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A Model to Describe the Fracture of Porous Polygranular
Graphite Subject to Neutron Damage and Radiolytic
Oxidation
G. Smith1 , E. Schlangen2 , P.E.J. Flewitt3 , A.G. Crocker4 , A. Hodgkins5

Abstract: Two linked models have been developed to explore the relationship between the amount of porosity arising in service from both radiolytic oxidation and
fast neutron damage that influences both the strength and the force-displacement
(load-displacement) behaviour and crack propagation in pile grade A graphite used
as a nuclear reactor moderator material. Firstly models of the microstructure of the
porous graphite for both unirradiated and irradiated graphite are created. These form the input for the second stage, simulating fracture in lattice-type finite element
models, which predicts force (load)-displacement and crack propagation paths. Microstructures comprising aligned filler particles, typical of needle coke, in a porous
matrix have been explored. The purpose was to isolate the contributions of filler
particles and porosity to fracture strength and crack paths and consider their implications for the overall failure of reactor core graphite.
Keywords: Reactor core graphite; Modelling microstructure; FE lattice model;
Fracture strength; Crack path.
1

Introduction

Magnox gas cooled reactors operating in the UK have Pile Grade A (PGA) graphite
bricks as moderators. During their manufacture a mixture of needle coke, coke flour
and coal pitch binder is extruded and baked. The needle coke particles are elongated, 0.1 to 1.0 mm in length and during the extrusion process become aligned,
resulting in orthotropic properties in the graphite. After extrusion, additional pitch
is added and then the bricks are graphitized at 2800◦ C. This process is described
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in Heard, Wootton, and Moskovic (2011); Heard, Wootton, Moskovic, and Flewitt
(2010); Hodgkins, Marrow, Wootton, Moskovic, and Flewitt, (2008); Kelly (2000).
At manufacture, approximately 20% of the volume consists of porosity and flaws
in the particles and the matrix. Within the particles, Mrozowski cracks form by
shrinkage during graphitization. Porosity in the matrix occurs as networks of connected pores at the nano-scale and micro-scale, see Hodgkins, Marrow, Wootton,
Moskovic, and Flewitt (2008); Hughes, Heard, and Wootton (2008). There is a
large percentage of open porosity. Neutron irradiation and radiolytic oxidation
change the microstructure of the virgin graphite during service life. The neutron
irradiation increases the strength of the graphite dependent on the temperature and
irradiation dose by creating point defects in the crystal lattice. The nuclear fission
generates gamma rays which, in turn, result in radiolytic oxidation by hot carbon
dioxide gas. This second mechanism decreases the material strength and causes
mass loss, see Heard, Wootton, and Moskovic (2011); Hodgkins, Marrow, Wootton, Moskovic, and Flewitt (2008); Hughes, Heard, and Wootton (2008); Kelly
(2000). The density of the graphite decreases; pores grow larger and their connected networks extend decreasing the inter-pore spacing and changing the relative proportions of porosity in the particles and the matrix. These microstructural changes
are reflected in the mechanical and physical properties of the graphite bricks.
The graphite microstructure is similar to that of concrete and other aggregate materials [Hodgkins, Marrow, Wootton, Moskovic, and Flewitt (2010); Schlangen,
(2008); Yaghi, Hyde, Becker, and Walker (2004); Kelly (1981); Schlangen and
Garboczi (1997); Karihaloo (1995)]. The porosity of reactor core graphite influences its fracture behaviour. This was recognised in a review by Hodgkins, Marrow, Wootton, Moskovic, and Flewitt, (2010), who proposed that graphite fractures
in a quasi-brittle manner. Localised distributed micro-cracking before failure, typical of quasi-brittle fracture, is responsible for the non-linear load-displacement
(stress-strain) curves [Moskovic, Heard, and Flewitt (2013); Brown (2012), Becker, Marrow, and Tait (2011); Schlangen (2008), Marrow, Hodgkins, Joyce, and
Marsden (2006)]. Unlike metals and alloys, polygranular graphite does not deform
plastically by dislocation motion Becker, Marrow and Tait (2011). Consequently,
departure from an initial linear load-displacement response is attributed to microcracking and as a consequence linear elastic fracture theories are inappropriate.
The microstructure of porosity and distributed, but aligned filler particles and the
stress state govern the fracture [Becker, Mostafavi, Tait, and Marrow (2012); Becker, Marrow, and Tait (2011), Karihaloo (1995)].
A number of models have been developed at different length/volume scales to represent the deformation and fracture of these graphites. Adopting numerical methods, [Tucker, Rose and Burchill (1986)]; Rose and Tucker (1982)] combined the
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features of the weakest link Weibull analysis with a fracture mechanics approach.
In the more general case of finite element models (FE) these may be characterised
by reference to the type of model element used, either continuum or lattice, the
post peak response to loading of the elements, either discrete or smeared crack approaches, and the number of spatial dimensions, either two-dimensional or threedimensional, [Schlangen and Qian (2009); Tsang and Marsden (2008); Berton and
Bolander (2006); Tsang, Shi, Fok, and Marsden (2003); Bazant and Planas (1998);
Burchell (1996); Schlangen and van Mier (1992)]. An important input to these
models is to provide a realistic representation of the microstructure, both the size
and distribution of filler particles. Moreover this must take account of the length- or
volume-scale of the model adopted. Damage models employ the most appropriate
option from each of these categories and adapt them to a specific application. It is
generally recognised that none of the models is capable of predicting crack propagation at all length/volume scales. As a consequence, hybrid methods have been
developed to: (i) produce an FE mesh that can represent variability in the strength
and stiffness of the microstructure and (ii) simulate the formation of distributed
micro-cracks and their coalescence into a continuous macro-crack. Discrete models are limited by the need to simulate specific features in the microstructure and
this places a significant constraint on the size of the elements selected. The properties of each element may be varied to provide a realistic response to an applied
force. However, this pre-supposes that the distributions of the strength and stiffness
of the matrix and filler materials are known and in PGA graphite these properties
have not been determined previously. The capacity to scale the models to the size of
structural members is the limiting feature of this type of model. This is demonstrated in both the Rose and Tucker and the Burchell models [Rose and Tucker (1982);
Burchell (1996)] where probability functions are used to define the likelihood of
fracture in a large volume of material. Both approaches use an analytical method
to define behaviour in very small cross-sections. The variation in the spatial distribution of the complex graphite microstructure in the meshed volume then governs
the prediction of structural fracture.
To address the issue of scaling, the continuum damage mechanics and the ligament
theory models [Tsang, Shi, Fok, and Marsden (2003)] are often used to describe
a representative volume. These elements represent regions which may consist of
filler particles, pores, matrix graphite or a combination of these phases. However,
this introduces other problems since the properties assigned to the representative
volume element should reflect the distribution in properties produced by an aggregate microstructure over an equivalent volume. Of equal importance, the softening
behaviour should reflect the post peak behaviour of an equivalent volume of material in an appropriate condition. Furthermore, there is a need to accommodate ran-
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domization in the microstructure, mechanical properties and softening behaviour.
In this paper we produce microstructural and finite element computer models that
include a representation of PGA reactor core graphite, filler particles, matrix and
porosity, appropriate to the virgin and neutron irradiated conditions. This localised
model provides a basis for evaluating the role of key microstructural parameters. However the additional porosity associated with neutron irradiation is produced
in the model independently of the growth mechanism. It is designed to be a simple but realistic representation. Similarly the complex geometry of the filler particles is simplified to cylindrical representation. These models are used to examine
the relationship between these different microstructures and the load-displacement
characteristics, elastic modulus and crack propagation of the graphite.

0 1mm

0

1mm

(a)

(b)

Figure 1: Microstructure for (a) virgin PGA graphite (b) irradiated graphite with
filler particles (F) in yellow and pores (P) in green.
2

Characteristics of reactor core graphite

In this section we provide relevant experimental information related to PGA reactor core graphite in both the unirradiated (virgin) and irradiated oxidised condition.
The information is appropriate for constructing and evaluating the model predictions. Typical microstructures for PGA graphite in the unirradiated condition and
after service exposure are shown in Fig. 1(a) and 1(b) respectively. X-ray tomography has been used to provide information about the overall microstructure of
radiolytically oxidised PGA graphite with a weight loss of 20%. This particular
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sample was removed from a reactor core brick after extended service. Fig. 1(a)
shows the overall microstructure, whereas Fig. 1(b) is the corresponding X-ray two
dimensional tomographic image. It is possible to demonstrate that the filler particles F and matrix containing porosity P can be separated with appropriate greyscale
threshholding. Here a colour has been assigned to the image to aid interpretation.
However there are challenges associated with resolving the skeletal structure within the highly porous region P. More detail can be obtained relating to the latter by
reference to Moskovic, Flewitt, Schlangen, Smith, Crocker, Hodgkins, Heard, and
Wootton (2014).
Surveillance monitoring samples were installed in the reactors when they were
commissioned. In addition to these samples, others were periodically trepanned
from the reactor cores over the service life. Material measurements of physical,
chemical and mechanical properties were undertaken from both of these sources
[Flewitt and Wootton (2013)]. In particular, elastic modulus and fracture strength
were evaluated [Hodgkins, Marrow, Wootton, Moskovic, and Flewitt (2010)]. The
heterogeneity of the material results in small test specimens containing different levels of porosity. Ideally measurements would be made on specimens with no
porosity to determine these values. However inspection of nanoscale specimens
taken from apparently porosity free volumes of matrix, show that small pores are
present.

Figure 2: Typical load versus displacement curves for (a) unirradiated and (b) irradiated PGA graphite.
Typical load versus displacement curves, for the unirradiated and irradiated graphite
are shown in Fig. 2. After bedding in of the specimens each showed a linear response in the load-displacement. However this is followed, to a greater or lesser
extent, by a non-linear response pre-peak load and post-peak softening characteristics. In general variability arises from the inherent heterogeneity within the graphite
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microstructure. Non-linearity commences between 0.3 and 0.9 times the value of
the peak load.
Typical data obtained from measurements of dynamic modulus and fracture strength
show that both of these parameters decrease monotonically with graphite weight
loss. The change of elastic modulus is shown in Fig. 3(a). It is clear that in the
early stages of weight loss there is competition between contributions of neutron
radiation hardening which would increase the modulus and mass loss leading to
an increase in the amount of porosity. The variation in flexural strength is shown
in Fig. 3(b). The formation of micro-cracks is related to the presence of process
zones of up to 2 mm to 3 mm in length. These process zones contain a distribution of micro-cracks and account for the pre-peak non-linearity. Compared to
the micro-cracks, the macro-cracks follow an irregular tortuous path across the test
specimens.
3

Modelling

The models described focus on the volume of matrix between two adjacent filler
particles to investigate the effect of porosity in the matrix on the initiation and
propagation of cracks under tensile loading. The modelling process has two stages.
Firstly models that incorporate key characteristics of the microstructure are generated. These have elongated filler particles with a biased alignment and complex
networks of pores. The data are held as three-dimensional geometric shapes as this
provides an economic way to hold and manipulate complex structural information.
These data are then transposed into a format suitable for input to FE software. This
transformation introduces roughness to the previously smooth geometric shapes
when the data is discretised. Each voxel in the new representation is identified as
either part of a particular filler particle or within a pore or part of the matrix. The
fracture simulations are performed by software that has been developed specifically
for use with aggregate materials.
3.1

Modelling the microstructure

The modelling described in this paper generates a representative microstructure
of PGA graphite consisting of filler particles and pores embedded in a matrix. It is
based on known volume fractions of the different constituents in virgin PGA reactor
core graphite and the size distribution of filler particles. The range of length-scales
for reactor bricks, experimental test specimens and microstructural components
makes constructing a single model appropriate for FE analysis impractical and requires a multi-scale approach. Fracture simulations reported in this paper provide
the first step in such an approach to identify the effect of filler particles and porosity
on the fracture strength and the fracture path in 1 mm model cubes. The model size
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Figure 3: Comparison of experimental results and model predictions for PGA reactor core graphite for (a) variation of elastic modulus with %weight loss, normalised
to virgin sample modulus and (b) variation of normalised fracture strength. Irradiation hardening and porosity dominated ranges are also shown.

selected determines the number of filler particles and, based on the microstructure
shown in Fig. 1(a), it is considered appropriate to include just two filler particles
in these small models. The microstructural models form the input for FE simulations of fracture to track distributed cracking and identify the crack path. Larger
models representing 1 cm cubes, the subject of a different paper, see Smith, Flewitt, and Schlangen (2013), provide data that may be compared with results from
experimental test specimens. Porosity occurs as irregular linked networks and is
modelled as individual pore centres that grow and coalesce as porosity increases,
which is representative of radiolytic oxidation. Two different schemes for generating the pores are described. These produce different size distributions for isolated

170

Copyright © 2016 Tech Science Press

CMC, vol.51, no.3, pp.163-185, 2016

pores but as porosity increases and pores coalesce, the difference reduces. All models and fracture simulation results presented in this paper relate to 1 mm cubes of
PGA graphite.
3.1.1

Pores

Porosity in virgin graphite is known to account for approximately 20% of the material volume and to occur predominantly in the matrix. During service, the porosity increases as a result of radiolytic oxidation, either by existing pores enlarging
or new pores forming [Heard, Wootton, and Moskovic (2011); Heard, Wootton,
Moskovic, and Flewitt (2010); Hodgkins, Marrow, Wootton, Moskovic, and Flewitt (2008); Kelly (2000)]. The microstructure modelling supports both processes
and allows different initiation and growth laws to be investigated. In the models,
pores are initiated at random points within the matrix and grow spherically outwards with time. Whichever laws are implemented, pores that are initially isolated
spheres, coalesce to form more complex shapes as shown in Fig. 4. Both their
centres and future growth are constrained to lie within the matrix.

Figure 4: Spherical pores that have coalesced, seen in cross-section for 20% and
40% porosity in a mm. cube.
Two systems have been implemented for the initiation of pores in the model graphite.
For the first case, all pores initiate simultaneously and, for low porosity, this results
in isolated pores that all have the same radius although their cross sections in particular planes will differ. This relationship is irrespective of the growth law. As
porosity increases, the spheres grow and coalesce to form complex networks. Then
the concept of radius becomes inappropriate. For the second case, pore initiation is
distributed over a period of time as shown for 500 pores in Fig. 5.
Here the total initiation time is divided into nine equal intervals and values allotted
to produce a normal distribution. The scale factor is chosen so that half the pores
have initiated when the volume of the porosity is 20%. This scheme matches the
porosity introduced during the manufacturing process and the increase in porosity
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Figure 5: Histogram of initiation times for pores, in the case where initiation occurs
over a period of time following a normal distribution pattern. Time units are chosen
so that half the pores have initiated when the matrix porosity is 20%..

during service. It produces a distribution of pore sizes. Actual initiation times are
chosen randomly within each time interval. Pores are numbered in time sequence
as the co-ordinates for their random centres are generated throughout the model
cube. This ensures that sequentially numbered pores are unlikely to be neighbours
in space but will initiate at similar times so that the range of pore sizes is distributed
randomly throughout the model.
Two possible growth laws for pores have been simulated; growth inversely proportional to the radius and growth inversely proportional to the volume of each pore. If
all pores initiate at the same time, the only effect of changing from an inverse radius
to an inverse volume relationship (radius cubed) is to slow the increase in porosity
with time. For example to achieve 20% porosity with a particular number and position of pores, the radius must be the same for both growth laws and for the first
law the pore radius is proportional to the square root of time and for the second law
to the fourth root of time. If pores initiate over time, the effect of the growth law is
more complex. At any time there will be pores with a range of radii determined for
each by the time that has elapsed since it initiated. Any inverse growth relationship
makes the radii of large pores grow more slowly than the radii for smaller ones.
This effect is magnified if the growth law is inverse cubic (volume).
3.1.2

Filler particles

In PGA graphite, filler particles are generally elongated and roughly aligned with
the extrusion direction. Filler particles are modelled geometrically as cylinders
with flat circular ends and long axes biased towards the extrusion direction. The
software has been written more generally to allow any orientation of particles to be
selected. The parameters used to define each particle are: (i) Cartesian co-ordinates
(x, y, z) for the centre of the circular end face, (ii) the radius of the particle (r), (iii)

172

Copyright © 2016 Tech Science Press

CMC, vol.51, no.3, pp.163-185, 2016

the direction cosines for the central axis (a, b, c two independent values), (iv) the
extent of the particle relative to the end face (“up” / “down” Boolean). All the
lengths are in model units where the model cube has edge length of a 100 units.
The modelling software can accommodate any number of filler particles but the
simulations covered by this paper focus on the matrix volume between two particles
to investigate crack propagation between neighbouring particles. Each filler particle
has one end face within the model and is positioned to extend beyond the surface of
the model cube (Fig. 6a). This scheme avoids introducing any variations in particle
length and focuses attention on the matrix volume between and around the ends of
the particles.
Data sets for a range of porosities from 20% to 60% were generated on a 100 × 100
× 100 grid for the finite element modelling. The same pore initiation centres were
used for the different porosity data sets. The files consist of integer values for each
voxel, indicating the material contents (Tab. 1). By retaining different identifiers
for each filler particle, it is possible to assign different properties to each particle
and ensure consistency across all its voxels.
Table 1: The representation used for the different material components of the model.
material
represented by
pore
0
matrix
1
filler particle 1
2
filler particle 2
3
Pore radii increase with time according to the growth law and replace matrix voxels with pore voxels. Although in practice, filler particles are subject to limited
oxidation, in this model we assume oxidation of the matrix is dominant. Pores are
not permitted to grow into filler particles but the filler-pore interface area increases
with their radius. As the geometry of the filler particles is well defined, the voxels forming their surface can be identified and the filler surface area calculated by
distinguishing which filler voxels share a face with a matrix voxel and which with
a pore voxel. This enables pore coverage as a percentage of the total filler surface
area to be calculated.
3.2

Modelling fracture

The different components of the microstructure, particles, matrix and porosity for
a 1 mm cube of PGA graphite (as described in section 3.1), are transferred to FE
lattice meshes by the following procedure:
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• A cubic network of beams is created with a grid of 100 × 100 × 100 nodes.
• This microstructure is mapped on to the grid and beam elements are assigned
properties according to their associated microstructural component.
• If a node lies within a pore, the beams connected to this node are removed
from the network. If the node is within a filler particle or matrix, the node is
assigned the appropriate physical parameters.
The boundary conditions in the simulations are chosen as follows:
• The nodes at the bottom face of the mesh are restrained in the vertical direction
• The nodes at the top face of the mesh are given a positive (tension) vertical
displacement
• The sides of the mesh are free to move (unconstrained).
The fracture simulation processes of the lattice model are described in detail in
work described by Schlangen (2008); Schlangen and Garboczi (1997). Basically,
linear elastic analysis is performed on the FE mesh of the microstructure and the
beam with the highest stress to strength ratio is removed, resulting in a small crack
in the mesh where the beam was previously. Then the linear elastic analysis is repeated on the new mesh and the next beam is removed in the same way. The load
and corresponding displacement of the system is recorded at each step, capturing
the stress-strain response of the material. When performing the simulations, the FE
beam elements for the matrix, the particles and the bonds between them are allocated the following properties: elastic modulus 10 GPa, Poisson ratio 0.22 and critical
failure strain 0.25%. These property values are supported by measurements made
on macro-scale cantilever beam specimens of virgin PGA graphite. The bulk properties of the material are not appropriate because they are predicted by the models.
At present property values rely on data readily available but in the longer term it
is hoped to have values that represent the matrix and individual filler particles but
this requires measurements at the micro-scale. The need for such data has been
identified and indeed work is in progress to make such measurements using techniques described by Darnborough, Liu, and Flewitt (2013). In addition the particle
strength is reduced by 25% in the weak plane containing the long axis through the
particle but the stiffness is not changed. The interface between filler particle and
matrix is modelled with a single beam element with the mechanical property equal
to the matrix elements. At locations where a pore is connected to a filler particle,
there is no interface present.
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The FE model was initially developed to simulate fracture in quasi brittle cement based materials. Examples can be found in Schlangen and Garboczi (1997);
Schlan- gen and van Mier (1992); Schlangen and Qian (2009). The beams used
in the lattice model are Timoshenko beams, [Karihaloo, Shao, and Xiao (2003);
Timoshenko (1921)]; they can transfer normal force, shear force, bending and torsion moments. In three-dimensions, the nodes have six degrees of freedom. As
a consequence, every beam connected to a node will have the same translation
and rotation. The basic theory behind two-dimensional models is explained in
Schlangen and Qian (2009); Schlangen and Garboczi (1997); Schlangen and van
Mier (1992). In Schlangen and Qian (2009) the changes and additions required for
three-dimensional models are explained.
4

Models

The microstructural models involve two close filler particles representative of those
seen in Fig. 1(b). Four families of microstructural models were created: (i) no
filler particles (for comparison purposes), (ii) one filler particle parallel to the second with varying overlap (d) and both parallel to the z-axis, (iii) one filler particle
parallel to the z-axis and perpendicular to the second and (iv) two parallel filler particles neither parallel to a major axis. Initial simulations were for two filler particles
both parallel to the z-axis of the cube; having an overlap with one extending in a
positive z direction and the other in the opposite direction (Fig. 6(a)). Their centres were positioned off the cube diagonal (Fig. 6(b)) to allow two different finite
element fracture simulations to be performed with the same data set by rotating the
cube. Both filler particles had radius 16 model units and the same volume (in total
13% of model cube). All pores were initiated at the start of the simulation. Data
sets were generated for 20%, 30%, 40%, 50% and 60% porosity.
In the previous model the filler particles overlapped by 60 model units. Data files
for 40% porosity were generated for the same filler particles but with their overlap reduced to 40 and 20 model units, achieved by changing the z co-ordinates of
the centres of the internal faces. These changes reduced the volume fraction of
the model space occupied by the filler particles. All other parameters were kept
constant (Tab. 2).
The relationship between the overlap and the matrix-filler connection is shown in
Tab. 3. The case of two perpendicular filler particles was chosen to investigate the
most extreme orientations that could arise relative to the stress axis. As the filler
particles were allocated different strengths axially and longitudinally in the fracture
model, the orientation relative to the stress axis was considered to be important in
promoting fracture during the finite element analysis. Each filler particle, as before,
was modelled as a circular cylinder with one planar face within the model and
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Figure 6: Schematic representations of model cubes. Turquoise circular faces and
curved cylindrical faces together form the filler surface area within the model cube.
The particles have been truncated beyond the model cube (a) two parallel filler
particles with overlap d (b) Cross section showing filler particles positioned off the
diagonal to give asymmetry (c) two filler particles, one parallel to the z-axis and
the other parallel to the x-axis and offset from the first.
Table 2: Parameters for two filler particles.
Both filler particles parallel to the z-axis
Overlap d
Filler vol% particle centre of circular face direction cosines
60 model
1
24 34
80
0 0
1
13%
units (0.6 mm)
2
76 66
20
0 0
1
40 model
1
24 34
70
0 0
1
11.37%
units (0.4 mm)
2
76 66
30
0 0
1
20 model
1
24 34
60
0 0
1
9.76%
units (0.2 mm)
2
76 66
40
0 0
1
two filler particles at right angles to each other, parallel to x and z axes
11.37%
1
30 20
60
0 0
1
2
80 60
75
1 0
0
Table 3: The time taken for the radius of the pores to grow large enough to create
40% porosity within the matrix and the percentage coverage of the surface area of
the filler particles by the pores for an overlap of 40.
overlap
40 (0.4 mm)
20 (0.2 mm)

porosity
40.40%
40.10%

time
42
42

pore radius
6.48
6.48

pores/filler surface
31.54%
28.11%

radius equal to 16 model units. In order to accommodate the different orientations
it was necessary to make one particle smaller than the other. One particle occupies
4.87% of the model cube, the other 6.50% giving a total of 11.37% filler. The same
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number of pores was included as in the previous arrangement. Table 4 shows the
porosity within the matrix component and the time taken for the pores to reach the
required radius. The final column gives the percentage by area of the surfaces of
the filler particles covered by pores. The growth simulation was repeated using the
same geometry but with the pores initiating at different times. The time scale was
determined by identifying the factor which produced 20% porosity in the matrix
when half of the pores had initiated.
Table 4: Pore information relating to data files for finite element fracture analysis.
porosity
20.46%
30.41%
40.10%
50.15%
60.79%
20.07%
30.34%
39.81%
49.72%
60.01%

all pores initiating at the start.
time
pore radius
pores/filler surface
24
4.90
14.71%
33
5.74
21.59%
42
6.48
28.26%
52
7.21
35.88%
64
8.00
44.52%
pore initiation normally distributed over time.
546
23.37
13.50%
662
25.73
26.37%
734
27.09
37.84%
802
28.32
48.69%
874
29.56
62.12%

Previous models had the axis of each filler particle positioned parallel to one of
the model cube faces. In order to introduce a more general arrangement, the filler
particles were tilted differently while retaining their mutually parallel relationship.
Models were produced for 20%, 30%, 40%, 50%, 60% porosity. The change in
orientation was extended and combined with changes to the positions of the filler
particles to investigate the role of the overlap between the two filler particles. In
total six models were generated with permutations of two different orientations and
three different overlaps all for 40% porosity. The positions were chosen asymmetrically so that by rotating the model cube, more geometries could be investigated
using the finite element fracture software (Tab. 5).
5

Results

Results for the data sets given with their reference codes in Tab. 6 are presented in
Fig. 7. Unless otherwise stated all sets have 40% porosity. The model characteristics of the reference data set, fill2a40 are: (i) loading in z-axis, (ii) particles are
parallel to each other and parallel to z-axis, (iii) overlap of particles is 60 model
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Table 5: Parameters for two parallel filler particles with varying overlap.
centre 1 co-ordinates
24
34
80.00
22
28
72.25
20
22
64.51
24
34
80.00
22
28
72.25
20
22
64.51

centre 2 co-ordinates
76
66
20.00
78
72
27.75
80
78
35.49
76
66
20.00
78
72
27.75
80
78
35.49

direction cosines of axis
0.10
0.40
0.91
0.10
0.40
0.91
0.10
0.40
0.91
0.20
0.66
0.77
0.20
0.66
0.77
0.20
0.66
0.77

Table 6: Data sets subject to FE fracture analysis.
ai0gr40
fill2a40A
fill2a40
fill2A4x
fill2a20
fill2a60
bang40
cang40
dang40
over2040
over4040
rt20
rt40
rt60

Difference from Reference Fill2a40
No particles
Particles have equal strength in 3 directions
- reference data set
Loading axis is in x-direction
20 % porosity in matrix
60% porosity in matrix
Particles not parallel to model axes
Particles not parallel to model axes
Particles not parallel to model axes
Overlap between particles = 20 model units
Overlap between particles = 40 model units
Right angle between particles, 20 % porosity
Right angle between particles, 40 % porosity
Right angle between particles, 60 % porosity

units, (iv) 40% porosity in matrix and (v) particle strength is reduced to 25% in
direction which is not the axis of the particle.
Fig. 7(a) shows the stress-strain curves for three models: one with no filler particles, one with filler particles with equal strengths in all three directions and one
with a strength reduction to 25% in one direction. There is little difference in the
response between the two models with filler particles. The failure of single beam
elements in the lattice create small drops in the stress strain curves. The next beam
fails at a smaller strain than the previous failure leading to a decrease in strain in the
model. These local snap-backs occur in the model as each step represents the fracture of one beam. Experiments under deformation control do not produce this snap
back because the deformation increases monotonically. In an experiment a crack
which propagates over a somewhat larger distance would be the result of such a
local snap-back. Fig. 7(b) compares stress-strain curves for the same parallel filler
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Figure 7: (a) Effect of filler particle presence and strength on the stress-strain curve,
(b) effect of loading direction, (c) stress-strain curves for models with particles
tilted to the stress axis and (d) stress-strain curves for simulations with 20%, 40%
and 60% porosity.

particles when the loading direction is changed. Fig. 7(c) shows the stress strain
curves for four models with parallel particles that are not parallel to the major axes.
Fig. 7(d) shows the stress-strain curves for models with two parallel filler particles and porosity of 20%, 40% and 60%. Lower stiffness, lower strength and more
post-peak strain are seen as porosity increases. The simulation “fill2A40” with
40% porosity shows a drop in the post-peak stress-strain curve that corresponds to
the moment when the filler particle breaks.
Fig. 8 shows the crack patterns, both with and without the particles as porosity
increases. Cracks that occur in the pre-peak regime of the stress-strain curve are
plotted in blue and those in red occur post-peak. In all cases the crack bypasses
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one particle and fractures the other. As the porosity increases, the cracks become
more distributed. The final case (60% porosity) includes a partial pull-out of the
filler particles. The overall stress-strain and fracture characteristics predicted by
the model are consistent with quasi-brittle fracture and many of the experimental
observations of polygranular graphite.

Figure 8: Final crack patterns in simulations for 1 mm cubes with 20% (a), 40% (b)
and 60% (c) porosity; in the first three the complete final crack pattern is shown; in
the others the same crack pattern is shown with the particles. Blue elements show
cracks prior to the peak load while red elements show cracks after the peak load.

6

Discussion

The validation of analytic and computer-based models of materials is based on
their ability to predict the physical properties that are observed experimentally. In
materials with several microstructural components, the distribution of these may
not be uniform leading to a wider spread in measured and predicted values than in
less complex materials. Samples trepanned from reactor bricks are used to create
test specimens to measure the physical properties of the graphite. Examination
of these samples shows that the microstructure of PGA graphite is very variable
even within a single specimen. Fig. 9(a) and (b) shows respectively both high
and low porosity regions within the same sample of PGA graphite arising from the
manufacturing process.
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(b)

Figure 9: Typical porosity in a sample of PGA graphite showing the heterogeneity
in the material (a) lower porosity and a local region containing larger pores (b).

Polygranular aggregate graphites do not deform plastically and are generally regarded as quasi-brittle materials [Heard, Wootton, and Moskovic (2011); Heard,
Wootton, Moskovic, and Flewitt (2010); Hodgkins, Hodgkins, Marrow, Wootton, Moskovic, and Flewitt (2010); Hughes, Heard, and Wootton (2008); Marrow,
Wootton, Moskovic, and Flewitt (2008)]. They exhibit strain softening that occurs
after the peak load and macro-crack initiation involves a prior formation of a process zone see Nakhodshi, Smith, and Flewitt (2013). Propagation of the crack is
achieved by the release of elastic strain energy which exceeds the crack growth
resistance but at some point becomes lower than this resistance. The resulting outcome is crack arrest prior to a complete break of the specimen. Indeed it is the
formation of micro-cracks which limits the ability of the graphite to store elastic
strain energy [Moskovic, Heard, and Flewitt (2013); Burchell (1996)]. Load versus
displacement results, for example Fig. 2, obtained from mechanical testing provide
evidence of this fracture behaviour. Different non-linearity and cracking behaviour
are seen in flexural and diametral compression tests and are associated with different stress states. The formation of stable micro-cracks, occurring on the rising
part of the load versus displacement curve prior to the peak load (force), result in
non-linearity in flexural tests [Nakhodshi, Smith, Flewitt (2013)]. If stable microcracking continues, the load (force) may continue to decrease but more slowly as
displacement increases. The initiation and propagation of a large micro-crack is
accompanied by a large load drop and limits post-peak stable displacement. The
release of some elastic strain energy during the formation of small micro-cracks
reduces the potential energy and if the rate of energy release is greater than that absorbed by the creation of new surfaces, propagation will continue. If this condition
is not met, cracks become inactive and stationary. As a consequence, a growing
crack may be forced to deviate from a straight path to avoid obstacles, generally
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filler particles. The microstructural models have been created to allow investigation of the direction change imposed by filler particles.
The FE results for the computer models show that as the percentage porosity increases, the non-linearity of the stress-strain curves pre-peak load become more
pronounced and the susceptibility to micro-crack initiation and growth increases.
Experimental observation and computer modelling support the same conclusions.
Both show that micro-cracking is an energy absorbing process accompanied by a
continual increase of elastic stress and strain. This leads to an increase in stored elastic strain energy. Although the modelling is based on a simplified representation
of the microstructure, it allows the stress-strain and fracture characteristics to be
explored at the microscale. It provides an insight into the response of reactor core
graphites for a range of input parameters. The predicted cracking involves a combination of cracking of the matrix and filler particles and debonding at the matrix to
particle interfaces. As porosity increases, the micro-cracks become more distributed. In the case of all the specific geometries modelled, the crack avoids one particle
and fractures the other. Higher porosity in the matrix results in partial pull-out of
filler particles. In addition to porosity in the matrix, for PGA graphite another
important factor is the loading direction relative to the direction of alignment of
the particles. The overall stress-strain relationship and the fracture characteristics
are broadly consistent with many of the quasi-brittle experimental observations for
polygranular graphite, described in section 2 of this paper.
A comparison is made in Figs. 3(a) and (b) between the normalised elastic modulus
and the fracture strength with weight loss for the model predictions and experimental data acquired for PGA reactor core graphite. Certainly the trends with increasing
porosity predicted from the modelling and these experimental data are in reasonable
agreement. However, as expected, the absolute values for both moduli and fracture
strengths are under-predicted. There are several known reasons for these differences. First the model considers a small representative volume of material so that
no account is taken of variation in these parameters within and between samples.
These variations are the result of inherent heterogeneity arising from the original
manufacturing process. However subsequent extensions of the model to the centimetre length-scale, accommodate such variability [Smith, Flewitt, and Hodgkins
(2014); Smith, Flewitt, and Schlangen (2013)]. Secondly the input values have
been selected from unirradiated PGA graphite. Ideally these values should correspond to the properties of specific regions of the overall microstructure, to filler
particles and matrix that do not contain macroscale pores. It is proposed to obtain
this data in the future using the microscale cantilever beam testing procedure described by Darnborough, Liu, and Flewitt (2013). However it should be noted that
the output from the present model scales linearly with the values of the main input
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parameters. It is important to recognise that these local models provide information
relating to trends in data and also as input to a larger multi-scale approach [Smith,
Flewitt, and Schlangen (2013)].
7

Conclusions

From the modelling of the graphite with filler particles and porous matrix the following conclusions can be drawn:
(i) higher porosity lowers stiffness, reduces elastic modulus,
(ii) the model predicts non-linear stress-strain (load-displacement) behaviour prepeak stress and non-linear stress-strain behaviour post-peak stress,
(iii) pre-peak cracking is predicted and more distributed cracking occurs with increased porosity. When the load direction is close to the axis of the particles,
cracks bypass one particle but fracture the other.
(iv) when the loading direction is perpendicular to the long axis of the particles,
particles crack (pre-peak cracking) especially at lower porosities, because in
that case the matrix component is stronger. At higher porosity particles may
debond
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