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ABSTRACT

In this paper, we describe a model of irradiated graphite properties that is based on an understanding of
the interconnection of the structure. Simplified conceptual models have enabled us to explain many of
the correlations that exist between irradiated graphite material properties and derive mathematical for-
mulations that appear to be of widespread applicability. The principles of the model are illustrated with
reference to the irradiation ‘structure term’ of Young’s modulus. It is shown that the currently used def-
inition may be considered to be a combination of three separate processes — pore closure driven densi-
fication, increased structural interconnectivity and (latterly) pore generation. It is the structural
interconnectivity component that is most closely linked to the changes in other properties such as
dimensional change rate and coefficient of thermal expansion, and this relationship is used to direct
the mathematical formulations.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Traditionally, the approach that has been taken when model-
ling the irradiation behaviour of graphite is to treat each property
independently and to define empirical and semi-empirical models
for each. However, this approach has led to some notable inconsis-
tencies when attempting to include the effects of influencing
factors for which data are sparse. A notable example is the
long-standing assumption that radiolytic oxidation affects the irra-
diation behaviour of dimensional change but not that of the coef-
ficient of thermal expansion (CTE). However, both properties are
concerned with the transmission of crystallite driven strain
throughout the material microstructure - shrinkage strain in the
case of dimensional change and thermal strain in the case of
CTE. Therefore, it is reasonable to expect radiolytic oxidation to
affect both properties, or neither, but not one in isolation of the
other.

It was inconsistencies such as those outlined above, that has
led us to reinvestigate the basis of the existing models. The aim
of the study is to define models with self-consistent assumptions,
based upon a better understanding of the material behaviour as a
whole. This will yield improved model reliability when extrapolat-
ing beyond the limits of the databases used to derive them. This
paper gives an overview of the approach by discussing the role
of structural connectivity in the irradiation behaviour, with
particular emphasis on the so-called ‘structure term’ of Young's
modulus.
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2. A structural approach to graphite properties

2.1. Evidence for the influence of structure in the irradiation behaviour
of graphite

When subjected to fast neutron irradiation, the bulk properties
of graphite are modified. In near-isotropic graphites, such as that
used in the UK advanced gas-cooled reactors (AGRs), bulk shrink-
age is accompanied by an increase in Young’s modulus, whilst
the CTE initially rises then steadily falls (Fig. 1). However, under
similar irradiation conditions, the properties of the individual crys-
tals! do not undergo any significant change, with the exception of
dimensional change [1,2]. In this latter case, growth and shrinkage
in the crystallographic c-axis and a-axis orientations, respectively,
is observed (Fig. 2).

Attempts to interrelate the properties by treating the material
as an assemblage of crystals (e.g. Simmons, [3]) found some early
support in apparently explaining a link between initial shrinkage
rate and the CTE. However, this approach breaks down once the
material approaches dimensional change ‘turnaround’ as the
change in shrinkage behaviour runs contrary to that predicted
from the CTE [4]. More recently Kelly et al. [5] attempted to model
the various property behaviours via the crystal strain rates and a
‘structure term’. Unfortunately, for isotropic material the method
relies on the Simmons methodology and was therefore impractical.

In principle, given a computer model that is sufficiently large
and representative, with suitable input properties, it should be
possible to numerically model the behaviour of the bulk material.

! Deduced from the behaviour of highly oriented pyrolytic graphite (HOPG).
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Fig. 1. The behaviour of AGR Gilsocarbon graphites with fast neutron irradiation:
(a) dimensional change; (b) Young’s modulus; (c) CTE. The irradiation temperature

is 430 °C.
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Fig. 2. The dimensional change behaviour of HOPG with fast neutron irradiation
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One example of such an approach that has met with moderate suc-
cess is the work of Hall [6]. Unfortunately these approaches are
computationally expensive (which restricted Hall’s studies to two
dimensions) and may ultimately struggle for a lack of representa-
tive crystal properties-even the most highly oriented compression
annealed pyrolytic graphites are still made up of imperfectly
aligned multiple crystals.

We have therefore chosen to adopt a different approach to the
problem - that of using analogies and simplified conceptual mod-
els to understand how the various components of the structure
interact with one another, and hence the ways in which properties
are interrelated. The approach is similar to that adopted by Sim-
mons, but extended into three-dimensions. In this way we have
been able to define the key relationships that enable improved,
physically-based semi-empirical models to be developed.

2.2. The structure of unirradiated graphite

The graphite used in the AGRs is comprised of a Gilsocarbon fil-
ler and flour, and a pitch-based binder. The target density was
achieved by liquid pitch impregnation (typically two cycles). Fol-
lowing graphitisation, the crystallites appear to be relatively simi-
lar in size across the material, whether associated with the filler,
binder or impregnant. There are differences in local orientation
and ordering of the crystallites within the various regions (Fig. 3)
but, on a macroscopic scale, the crystallites are randomly oriented,
giving a near-isotropic material.

Interspersed throughout the graphitic phases, there are three
principal classes of porosity:

e Calcination cracks. Large, lenticular pores formed during the ini-
tial coking process. The ‘onion-skin’ cracks in Gilsocarbon parti-
cles are classic examples of calcination cracks.

e Gas evolution and transport pores. During the baking of the ‘green
stock’, hydrocarbons and other gases are driven off and form
these typically cylindrical aspect-ratio pores.

e Thermal shrinkage cracks. At graphitisation temperatures, the
atomic motion is facile and the structure is relatively ‘fluid’,
thermal energy allowing bonds to break and reform readily.
During cool-down, the structure ‘freezes’, whereupon the aniso-
tropic crystal CTE, particularly the high c-axis CTE, causes local
stresses to form. If the stress is high enough, microcracks are
formed. These are likely to be of high aspect-ratio and, due to
the nature of their formation, will be generally aligned with
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Fig. 3. Scanning electron micrograph of binder phase in Gilsocarbon graphite
showing typical crystallite size and the existence of short range order and medium-
range disorder.
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the crystal c-axis. Microcrack initiation at different tempera-
tures during the cooling will result in a distribution of crack
sizes and there will still be some residual stress at room temper-
ature in regions of the material where cracking has not occurred.

2.3. The conceptual framework

Within our model framework, we represent the microstructure
of the material by a network of ligaments, connected by joints,
interspersed with voids/porosity. The ligaments are graphite crys-
tallites or, at a coarser level, domains; the joints are the chemical
bonds between the crystallites or domains. The measured bulk
properties will be determined by the properties of the component
crystals, the nature of the connections between them and, in some
cases, by the extent and type of porosity. Where the properties of
individual ligaments differ, as in the case of anisotropic graphite
crystals of varying alignment, the assessment of the bulk behaviour
from the crystal properties must also take into account the action
of one ligament upon another. This is a principle well understood
in mechanical engineering.

2.4. Application of the conceptual model to the irradiation behaviour
of graphite

The application of the concepts of the structural model to the
irradiation behaviour of nuclear graphite may be illustrated by
considering the ‘2% dimensional’ structure in Fig. 4, which repre-
sents the graphite crystals in their most connected state. Although
highly simplified, this is adequate for the present purposes of dem-
onstrating the conceptualisation of bulk behaviour from that of
individual components, and the response of the structure to irradi-
ation and radiolytic oxidation. In this representation, the bulk
graphite is composed of two parallel plates connected by three lig-
aments - the inner ligament having a differing material property
from the outer two in the stressing direction, because of the differ-
ing alignments of graphite planes.

2.4.1. lllustration of the basic principles

2.4.1.1. Young’s modulus. The bulk modulus of the composite struc-
ture is defined by the strain response for a given load. If a load is
applied to the plates in Fig. 4, then all three ligaments will experi-
ence equal strain and the greatest stress will be experienced by the
ligament(s) of highest modulus. This is a clear illustration of the
engineering principle that ‘stiffness attracts load’. Further, the 2:1
split of ligament types (crystal alignment) in the illustration en-
ables us to show that the load distribution, and hence the bulk
modulus of structure of Fig. 4, will be different according to which
of the ligament types is the higher modulus. It therefore follows
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Fig. 4. Schematic representation of a unit within the structural model. The different
shades represent ligaments of differing material property.

that the number and relative degree of connectivity of the stiffest
ligaments will dominate the bulk modulus of the composite struc-
ture. In graphite, the highest modulus is in the plane of the crystals -
i.e. the crystallographic a-axis.

The illustration also enables us to consider the effect of increas-
ing the porosity within the structure. An increase in the internal
porosity can be equated with a reduction in ligament thickness.
This reduces the internal load bearing areas, causing the stress in
any given ligament to increase for a given external load. If the
underlying ligament moduli are unchanged, then the increased lig-
ament stress will result in an increased strain - yielding a reduc-
tion in the bulk modulus. The bulk modulus of a graphite
specimen will therefore be determined by the underlying crystal
moduli, the degree of interconnectivity of the structure and the de-
gree of porosity (i.e. density).

2.4.1.2. Coefficient of thermal expansion. The CTE of the composite
structure reflects the equilibrium distribution of internally gener-
ated thermal stress, driven by the differing expansion or contrac-
tion of the individual ligaments. In graphite, high thermal
expansion is observed in the crystallographic c-axis, whilst there
is negligible expansion (or even contraction) in the a-axis. Conse-
quently, in the Fig. 4 illustration, the outer ligaments contract or
remain unchanged, whilst the central ligament expands. The result
is that the outer ligaments will be placed in tension whilst the in-
ner ligament will be compressed. The net thermal strain of the
structure will then depend on the response of each ligament to this
self-imposed stress - i.e. it will be a function of the ligament mod-
uli. Since the c-axis has significantly lower modulus, it follows that,
although the crystal is trying to expand in the c-axis direction, the
compressive load imposed upon it by the parallel a-axis ligaments
constrains the expansion. As a consequence, the bulk CTE of graph-
ite is strongly influenced by the a-axis connectivity.

In standard continuum models, CTE is independent of degree of
porosity, provided that at least one continuous strand of the net-
work remains intact [7]. Fig. 4 is consistent with this, in that the
bulk CTE will be unaffected if the interconnectivity is left intact.
The bulk CTE of a graphite specimen will therefore show a strong
dependence on the underlying crystal CTE and moduli and the de-
gree of interconnectivity of the crystal structure, but is not likely to
be a strong function of the degree or type of porosity.

2.4.2. Application of the concept to the irradiation behaviour of
Young’s modulus

It has been noted above that irradiation does not fundamentally
change the crystal CTE or moduli.? However, as Fig. 2 illustrates, it
does change the size and shape of the crystals (ligaments) and, con-
sequently, of the porosity. The highly simplified representation in
Fig. 4 shows a structure with complete connectivity between the
individual ligaments and the plates. In other regions of the micro-
structure, the thermal shrinkage stresses associated with cooling
from graphitisation would have led to microcracking, generating
c-axis aligned porosity. It is this alignment that enables thermal
shrinkage cracks to ‘accommodate’ the crystal c-axis expansion, with
the result that the a-axis contraction initially dominates, giving the
bulk behaviour of Fig. 1(a).

Irradiation also affects the connections between crystals or do-
mains, allowing existing bonds to be broken and reformed and new
connections to be made when porosity is closed. It therefore re-
stores to the structure some of the fluidity that exists at graphiti-
sation temperatures. It is this dynamic behaviour that may allow

2 Seldin and Nezbeda [1] show an increase in c44, but the implied increase in this
shear component at the operating temperatures of AGR moderator graphite (~400 °C)
is an order of magnitude less than that required to cause a significant change in the
bulk modulus of a structure such as that shown in Fig. 4.



140 M.R. Bradford, A.G. Steer/Journal of Nuclear Materials 381 (2008) 137-144

the material to undergo irradiation creep when subjected to a
stress, whether externally applied or internally generated. There-
fore, the observed changes in bulk modulus with irradiation are
likely to be the result of a combination of stress relief and struc-
tural change.

In the early stages of irradiation, crystal dimensional change
rates are slow and there will be little, if any, closure of porosity
and increase in connectivity. However, residual internal stress will
be relaxed by creep processes. This, and the rebalancing/stiffening
of initial connections between crystals and domains should affect
the bulk modulus, and experimental evidence suggests that it
does - the rapid initial increase generally known as ‘Pinning’.

As irradiation proceeds, the rate of c-axis growth will increase
and the thermal stress cracks will be closed - slowly at first but then
at an increasing rate, which some HOPG irradiation data [2] suggest
may saturate after an irradiation dose of ~50 x 10%° n cm~2 (Fig. 2).
This crystal shape change drives closure of porosity and an increase
in the proportion of the internal load bearing area relative to the
bulk, causing the modulus to increase slowly.

With further irradiation, the ‘accommodation’ porosity is con-
sumed, and the structural interconnectivity increases in three-
dimensions. Although not immediately apparent from the highly
simplified representation of Fig. 4, this further increases the a-axis
contribution to the bulk modulus and the rate of rise is more rapid.
However, continued c-axis expansion will then begin to strain the
structural network in the surrounding area. Where this strain can-
not be relieved by the breaking and reforming of connecting bonds,
new porosity will be generated by microcracking.

Due to the distribution of the pore and crystallite sizes, pore
generation will not occur simultaneously and uniformly in all re-
gions of the material. Consequently some regions of the bulk mate-
rial will still be undergoing pore closure whilst others undergo
pore growth. Interestingly, the scale at which these two processes
occur is likely to be different: thermal shrinkage microcrack clo-
sure will occur throughout the structure, whilst pore growth, being
driven by relief of stresses caused by crystal strain, may tend to fa-
vour extension of existing cracks and become localised.

Finally, as more aligned cracks are closed, pore generation will
increasingly dominate over the pore closure as the effect of the
c-axis expansion driven pore generation outweighs that of in-
creased interconnectivity, which will saturate as accommodation
porosity is consumed. This causes the modulus to first stop
increasing, then fall Fig. 1(b)).

This consideration therefore indicates that the development
with irradiation of the traditional ‘structure term’ (Fig. 5) may be
considered to be comprised of three components: - pore closure
(densification); increased connectivity, which will saturate as
accommodation porosity is consumed; and crack/pore formation
at higher dose. The identification of the underlying structural con-
nectivity component of modulus is a key aspect of the understand-
ing of the correlation of the irradiation behaviour of graphite
properties.

2.5. The role of the structural connectivity term in the modelling of
graphite properties

2.5.1. Dimensional change

Kelly and Brocklehurst [8] postulated that the observed bulk
dimensional change (as illustrated in Fig. 1(a)) is the result of
two processes — an underlying shrinkage and pore generation. It
follows that the point of maximum shrinkage - the ‘turnaround’
point-occurs when the rates of the two processes are equal.

It is evident from the discussion, above, that pore generation
and the rapid rise in modulus in the mid-dose region both follow
as a consequence of the crystal dimensional change driven closure
of accommodation porosity. Therefore we expect to see a strong

correlation between the dimensional change pore generation rate
and the underlying modulus structural connectivity term. This
agrees with experimental data (Fig. 6).

2.5.2. Coefficient of thermal expansion

The conceptual model illustrated by Fig. 4 suggests that there
should be a strong negative correlation between Young’s modulus
and coefficient of thermal expansion - the greater the degree of a-
axis connectivity, the lower the CTE. This correlation is not clear in
the data for unirradiated samples cut from AGR production
graphites.

However, the possibility of residual stress on cooling from grap-
hitisation temperatures has been raised in an earlier section, and it
is known that an externally applied elastic strain modifies the bulk
CTE [9]. Consequently, it is possible that not only will the unirradi-
ated CTE not fully reflect the underlying structure of the material,
the observed increase in CTE at low-dose (Fig. 1(c)) may be the re-
sult of the relief of residual cooling stress. A similar process has
been postulated as a contributor to the ‘pinning’ component of
Young’s modulus. This suggests that there should be a stronger
negative correlation between the CTE and the modulus after the
initial relaxation of cooling residual stress, and before the pore clo-
sure-induced increase in modulus occurs. Such a correlation is seen
within the available data once any density differences between
individual samples have been accounted for (Fig. 7).

It has also been noted above that, with increasing dose, the
crystal shape change drives the closure of porosity without signif-
icantly increasing the structural interconnectivity. The CTE will
therefore, to first order, be unaffected® during this phase. However,
as the dose increases further, and the accommodation porosity is
consumed, the interconnectivity increases in three-dimensions. As
a result, the influence of the a-axis will increase and the bulk CTE
is expected to fall. Therefore we expect to see a strong negative cor-
relation between the CTE and the underlying modulus structural
connectivity term. Again, this is in full agreement with the experi-
mental data (Fig. 8).

By contrast, pore generation due to continued c-axis expansion
is likely to have little effect on bulk CTE. The high dose increase in
porosity is likely to be dominated by growth of existing cracks and
pores and, since the connectivity in material around the pores will
remain largely unaltered, the continuum theories of CTE behaviour
will apply. Consequently, the interconnectivity model also predicts
that the fall in CTE should not be continual, but should asymptote,
as can be seen in Fig. 1(c).

2.5.3. Strength

As noted by Marsden et al. [10], it has been common practice in
the nuclear industry to equate the change in strength with irradi-
ation, Ao, to the square root of the change in modulus, AE. This has
been rationalised by reference to the Griffith criterion, which is
intrinsically related to the fracture surface energy in a crystal.
However, operational evidence suggests that this assumption
tends to underestimate the increase in strength and Marsden et
al. note that other power relationships (between square root and
linear) are observed. This is particularly the case where trends with
porosity (density) are investigated. The conceptual model illus-
trated by Fig. 4 provides a physically-based explanation for these
observations.

Our illustration of the basic principles behind the structural
model suggests that the effect of an increase in porosity is to re-
duce the internal load bearing area causing the stress in any given

3 Interestingly, a consideration of the relative changes of the shapes of the crystals,
and hence contact areas, suggests that the CTE should fall slightly during the early
densification phase as relatively more of the contact area is made up of a-axis aligned
material, increasing the contribution of that component.
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ligament to increase for a given load. The same principles can be
applied to a porosity change that is induced by crystal shape
change, i.e. the densification and pore generation terms of Fig. 5.
For bulk porosity changes (e.g. weight loss, sequential impregna-
tion), a linear relationship between the change in modulus and
the change in strength is more usually observed [10].

Similarly, we are of the opinion that irradiation ‘pinning’ in-
volves more than one process, one of which is stress rebalancing
and relief throughout the structure. Stress relief processes would
yield an improvement in the strength without significant change
to the modulus, indicating that the net AE—Ac power relationship
for irradiation pinning is likely to be greater than square root. Fur-
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Fig. 8. The correlation between the CTE and the Young’s modulus structural
connectivity term.

thermore, only the underlying structural connectivity term can, in
concept, be related to changes in the crystal network that would
align with the premise of the Griffith criterion and would be there-
fore expected to demonstrate a square root relationship between
AE and Ag. Therefore, our modelling framework strongly suggests
that the combination of pinning, structural connectivity and
porosity changes will lead to a net power dependence for the
AE—Ag relationship that is greater than square root but less than
unity.

3. Description of the mathematical framework

The significant changes in dimensions, modulus, CTE and
strength are all driven by the underlying crystal dimensional
change and the corresponding increase in structural interconnec-
tivity. This, in turn, is driven by the closure of the accommodation
porosity. Therefore, the fundamental basis for any mathematical
framework should be:

e A representation of the underlying (crystal) dimensional change
rate.
e A representation of the accommodation porosity distribution.

Supplemented by:
o Connectivity-pore generation strain rate (dimensional change)

or connectivity-CTE relationships.
e Densification and pore growth descriptions (E, strength).
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3.1. The underlying (crystal) dimensional change

Here we use a modification of the notation previously employed
by Kelly and Burchell [5], where the dimensional change of the
polycrystal was denoted G,, the underlying shrinkage was based
on the crystal shape change parameter Xr, and the volume increase
due to the generation of new porosity (the pore generation strain)
was denoted F,. In our notation, we denote the underlying shrink-
age as G, and retain the pore generation term, F,, thus:

dG, _dG, , dF, a
dy dy dy

Fig. 2 suggests that the rates of change of the crystal dimensions
gradually increase to a saturation level. Other HOPG data [11] sug-
gest that a more parabolic behaviour may be appropriate. We have
examined the HOPG data available and note a strong dependence of
the behaviour on the heat treatment temperature. We further note
that the gradual increase to linear behaviour appears to be the more
widespread for well graphitised material. Consequently we have
chosen to represent the HOPG behaviour, and therefore the under-
lying shrinkage, with the following form (used to produce the fitting
lines in Fig. 2):

dG,
dy —
where A and k; are constants controlling the magnitude and satura-
tion dose, respectively.

A-(1—ehm) (2)

3.2. Accommodation porosity and structural connectivity

The increase in structural interconnectivity is driven by the clo-
sure of the accommodation porosity and therefore can be modelled
by an ‘accommodation pore’ size distribution, combined with a
description of the rate of closure. However, for ease of application,
we currently combine these two factors into a direct description
for the structural connectivity term, which we denote Sc. The con-
nectivity term has an ‘S-curve’ shape, and we find that a standard
distribution function of the normal or log-normal type provides an
adequate description of the behaviour, i.e. (for the normal distribu-
tion case):

Sc(y)=B- /yio (\/zl_no' e PZQZ} > e ?

where i and o are, respectively, the mean and standard deviation of
the (in this case) normal distribution function and B is a scaling fac-
tor that determines the magnitude of the connectivity term.

The example given here is for the case where the ‘pinning’ and
structural connectivity terms are all combined additively. How-
ever, Eason et al. [12] demonstrate that for the case where the
terms are combined factorially, the approaches are algebraically
equivalent if the structure term (here, the connectivity term) is de-
fined as

Se(7) =1+5c()/P (4)

where P is the low-dose saturated value of the irradiation pinning
term.

3.3. Connectivity-pore generation strain rate relationship and bulk
dimensional change

We find that, with the structural connectivity term described as
above, a good description of the pore generation strain rate, and
hence the overall dimensional change behaviour, is obtained using
the following relationship, as follows:

dG,

dF,
T 5)

o
where C is a constant that determines the magnitude of the pore
generation strain rate. The term in G, is included to allow for the
case where pore closure occurs whilst the underlying shrinkage rate
has not reached saturation. For the practical cases shown below,
saturation is complete before Sc begins to be significant and Eq.
(5) effectively reduces to a simple linear relationship. The bulk
dimensional change is then given by integration of Eq. (1).

C-Sc(y) -

3.4. Connectivity-CTE relationship

We find that a simple linear relationship is also adequate to de-
scribe the relationship between the structural connectivity and the
CTE,0-120, as follows:

CTE,
CTEs:

where D is a constant and CTE,, is the low-dose ‘residual stress an-
nealed’ CTE;q_120.

1-D-Sc(y) (6)

3.5. The effect of densification and pore generation on Young’s
modulus and strength

It is assumed that the Young’s modulus densification and pore
generation terms, Gg and Fg, respectively, can be modelled using
standard exponential, Knudsen-type, relationships, as follows:

Gg — et (7)
Fr= e Frer (8)

where ¢ and fg, and &g and &g, are the respective Knudsen relation-
ship constants and fractional volume changes associated with the
underlying shrinkage and pore generation. The Young’s modulus
at dose, 7, is then given by

E;, =Eo(P+5Sc(y)) - Gg - Fe 9)
and the strength is given by

0, =00/ (P+S5c(y)) - G - Fg (10)

Equivalent formulations to Eqs. (9) and (10) can be drawn up for the
case where P and Sc(7) are combined factorially.

We have chosen to retain the assumption that the strength is
dependent on the square root of the ‘pinning’ term while further
investigations are carried out into the this component of the irra-
diation behaviour. However, since or model indicates that the ac-
tual power dependence may be greater than square root, we
expect the current formulation to lead to a small, but systematic,
bias towards lower predicted strength than is observed.

4. Discussion
4.1. Application to experimental data

To date, the equation framework has been tested against data
from the following graphite sources across a range of temperatures
of applicability to both current and future operating reactors. The
comparisons include:

e Gilsocarbon based ‘pre-production’ material
e Gilsocarbon based ‘AGR production’ material
e US and German HTR grade materials (H-451 and ATR-2E).

The comparisons have been carried out by an iterative-linear
least squares fitting to the data. The order of fitting has been:
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underlying shrinkage rate (Eq. (2)), wider dimensional behaviour
(Egs. (3) and (5)), then Young’s modulus (Egs. 3, 7, and 8, with iter-
ation on Eq. (5) due to an implicit coupling) and finally CTE (Eq.
(6)). The strength behaviour is a genuine prediction based on the
constants derived for modulus. These initial comparisons suggest
that the equation framework is of widespread applicability. How-
ever, for brevity we present the results of only two comparisons:

Fig. 9(a)-(d) presents the results of the comparison against the
Gilsocarbon pre-production grade PI-6 obtained in Dounrey Fast
Reactor DFR at around 400 °C [13]. PI-6 is the Gilsocarbon graphite
grade for which the most extensive dataset exists across all four
properties on the same samples. In particular, this is one of the
most complete materials test reactor strength datasets that exist
for Gilsocarbon graphites.

The scatter in the measured properties is high. This is in part
due to variations in the irradiation temperatures of the various
samples. Nevertheless, it can be seen that the form of Eqs. (1)-
(10) provides a very good description of the trend in the data
and captures the key behaviours, including the suggestion that
the form of Eq. (10) introduces a slight systematic bias into the pre-
diction of irradiated sample strength.

Fig. 10(a) and (b) presents the comparison against the data for
HTR grade ATR-2E, irradiated at 500 °C, which were presented at
the first International Graphite Specialists Meeting (INGSM-1)
[14]. Although data for only two properties (dimensional change
and modulus) are available, the scatter in measurements is consid-
erably less than for the PI-6 grade, and provides a better visual
comparison of the capability of the modelling framework.

The level of agreement achieved against the experimental data
is highly encouraging,

At present, the approach described here is semi-empirical - the
equations are firmly rooted in a physical understanding of the
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underlying material behaviour, but the precise predictions for
any given graphite grade require some data to aid in the determi-
nation of the appropriate constants. A wider comparison with
experimental data should allow us to identify which of the fitting
parameters are constants, which vary according to the graphite
grade and whether any changes to the equation framework are
necessary to enable the model to be fully predictive. Nevertheless,
whilst this development continues, the physical basis for the
descriptions increases the confidence in the ability of the model
to make predictions beyond the limits of the dataset. This is partic-
ularly beneficial where full and prototypic data are scarce - as in
the case of simultaneous irradiation and radiolytic oxidation.

4.2. The influence of radiolytic oxidation

In contrast to its thermal counterpart, which is predominantly
limited to the gas transport porosity, radiolytic oxidation acts
throughout the whole of the open porosity within the structure.
The processes that control radiolytic oxidation act in such a way
that it is most efficient in small, slab shaped pores, and favours
the corrosion of the outermost planes of a crystal [15]. Both of
these aspects come together to suggest that open thermal shrink-
age cracks will be oxidised efficiently in such a way as to increase
the available accommodation porosity. From the discussion pre-
sented here, it can be seen that this would be expected to lead to
a delay in shrinkage turnaround, for which there is clear evidence
in support from material test reactor experiments [16].

However, since it is the closure of the accommodation porosity
that leads to the increase in structural connectivity, Sc(7), radiolytic
oxidation is now expected to delay the onset of any phenomena
that are linked to this term - specifically the rapid increase in
modulus at moderate dose and the accompanying fall in CTE.

b o
~ 50
©
o
2
» 40
S
3
o 30
=
»
220
3
o
> -
10 « Perpendicular o Parallel
—— Prediction - - - Prediction
0
0 50 100 150 200 250 300 350 400
Dose (EDN x 10%° ncm?)
d 3

Strength Ratio (0/9)

4 Perpendicular
0.5 — Prediction

0 50 100 150 200 250 300
Dose (EDN x 10% ncm™)

Fig. 9. Comparison of observed and predicted behaviour for graphite grade PI-6 at ~400 °C: (a) dimensional change; (b) Young’'s modulus; (c) coefficient of thermal

expansion; (d) strength.
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Fig. 10. Comparison of observed and predicted behaviour for graphite grade ATR-2E at 500 °C: (a) dimensional change; (b) Young's modulus.

Information in support of both of these predictions is beginning to
be obtained from the operating AGR reactors.

The prediction in respect of the behaviour of CTE is particularly
significant since there is evidence that neither radiolytic [17] or
thermal [7] oxidation has any significant effect on the CTE of unir-
radiated graphite. This is consistent with the continuum models of
CTE [7], as discussed earlier in this paper. The significant advance
made by the structural model presented here is that the effect of
radiolytic oxidation on the irradiation induced change to the con-
tinuum can now be identified and reconciled with emerging
information.

4.3. Summary of current position

The modelling described here has therefore achieved our initial
goal of designing improved framework models with self-consistent
assumptions that are consistent with often seemingly disparate
experimental data. This increases the confidence in the ability of
semi-empirical models to make reliable predictions beyond the
limits of the database used in their derivation. The next phase of
our investigations will focus on the fitting constants and whether
there are clear interactions between them that will enable us to
take the equation framework and generate a model that is genu-
inely predictive.

5. Conclusions

A model of the behaviour of irradiated graphite has been devel-
oped, based on an understanding of the interconnection of the crys-
tallites within the structure. The approach has enabled the
identification of the most significant correlations that exist be-
tween certain of the properties.

It has been shown that the currently used definition of the
‘structure term’ of Young’s modulus can be considered to be a com-
bination of three separate processes - pore closure driven densifi-
cation, increased structural interconnectivity and (latterly) pore
generation. The structural interconnectivity component of modu-

lus is closely linked to the changes in other properties such as
dimensional change rate and coefficient of thermal expansion
and may be used to define self-consistent models for the simulta-
neous irradiation and oxidation behaviour of these three
properties.
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