the system where local interactions in the model lead to

the global behaviour of the entire system; for example [44]. Any boundary conditions can be



applied to the model, including periodic boundaries to exclude undesired edge effects in a

finite volume.

Numerical 3D models on the basis of CA for the simulation of fracture processes at the
microstructural scale have been suggested previously. For example, in [45] the elasto-plastic
CA approach was used to simulate crack initiation and damage development in rocks under
uniaxial compression; however, although the material was heterogeneous in the mechanical
parameters that were applied to each cell according to a given distribution, pores were not
considered. A computer simulation tool based on the excitable CA method was proposed in
[46] for calculating the local moments and accumulated elastic energy. A 3D damage model,
using the movable CA technique, is considered in [47] following the original approach
proposed in [48]; the interactions between the cells are programmed as particle interactions,
and pores are represented explicitly as structural elements of the CA-lattice. This allows their
effect on the stress distribution in the material to be considered. However, the computational
complexity of the particle method increases greatly with the number of the elements, and this
restricts the size and resolution of the model. A 3D CA-finite element (CAFE)-based model
has also been developed in [49], which may be used to predict damage development in quasi-
brittle materials with porous microstructures [50]. However, that model is currently restricted

to simple pore shapes.

The main disadvantage of CA analysis arises from its discrete nature, which can affect the
reproducibility of certain physical phenomena where a global state is described by a physical
equation developed for continuum medium. CA often operates with unit-less parameters, so
calibration and validation are therefore very important. The rules for the CA operating in the
model described in this paper are based on the equations of the theory of elasticity and are
validated against analytical solutions. The stress tensor for uniaxial tension of an infinite 3D
linear elastic solid with a central spherical void [51] can be written in the spherical coordinate
system [52] as in equation (1):
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where the stress components are calculated as [52]:
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where p is the uniaxial tensile stress in the z-direction, R is the void radius, r is the distance
from the void centre, and v is Poisson’s ratio. Three principal stresses o, 0,, g3 can be found

through the stress invariants.

CA can be programmed so that different cells represent the behaviour of the various elements
of the inhomogeneous structure; each cell type operates individually. Thus a solid containing

a void can be regarded as a set of cellular automata with two main states:

- The first state corresponds to the basic state of the solid without inhomogeneous
features. These inactive elements of the structure are the cells outside of the void.
- The second state is responsible for the geometry of the void. The cells inside the void

have this state and are considered as active elements of the CA lattice.

Equations (2) represent the main CA rules that are employed in this model to define the
system evolution. They will be applied to the cells with state 2 in order to estimate the 3D
stress field within a microstructure that contains many pores. In the simulation of the stress
field in a porous body, if we consider a single cellular automaton as an element with the
highest symmetry in the volume, then its properties must be compliant with the stress
functions (equation 2) for a spherical void. Here, we consider only uniaxial tension as an
example, and the result for the stress concentration effect of a single active cellular
automaton is shown in Figure 3a as a 2D section of the 3D volume: the single cellular
automaton with state 2, coloured black, corresponds to the smallest size of a void that can be
represented in a volume at a given resolution of the CA model. According to the theory of

elasticity [51], a void serves as a stress concentrator under tensile load.



An isolated spherical void of arbitrary radius may be represented by a set of single cellular
automatons with state 2, which operate with the rules provided by Egs. (2), so that the

resulting stress field o, can be calculated as the integral action of all active cells:

o, (3)

Ototal =

-

where g; is the local stress value produced by a cellular automaton with the number i and N is
the total number of active cells. The resulting stress concentration factor (SCF), which is the
ratio between o, and the applied tensile stress, is normalised to N to provide a unit value in
the regions remote from the void. The result does not depend on the lattice size itself due to
the periodical boundary conditions, and the ratio between the defect and lattice sizes also
does not have a significant effect. To illustrate this, a comparison between the analytical
solution and CA solution is demonstrated in Figure 3b for a tensile stress field around a
spherical void with the radius of 5 cells. The error is no more than 4% for the stress

concentration factor along the most critical direction, which is orthogonal to the tensile axis.

In the case when more than one pore is located within the microstructure, pore interactions,
which are short-range, arise naturally in the CA simulation. As illustrated by the example in
Figure 3b, pore interaction is significant only within a distance of 10 cells for a spherical pore
with a radius of 5 cells. The effect of pore interaction in a microstructure that contains many
small pores is obtained by the overlapping stress fields that are created by the active cells in
the different pores. If the distance between the interacting pores is small, then their
contribution to the sum in Eq. (3) is greater. The total field will show the result of all pore
interactions. Such decomposition of a complex problem into sub-problems is common when

the final result represents a superposition of the partial solutions [53].
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Figure 3 - Cellular automata simulation of stress for uniaxial tension: a) application of the stress functions (equations
2) to one cellular automaton (black cell in the centre) — a 2D xz-projection of the 3D maximum stress field is
presented; b) 3D maximum principal stress field around an isolated 3D spherical void with the radius of S cells; a line
profile of the SCF perpendicular to the tensile axis is compared with the analytical solution; c) comparison between
CA ellipsoidal correction results and analytical solution for ellipsoidal pores with different elongation; the maximum

relative error is no more than 15%.

Linear elastic fields have been assumed here and have been used in the subsequent model
calibration, but the model is applicable to non-linear elastic and elastic-plastic fields with
corresponding modifications of Egs. (2) [54]. Using the local elastic properties (i.e. at the cell
level), the local stresses obtained in each cell of the matrix then allow calculation of the local
strain and strain energy density (SED) values, which may then be used as criteria for fracture.
The proposed technique is novel and represents a significant aspect of a fracture algorithm for
porous solids, which we describe further in this work. At the same time, the result of the CA
simulation must be considered as an approximation, because the technique has the following

limitations:



- no direct algorithm for load redistributions within the CA lattice is involved; the stress
field evolution is presented as a sequence of certain states calculated from a current
microstructure state and CA rules for fracture development;

- initiated and propagating cracks are considered as a part of the porous structure, i.e.
the cells with state 2;

— acommon ellipsoidal correction is applied to irregular shaped pores and cracks.

The CA approach has advantages when applied to microstructure with pores of complex
geometry. Stress calculation using this CA technique is an iterative algorithm in which the
total number of iterations equals the number of cells with state 2, i.e. all those that correspond
to the pores. As iterations are independent of each other, and the result of the superposition

does not depend on the order of computations, the algorithm is parallelised readily.

The CA method requires calibration to the physical problem that is being addressed. The CA
method is an approximation, so it is not possible to calibrate to the full stress tensor.
However, it is reasonable to calibrate to the maximum principal elastic strain, since it is the
dominant contribution to fracture, and the model is currently being applied with linear elastic
properties. The stress field calibration of the 3D solution is performed with respect to the
analytical solution for a solid with a central spherical void of arbitrary radius [51]. The
resulting stress is obtained as a superposition of the stress fields created by unit cells, so it is
normalised by the number of these cells. The calibration function obtained between the CA
and analytical solutions for the maximum principal stress resulting from uniaxial tension in

the z-direction has the following form:
X
y =ki+k; N “)
ky = —44.63837 — 1.23756N; ky, = ky + 1

where N is the number of active cells; the coefficients k; and %, are linear functions of N; x
and y are the uncalibrated and calibrated stress concentration factors correspondingly. The
calibration is applied to the computed stress field in the cells with state 1; it does not depend

on the CA lattice size or void radius.

In case of a non-spherical void, the stress concentration factor changes significantly around
the void boundary, especially for an ellipsoidal void with the shape of an oblate spheroid that
is orthogonal to the applied stress. The SCF value of an elliptical void exponentially



decreases with distance from the void, and it is well approximated by the field for a spherical
void beyond 2-3 cells from the void. Therefore, for the problem of fracture from a stress
concentrator, it is a sufficient approximation if the SCF correction for non-spherical voids is
only applied to those cells at its boundary. We have used the analytical solution from [55],
which provides the SCF at the boundary of a three-dimensional ellipsoidal cavity. The
obtained fit is:

SCF = ks (g)k“ )

b
k3 = 2.72956 — 0.96978 (E)

ks = —0.87939 = const

where a, b, and c are the semi-axes of the ellipsoid in x-, y, and z- directions, correspondingly

for uniaxial tension applied in the z-direction.

This correction function is applied to every boundary cell that is in state 2. The parameters a,
b, and c are calculated individually for each boundary cell of the void; they are obtained as
the number of cells with state 2 in a line across the void from the cell in the x-, y-, and z-
directions, and hence are determined by the geometry of the pore to which this cell belongs.
Comparison between the results of analytical and CA solutions for ellipsoidal voids with
aspect ratios between 0.1 to 1 gives a relative error of no more than 15% (Figure 3b).
Considering that the analytical result is a solution for an infinite volume, the real maximum
stress value is lower due to the boundaries, so this error is considered acceptable for the

modelling of fracture.

3.3. Geometrical estimation of the bulk elastic modulus of a porous solid
Brittle fracture depends on the release of elastic strain energy, so it is necessary to understand
the effects of porosity on elastic properties. Experimental data (e.g. for alumina in [9]) show
that the bulk value of the Young’s modulus depends on the pore geometry as well as the total
porosity, and this is also captured by numerical simulations in porous materials (for example
[34, 56]). According to Rice [57], the pore shape effect on elastic properties can be explained
by the correspondence of pore geometry with minimum solid areas. Rice showed that several
possible mathematical functions could adequately describe the different pore geometries, and

considered various calculations of the area around pores of different shapes in a cubic lattice.



Phani [56] subsequently proposed a semi-empirical general relationship for the dependence
of the bulk Young’s modulus on porosity:

E

—=(1-aP)" (6)

Eo
where 1 < a < 3.85 is the packing geometry factor, n is the pore geometry factor, £y is the
Young’s modulus for a pore-free material, and E is the Young’s modulus for the porous
material. Phani’s examinations of this relationship for different pore types concluded that, at
the same value of a, n = 2.14 for closed spherical pores and n = 4.12 for interconnected pores

of irregular shapes.

We have used Phani’s general relationship (equation 6), as it is capable of providing
information for various configurations of pores with different shapes, and have taken the
constant value a = 1 for our simulations of elastic modulus. This satisfies the boundary
condition of zero modulus at 100% porosity. The parameter n, which depends on pore shape,
can then be extracted geometrically, as follows. The free surface area of all the matrix cells
contacting the pores orthogonally to the direction of tension is 4y, (the chosen cells do not
have any exposed faces parallel to the direction of tension), and A,y is the total free surface
area of all the ‘solid’ cells surrounding the pore (Figure 4a). The figure shows a single plane,
and these areas are summed for the series of planes that is parallel to the direction of tension.

Then, we assume that

- o

Atotal

where k£ = Y5 is the topological factor that is dictated by the cell’s cubic shape in the CA

lattice.
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Figure 4 - Computation of the Young’s modulus value in a porous solid: a) schematic for estimation of the pore
geometry factor in a cube shaped lattice; b) results for the bulk Young’s modulus behaviour in microstructures with
different pore shapes compared with Phani’s relationships [56]; ¢) comparison with experimental and modelling data
from literature: models from Smolin [S8], Roberts [59] and Berre [60], and experimental data taken from Smolin

[47], Coble [9], Knudsen [61], Porter [62], Pickup [63], and Imai [64]

To test this relationship, we have examined, for different degrees of porosity, 28 synthetic
microstructures with ellipsoidal pores, 32 microstructures with spherical pores and 63
microstructures with arbitrary shaped pores created with 2 different distributions with a basis
of an actual pore size distribution measured in a virgin nuclear graphite [65]. All synthetic
microstructure were simulated in a cubic volume of 100x100x100 cells with periodic
boundaries and random pore distribution within the volume. In each case, the parameter n
was obtained directly from all the pores of the microstructure and the elastic modulus

calculated using equations 6 and 7. The result is shown in Figure 4b. Unlike Phani’s



calculations, the parameter » that is obtained directly from the pores is not constant in our
simulations. This is due to the allowed overlapping of pores; n varies from 1.96 to 2.24 for
spherical and ellipsoidal pores, and from 2.74 to 4.52 for the arbitrary pores. The results for
the microstructures with spherical and ellipsoidal pores in our simulations have similar
behaviour, because both spheres and ellipsoids are topologically identical in the cubic lattice
of our model. These data correspond very well to Phani’s curves for closed spherical pores
(with n = 2.14). The simulated data points for arbitrary pores agree well with Phani’s curve

for interconnected irregular pores (with n =4.12).

Our results for elastic modulus are compared with other models and experimental data in
Figure 4c. They are in full agreement with the modelling results for spherical pores of
Roberts [59], who used the FE method, and Smolin [58], who used the finite difference
scheme. Roberts [59] and Smolin [58] also simulated synthetic microstructures created by
overlapping solids (i.e. irregular shaped pores) and obtained similar results. The moduli for
the arbitrary microstructures presented in this work for irregular shaped pores are close to the
experimental data for such microstructures, except for the data from thermally oxidised
graphite. All models for elastic modulus show sensitivity to the geometry of the pores, and
full validation of any model will require experimental data from microstructures in which the
pores have been fully characterised. This has been done, for instance, for thermally oxidised
graphite by Berre [60], using a multi-phase FE model that assigned mechanical properties
using the local graphite density that was obtained from the measured X-ray attenuation. That
model also overestimated the experimental data of Pickup [63] and Imai [64] for thermally
oxidised graphite. This may be due to differences in the microstructures of the graphite
samples that were tomographed by Berre and those tested by Pickup and Imai, as thermal
oxidation is quite sensitive to graphite purity, microstructure and oxidation conditions [64].
The simulation results of Berre are quite close to the other modelling simulations for arbitrary

shaped pores.

The results for our model for the bulk Young’s modulus in linear elastic porous
microstructures are therefore quite consistent with published models and data. Having a
practical and flexible method to calculate the elastic Young’s modulus of a volume with an
arbitrary distribution of pores, and hence its strain energy, a fracture algorithm can now be
developed. A simplifying assumption is made of constant Poisson’s ratio with increasing
porosity. This is judged to be reasonable, since as shown in [59], the Young’s modulus of a

porous body is practically independent of the solid Poisson’s ratio.



3.4. Fracture algorithm
Fracture development in a brittle porous material is a complex, competitive process; the stress
field created in a porous microstructure may allow simultaneous crack initiation in different
regions of the volume, and depending on the pore geometry, cracks may also be deflected by
pores, for instance [66]. A fracture initiation and propagation algorithm has been developed
on the basis of the CA technique, which recalculates the stress field at each stage of the

damage process. The fracture model supports multi-crack initiation and fracture propagation.

The physical parameters used in the model have been separated into global and local
parameters. The local state w; of each cell (i) associated with a solid material can be

schematically described by the following parameters:
w; = {Jii & Uil E' V} (8)

where o;, €, U, are the local values of the stress, strain and strain energy; E is local Young’s
modulus; and v is Poisson’s ratio. These are the properties of the material at the length scale

of the CA cell.

The global state Q of the model is defined as

Q= {Uapp» Eapp» Utotatr Epuiks V} ®)

where o,,, and &, are the applied stress and strain, on the basis of which the distribution of
the local stresses/strains is calculated in each cell of the microstructure. The global value of

elastic energy Uy Of the system is equal to the sum of the local values U, in each cell of the

lattice. The important property of this parameter is that it can be defined independently on
either local or global levels through the corresponding local or global values of the stress and
Young’s modulus. These are provided by the homogenisation procedure at each step of the
fracture algorithm. For Poisson’s ratio, we have used the value v = 0.21, which is constant on

both local and global levels in this consideration of the model, although separate values could
be defined.

The separation between the characteristics for the local and global parameters allows the
fracture algorithm to be supplemented with a feedback loop that calculates the effects of
damage on the applied load; a fixed boundary displacement is applied and damage that
increases the porosity will decrease the bulk elastic modulus. This is realised on the basis of

the energy balance of the simulated system:



dUtotal — E d_W (10)
an an dn
where n is the number of damaged cells in the lattice, /7 is the potential energy (i.e. the elastic

strain energy), and W is the work required to produce new damaged cells.
The fracture algorithm includes the following stages:

— The initial calculation of stresses in the porous microstructure using the CA
algorithms described above, and its elastic modulus, which is calculated directly from
the pore population.

— Each cell that corresponds to the solid fraction is tested for compliance with the
fracture criterion; this may be defined arbitrarily as a critical stress, strain, strain
energy (SE), or SE release rate.

— If the chosen fracture criterion is satisfied in any cell, then this cell is identified as
damaged and changes state from inactive to active. If there is no damage at the current
iteration, then the applied load/displacement increases with a given step and the
algorithm starts from the beginning.

— The total energy of the system is recalculated, taking into account the energy costs
such as elastic energy release and energy for surface creation, which are properties of
the cell.

— The change in bulk Young’s modulus due to the addition of the damaged cells to the
porosity leads to recalculation of the applied stress and the new value of the total
energy to satisfy the energy balance according to Eq. (10).

- After computing the new distribution of the local stresses, the fracture criterion of all

cells is then checked during the next iteration of the algorithm.

The simulation continues as damage propagates, until convergence is reached in equilibrium
with the applied displacement. In the fracture simulations, the failure stress has been defined
as the applied stress above which the damage propagation is unstable (i.e. catastrophic). We
simulate the damage development on the basis of the approximation for the stress field
around a void instead of a crack. The ellipsoidal correction used in the model operates in the
neighbourhood of the voids, and since the stress field decays dramatically with increasing
distance, the decision about fracture in the cell is dominated by the state of its nearest

neighbours, which provide a local SCF value.



The appropriateness of the fracture algorithm can be shown by the simulation of the
propagation of a single ‘penny-shaped’ ‘crack’ (one cell thick) located in a homogeneous
material with a uniaxial tensile stress, o, applied orthogonally to the defect’s plane. The
chosen fracture criterion was a nominal strain energy release rate equal to 2 kJ/m” This
requires actual dimensions to be considered for the cells, so the initial crack radius, a, varies
from 0.01 to 0.4 mm, which corresponds to 1 to 40 cells in the lattice of 100° cells. In the
simulation, the crack-like void grew in a plane orthogonal to the stress. The failure stress is
obtained as the stress at which propagation of the defect becomes unstable. The obtained
dependence between the strength and defect size presented in Figure 5a has a best fit of a™**.
This is in good agreement with the classical linear elastic fracture mechanics a'? relationship

for this crack geometry [67], given that a penny-shaped crack is an extreme form of an

elliptical defect, and the SCF correction is applied only to the cells at the edge of the void.
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Figure 5 — Validation of the model against known dependencies: a) simulated data for penny shaped defect with
different initial radii. (1 cell is 0.01 mm). The critical fracture energy is 2 kJ/m?, Young's modulus is 10.85 GPa. The
data are compared with the theoretical results of the linear elastic fracture mechanics analytical solution for a sharp

crack; b) dependence of the fracture strength on total porosity in a comparison with other models from Smolin [58],

Berre [24], and experimental data from Smolin [47], Coble [9], Kalatur [68], and Berre [60].

The fracture simulation was also tested for the model microstructures with different amounts
of spherical pores and arbitrary pore shapes (using the same two distributions examined for
elastic modulus), and the results compared with other models and data in the literature
(Figure 5b). The strength-porosity simulations for microstructures with arbitrary pores differ
significantly from the curves for microstructures with spherical pores, showing that
microstructures with a different geometry and spatial distribution of pores present a different

dependency of strength on the total porosity. This is also illustrated by the different strengths



obtained for the two arbitrary-shaped pore populations, which had quite similar elastic
modulus-porosity relationships (Figure 4b). In an FE simulation of the effects of the complex
porosity of oxidised graphite [60], which directly used X-ray tomographic microstructure
data to develop a multi-phase ‘smeared crack’ solution, good agreement between model and
experimental data was achieved for tensile (flexural) strength; unlike the study of elastic
modulus, the tested oxidised graphites had the same microstructures as used for the model.
The FE model was limited, however, to just 40 x 40 x 40 elements (0.75 mm®) due to
computational restrictions. The finite difference model of Smolin [58] also achieved quite
good simulation of the compressive strength of Zirconia, a porous solid with complex pores
that was represented by overlapping spherical solids. It is clear, however, that the behaviours
of zirconia ceramics can differ; this is likely to be due to microstructural differences in the
pore geometry and heterogeneity of distribution. The CA simulations for the strength of a
solid with arbitrary pores, particularly from distribution II, tend to agree with the
experimental data from Coble [9], and Kalatur [68] for flexural strength of alumina and
compressive strength of zirconia. The pores in Coble’s study are uniformly distributed, but
have irregular shapes, so it is reasonable that the strength trend is closer to the simulations for
arbitrary pores than spherical pores. In summary, it is important that strength simulations in
porous brittle solids should accurately represent the pore geometry, and this can be done

using the CA method.

3.5. Multi-scale CA model for nuclear graphite
Having demonstrated the performance of the CA simulation for fracture and elastic
properties, we now apply it to prediction of the mechanical properties of radiolytically
oxidised nuclear graphite. This requires a multi-scale model due to the heterogeneous
structure of filler and matrix, and the different development of fine porosity in these with
oxidation. The multi-scale model has the size of 5 x 5 x 5 mm’, realised at the large scale in a
lattice of 100 x 100 x 100 cells. This volume contains large pores with arbitrary shapes and
sizes between 0.1 to 1 mm. Spherical filler particles have been inserted randomly according
to the size distributions in Figure 2¢ and filler fractions in Figure 2a that were observed on

the basis of tomography data for the corresponding grade of oxidation.

The large pore fraction introduced into the larger scale model is currently assumed to be
constant equal to 6.5% = 0.5% and is distributed in the volume from a known size
distribution; this is the porosity of a typical virgin non-oxidised graphite and was measured

using laboratory tomography data of a volume of 13.5 x 13.5 x 12.2 mm at a voxel size of 10



um. By setting a constant fraction of the large pores for oxidised microstructures, we assume
that the most significant changes occur within the microstructure’s small scale porosity, as
observed experimentally [8, 69]. The discrete model requires re-binning of the pores in the
3D data that represent the microstructures, which leads to a loss of fine pores during the
binning, which is shown in Figure 6. However, the finest pores that are lost in the binning are
accounted for in the total porosity of the bulk microstructure, obtained either from the density
or measured weight loss. The total porosity is used to calculate the bulk modulus. The
binning is necessary for the simulations, because the model is restricted by the 100 x 100 x

100 lattice size used for microstructure representation.
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Figure 6 - Large and fine pore size distributions for original tomography data and rescaled (i.e. binned) data.

The matrix fraction is not measured, and so is calculated as the difference between the full
volume and the fractions of the filler and the large pores. To test whether this approximation
is appropriate, the total porosity (7P) can be determined using either the calculated fractions

as
TP = FP*F + MP*M + L (11)

or the weight loss values:



_ Virgin density " (1 _ W) (12)

TP =1 -
Crystal density

where FP and MP are the average filler and matrix porosities correspondingly at that weight
loss (see Figure 2b); F, M and L are the filler, matrix and large pores fractions
correspondingly; W is the weight loss; Virgin density is the graphite density in its virgin state
before oxidation, which is 1.805 g/cm? for this nuclear graphite [70]; Crystal density = 2.26
g/em’ is the density of a graphite single crystal. As can be seen from Figure 7, both methods
give approximately the same result. This supports the assumption that the regions of
microstructure that are not recognisable as filler particles may be represented as matrix, and
that the large pores do not contribute significantly to the change in total porosity. An example
of a large scale model of filler and porous structures for the sample with 68.2% weight loss is

presented in Figure 7b.
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Figure 7 - Fractions of filler, matrix and large pores used in the model of HPB graphite (a) and a large scale model
for 68.2% weight loss (b). Filler is coloured in blue, large pores are grey and the matrix is transparent. A virgin
density of 1.805 is used for the total porosity calculation according to Eq. (11) with the use of measured filler, matrix
and pore fractions and Eq. (12), which uses experimentally determined weight loss. The extrapolated filler particle

fractions are obtained at different weight loss from the fit in Figure 2a.

The most significant changes caused by radiolytic oxidation are due to the increasing porosity
content, and it has been shown by experimental data (e.g. [71]) that neutron irradiation does

not have a significant effect on the pore structure and mechanical properties. Fast neutron



irradiation does affect modulus and strength independently of oxidation [3]. However, for the
selected samples that all have received quite high neutron dose (Table 1), the relative effects
of neutron dose on strength and modulus, through their effect on the structure factor, are
small compared to the effects of the weight loss from oxidation [5], and so can be neglected.
The effect of weight loss is traditionally described as an exponential function of fractional
weight loss with different coefficients for elastic modulus (Wg) and strength (Ws) [72]. It is
noted in reference [72] that there is a limit of applicability for the exponential estimation at

33-45% of weight loss, depending on the neutron dose.

The effect of total porosity on elastic modulus is described by the weight loss term W(E)c4
for the large scale developed model. On the basis that the bulk microstructures contain a large
number of pores of complex shape, it is assumed that this weight loss term may be obtained
using the procedure for geometrical computation of elastic modulus that was described above
for arbitrary shaped pores as a ratio between bulk modulus, £, and pore-free modulus, Ej. It is

represented by a power function [56]:

W(E)ca =5 = (1 =TP)*12, (13)

where TP is the total porosity of the samples.

At the fine scale of the multi-scale model, the Young’s modulus values calculated for the
individual sub-volumes of filler particles and matrix using Egs. 6 and 7, and the fracture
algorithm presented in Section 3.4 has been used for the simulations of tensile strength within
the microstructures of filler and matrix. Uniaxial load was applied to each of the sub-volumes
in three orthogonal directions with a fixed displacement condition; a nominal strain energy
release rate of 200 J/m” was used as the fracture criterion. The outputs of these small scale
models are statistical distributions of strength and elastic modulus for filler particles and

matrix, as a function of the weight loss term.

The heterogeneous properties obtained by the small scale models of filler and matrix were
then introduced to the cells of the large scale model. At this longer length scale, a critical
strain is used as a fracture criterion, and is computed for the cells associated with the filler
and matrix as the ratio between the critical stress and elastic modulus; these values are
randomly extracted from the corresponding coupled distributions that are provided by the

individual small scale models for filler and matrix. On this basis, tensile stress-strain curves



have been obtained for each microstructure. These have been compared with available

experimental data for virgin and irradiated oxidised graphite.

4. Results

The Young’s modulus values calculated for the individual sub-volumes of filler particles and
matrix are plotted as a function of the porosity of each sub-volume in Figure 8a, which shows
that both filler and matrix in the oxidised microstructures can be approximated by a function
with the power of 4. The consistency of these directly evaluated values with the weight loss
term of Eq. (4) demonstrates the generality of this function for microstructures with complex
pores. The relative changes in the mean elastic modulus predicted for the filler and matrix in
oxidised graphite are summarised in Figure 8b as a function of the bulk weight loss. This
clearly shows the greater effect of oxidation on the matrix compared to the filler, which arises

from the preferential oxidation of the matrix compared to filler that is apparent in Figure 2b.

The tensile strength values predicted by the small scale models of the matrix and filler sub-
volumes are presented in Figure 8c as a function of their porosity. Quite different trends for
the strength of the matrix and filler particles are observed. This arises from their different
pore structures and the organisation of porosity within the individual sub-volumes, to which
the elastic modulus is less sensitive. The mean data are presented as a function of the bulk
weight loss of the graphite microstructure in Figure 8d. The data are normalised by the
constant o,, which had a value of 138 MPa. This was obtained by extrapolation of the
simulations for the oxidised matrix to zero porosity, and its value is dependent on an assumed
work of fracture of 200 Jm™, which is taken from reference [1]. The mean matrix strength
decays exponentially with increasing oxidation (Figure 8d), but the mean strength of the filler
particles may be considered as effectively constant. Quite scattered strengths are predicted for
the filler particles (Figure 8c), but these are generally higher than the matrix strengths, so the

matrix strength can be expected to dominate the failure of oxidised graphite.



0.1
o
W 0.014
w
B33« Filler 4
e Matrix o
1 —— Power fit (n = 4)
1E-4 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
Porosity
a) b)
-
14
bO
b
4 . -
0.1 1 = Filler ‘ "
1 e Matrix ]
—— Constant fit (0.52 +/- 0.01) [
——— Exponent fit (b = -3.16) ¢
0.0 0.2 0.4 0.6 0.8 1.0
Porosity
c) d)
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Figure 9 - Results of the small scale simulations obtained for elastic modulus (a) and critical failure stress values (b)

of the filler and matrix in radiolytically oxidised HPB graphite.

The distributions of strength and local elastic modulus obtained from the CA small scale
model were assigned to the corresponding cells of filler and matrix in the large scale model.
The critical strain, obtained on the basis of the coupled values from these two distributions
(i.e. coupling of values from the same simulated sub-volumes), was used as the fracture
criterion. The small scale simulations were performed with a work of fracture of 200 Jm™ and
also 400 Jm™ to investigate sensitivity to this parameter, and the simulated stress-strain

curves at 200 Jm™ are presented in Figure 10a for the range of weight losses of 8.1-68.2%.

There are currently no experimental strength data available for the individually characterised
samples at the given weight loss, so the predicted strength values are shown in Figure 10b in
comparison with available experimental data for radiolytically oxidised samples of this
graphite grade and also for other similar grades from various AGR stations. The tensile
strengths were, in some cases, obtained by the correction of measured flexural strength data

in specimens of comparable size, using the method described in [73] (18 pairs of flexural and



tensile strength values at approximately the same weight loss values in the available
experimental datasets were used to calibrate the correction). Exponential ‘Knudsen’ curves
from earlier data fits to radiolytically oxidised Gilsocarbon graphite by Kelly [72] with the
pre-exponential factor of 4 for strength and -3.6 for elastic modulus in Figure 10b and c are
computed with the same pore-free values of the simulations. The multi-scale model
demonstrates a quite good agreement with the experimental data for tensile strength of the

general population of radiolytically oxidised graphites, except for the strength at low weight

loss.
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Figure 10 — Results of the large scale simulations: a) simulated tensile stress-strain curves for different weight loss;
and effect of weight loss on b) tensile strength and c) elastic modulus for the radiolytically oxidised HPB graphite in

comparison with experimental data for different graphite grades.



5. Discussion

The comparison between filler and matrix behaviours for the radiolytically oxidised samples
shows that the changes in the matrix microstructure are more significant than in the filler
(Figure 8), and that these have a greater effect with increasing weight loss. The mean values
of simulated Young’s modulus and tensile strength (i.e. at 50% probability) for filler and
matrix in oxidised microstructures may be compared with Kelly’s exponential relationship
[72]; this is an established approximation obtained from experiments performed on oxidised
graphite up to a weight loss of around 30%. The normalised values of the elastic modulus for
filler and matrix both follow Kelly’s relationship (exponent -3.6) up to 30% weight loss
(Figure 8b). Above that, the matrix degradation is predicted to increase relatively for highly
oxidised microstructures while the filler simulations continue to follow the exponential
relationship. Young's modulus values computed for the large scale models are also compared
with the Kelly's relationship (Figure 10c) and available experimental data. As seen, both
overestimate elastic modulus values in the low weight loss region. However, our
computations have a better agreement with experimental data in the region of high weight
loss. The agreement at low weight loss is not ideal, but the current model does not include the
non-linear influence of the fast neutron dose on the pore-free modulus through its effect on
the structure factor. As oxidation tends to increase in proportion with irradiation dose, a
reduced effect of fast neutron irradiation could reduce the modulus by up to a factor of 2 for

some low dose samples [4, 5].

The prediction of the tensile strength obtained with the developed multi-scale model for
radiolytically oxidised graphite is in agreement with available experimental data (Figure 10b)
in the range of medium and high weight loss values, however, the simulations underestimate
the strength in a low weight loss region in the case where 200 J/m® is used as a fracture
criterion. This may be due partly to overestimation of the elastic modulus, noted above, from
the assumption of a constant irradiation effect on Ey. The model is derived purely from
microstructure characterisation and the semi-empirical fitting of two general parameters; the
pore-free modulus and the pore-free strength, which depends on the work of fracture of pore-
free graphite. There is a weak effect of the work of fracture, and the simulations with a higher
work of fracture value give a good fit to experimental data in the region of medium weight
losses (up to 40%), but overestimate strengths in the high weight loss region. This effect

could be explained if there was a lower work of fracture at higher weight loss, which might



occur due to oxidation that was below the resolution of the tomographs, as has been observed

in the anisotropic PGA graphite [74].

Multiple runs of a large scale model with different microstructures of a chosen
filler/matrix/pores composition are possible due to the computational efficiency of the CA
method, and this allows the potential stochastic effects of microstructure heterogeneity to be
investigated. Analysis of microstructures with the same ratio of matrix to filler at the same
weight loss, but with different arrangements, found less than 2% variation in strength. The
modulus, which depends on the total porosity, was unaffected also. However, graphite is a
coarse heterogeneous material, and within small volumes local variations might be expected
in the filler to matrix ratio. To assess the possible effect of the filler to matrix ratio, the
properties of three microstructures with the different filler and matrix ratios has been
simulated for each weight loss value. Changing the ratio of filler to matrix has an effect on
the average porosity (see Eq. (2)), and the purpose of this analysis is to estimate the possible
effect of differences due to unknown (i.e. not measured) changes in filler to matrix ratio. This
might occur, for example, in the testing of small samples extracted from a larger volume of
graphite in which the average weight loss has been determined. The effect is illustrated by
using a gradient (g) that describes the rate of change with filler/matrix ratio of the property
from the expected value; at each nominal weight loss, the strength gradient was calculated as
a ratio of the strength change (dS) to the filler fraction change (dFF) relative to the expected
values of the strength (S.x,) and filler fraction (FF.,,) at that weight loss:

as NESRY FF—FF,
=" dS=""22; JFF=——%

9= are Sexp Prexy (4
The elastic modulus gradient was calculated in the same manner. Using the parameters for
the characterised radiolytically oxidised graphite, both strength and elastic modulus have
similar behaviour (Figure 11), and demonstrate a greater response of highly oxidised
microstructures to a change in filler/matrix content. This suggests that, in the absence of other
factors, the measured mechanical properties are more sensitive at high weight loss to local
variations in filler to matrix ratio. For instance, at approximately 40% weight loss, a variation
of 8% in the filler to matrix ratio from the expected value of 40% filler to 48%, would be
predicted to change the strength by 25%. The increased variability measured for small test
specimens due to variations in the filler to matrix ratio might be described empirically using
Weibull statistics [75], which could then be applied in a probabilistic fracture model of the

graphite components’ engineering integrity [76]. However, the underlying factors that control



size dependence would not simply be the frequency distribution of defect size that is assumed

in the Weibull analysis, and this could limit its strict validity.
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Figure 11 - The rate of change of strength and modulus with filler/matrix ratio at different weight losses of
radiolytically oxidised HPB graphite. In the case for strength, the y-axis (labelled Gradient) presents the ratio of the
strength change to the filler fraction change relative to the expected values of the strength and filler fraction at that

weight loss. The modulus is presented similarly.

6. Summary

Due to the microstructural features of nuclear graphite, which has irregular shape pores with
sizes at different length scales, a multi-scale model has been developed that uses direct input
of the graphite microstructure. The model uses a novel concept for stress calculation in
microstructures with many arbitrary shaped pores, based on the Cellular Automata technique

that has advantages due to its flexibility and computational efficiency.

In support of this model, a simple approximation for the effects of porosity content and shape
on the bulk elastic modulus has been presented, which can be applied to evaluate any
arbitrary population of pores. A fracture algorithm, which uses the CA calculation for the
stress concentration of pores and the effect of porosity on the stiffness of the porous material,
has been developed. Using this model, fracture simulations have been performed for
synthetic microstructures that comprise pores of spherical, ellipsoidal and arbitrary shapes.
These demonstrate a significant effect of pore shape on strength, which is also observed in
experimental studies in the literature, and supports the suitability of the proposed modelling

technique.

In the simulation of the mechanical properties of radiolytically oxidised graphite with

developing porosity, a small scale model provides the distributions of local elastic moduli and



critical stresses, which are calculated for representative individual filler particles and matrix
sub-volumes that have been characterised by high resolution X-ray computed tomography. A
large scale model then operates at the length scale of the larger porosity (> 100 um) with the
given filler/matrix fractions for the corresponding weight loss value, taking into account the
statistical distributions obtained by the small scale model. In addition to the microstructure
input, only a pore-free value of Young's modulus and a critical parameter (stress or strain
energy release rate) need to be used in the model for local fracture initiation. The resulting
model describes well the effect of radiolytic oxidation on the degradation of elastic modulus
and tensile strength. The model may be used to investigate the sensitivity of strength to
variations in filler to matrix ratio, and could have applications to explain the response of

different graphite grades to radiolytic oxidation.

7. Conclusions

The microstructures of the filler particles and matrix in irradiated oxidised Gilsocarbon
graphite demonstrate different behaviour with increasing oxidation. The mean values of
porosity within the filler particles are typically lower than in the matrix at the same weight
loss, and microstructural changes in matrix are more extensive than in the filler.
Consequently, the filler particles exhibit some stability to structure degradation in comparison

with matrix with progressive radiolytic oxidation.

The developed multiscale model for fracture simulation in irradiated oxidised Gilsocarbon
graphite shows a good agreement with available experimental data. The failure strength of the
bulk graphite is dominated by the very significant reduction in the elastic modulus of the
matrix, such that strain occurs predominantly in the continuous matrix that surrounds the

filler particles; failure is thus predicted to occur in the matrix.
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