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ABSTRACT

Based on the HTR/VHTR design concept, the microstructure of nuclear graphite available for HTR/VHTR reactor is
reviewed. The relationship between the irradiation damage mechanism to graphite crystal and the irradiation
behaviour of polycrystalline graphite is analyzed under the condition of interest to HTR/VHTR. New methods and
tools are being developed for stress analysis and failure prediction of nuclear graphite componentsin HTR/VHTR.
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1 INTRODUCTION

There are two main high-temperature gas cooled reactor (HTR) design concepts: a pebble-bed concept (as used in
AVR, THTR, HTR-10 and PBMR) and a prismatic concept (as used in Dragon, Peach Bottom, Fort St. Vrain, HTTR
and GT-MHR) [1,2]. In al these designs, the graphite is employed as a moderator and/or major structural
components which provide channels for the fuel and coolant gas, and control and safety shut off devices, as well as
providing thermal and neutron reflection and shielding. In addition, graphite components may act as a heat sink or
conduction path during reactor trips and transients.

During HTR operation the dimensions and material properties of graphite components are changed by fast neutron
irradiation as a function of irradiation dose (fluence) and temperature. The physica changes to the graphite
properties that are of concern to the HTR designers and operators are: dimensional change, coefficient of thermal
expansion, Young's modulus, strength, thermal conductivity and irradiation creep. Young's modulus, strength,
thermal conductivity and creep are al modified by weight loss. There is also evidence that dimensional change is
modified by weight loss, however in an HTR the level of weight loss is unlikely to be significant enough to affect
dimensional change.

The reason these dimensional and property changes are important is that they all change as a function of irradiation
dose and irradiation temperature and these changes coupled with dose and temperature gradients lead to significant
component stresses and distortions. The distortions can lead to coolant flow bypass, neutron streaming and control
rod channel distortion. If not accounted for the stresses and distortions could lead to component failure, coolant flow
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bypass (or blockage) and control rod entry restriction.

In HTR designs some graphite components are replaced at regular intervals along with the fuel, such as the prism
fuel blocks. Others can easily be changed part way through reactor life, such as the replaceable reflector in the prism
type design. However, other graphite components such as the permanent reflector may be more difficult to replace
and therefore may have to retain their integrity for the whole life of the reactor. Therefore, it is important that the
reactor designer understands how the nuclear graphite will behave throughout its life in reactor, through graphite
component stress analysis and failure predictions for the graphite core components.

The irradiation behaviour of graphite is strongly dependent on its virgin microstructure, which is determined by the
manufacturing route. Fortunately there are available irradiation data on many obsolete types of graphite of known
microstructures. There is also a fairly well, but to completely, developed physical understanding of the process of
irradiation damage in graphite.

Reliable structural analysis and failure prediction tools and methods are the subject of ongoing studies. Based on the
knowledge of irradiation behaviour, the finite element method has been used for structural calculations and failure
prediction bt applying user-defined material and user-defined element to nuclear graphite behaviour.

This paper discusses the irradiation behaviour of nuclear graphite available for HTR/VHTR reactors as well as the

structural analysis and failure prediction methods for graphite core components. All doses in this paper are given as
Equivalent DIDO Nickel Dose (EDND).

2 NUCLEAR GRAPHITE IN HTR/VHTR REACTORS

2.1 Polycrystalline graphite microstructure

Nuclear graphites are polycrystalline in structure being manufactured from moulded and extruded petroleum cokes
and a suitable binder. The final polycrystalline microstructure is determined by the structure of the coke and the
binder phase and also by the manufacture process. The manufacture process leads to a product with approximately
20% porosity either as gas evolution pores in the binder or within the crystallite longitudinal cracks of various widths
often referred to as Mrozowski cracks.

At the crystallite level the graphite has strong hexagonal basal planes with much weaker bonding between the planes.
Due to the large difference in the coefficient of thermal expansion in the two crystallographic directions, on cooling
from the graphitization temperature ~3000°C large numbers
of ““Mrozowski’ cracks can appear in the ‘c’ direction. It is
this “cracked” structure that gives graphite good thermal
shock resistance, allowing large crystal expansion in the ‘c’
direction without leading to inter-crystalline cracking. These
cracks also provide accommodation spaces that can be taken
up by irradiation-induced crystal growth and play an
important role in determining component property changesin
reactor.

Beyond this scale, the crystallite structures are joined together
and follow the general shape of the coke particle. There are
many larger cracks and fissures which also tend to follow the
coke particle shape. Examples of this are illustrated in Figure
1. It can be seen that the general alignments of the ‘a axisis
with the “flow” of the coke particle with the ‘c’ axis
perpendicular to this direction. It can also be seen that the

shape, size, distribution and orientation of the coke particles  Fig, 1 Micrograph of pitchcoke graphite

will strongly influence the material property of the final (produced by Shahed Bhagga-Fazluddin)
graphite component. p y g9
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Some modern types of graphite, such as 1G-110, are manufactured from finely ground coke particles, which can
produce semi-isotropic properties. The coke particles are usualy bound together using a pitch binder. The binder
itself will probably be mixed with a “flour” consisting of finely ground coke and possibly scrap graphite. The baked
structure may have also have been impregnated once or twice to increase the overall density. The binder structure can
be clearly distinguished in Figure 1. Features that are of interest are the randomly ordered, well-structured, small
particles and the large gas evolution pores.

2.2 Irradiation damage to the graphite crystal

Fast neutron energies in a thermal reactor range from less than 1eV to ~10MeV with a mean energy of ~2MeV.
Radiation damage occurs in graphite due to carbon
atoms being displaced from the crystal lattice.

Simmong[ 3] used theory based on work by Bohr to
establish the nature of damage throughout the graphite
|attice. He showed that at high energies the probability
is greater and that the energy transfer from a primary NEUTRON

knock-on is only a small fraction of the initial energy

Of the mOVIng atom. At Iower energles there IS a DISPLACEMENT CASCADE IN GRAPHITE UNDER NEUTRON
tendency towards an equal distribution between the IRRADIATION — SCHEMATIC

moving and struck atoms. Simmons also showed that (@) Interstitial defects (6) Vacancy defects
for the primary knock-ons, a high energies, the mean

S —
distance between displacement collisions was large ﬁ:ﬁﬁs wm”“ *
compared with the graphite lattice inter-atomic ’

spacing. The secondary knock-on energy is less than DA A (1) Single vacancy (2) b -vacancy
500eV; at this energy, the mean distance between Dose increase Dose
collisions becomes comparable to the lattice spacing. /"”e“e
From the work of Simmons it is therefore predicted S ESEHES

that a primary knock-on would produce separate ( —="sepeeeee ——%
groups of secondary knock-ons as illustrated in Figure }x—"—_—//_—ﬁ: »

2. Interstitial loop Interstitial (3) Vacancy-line (Schematic)

diffusing to loop

Displaced carbon atoms may recombine into vacant

positions within the graphite crystal lattice become —_— =
lost to the boundaries, or combine with other atoms to —_—
form interstitial loopsin the relatively large inter-layer (4) Vacanoy — loop
SpaCIng Likewise vacant sites may eventuale jOin (Circular or hexagonal in-plane)

together to form small vacancy loops which may
eventualy lead to collapse of the basal planes.

Fig. 2 Displacement cascade and the formation
of interstitial loops
2.3 Irradiation behaviour of graphite crystal

Irradiation damage changes the material properties of the graphite crystal: such as dimensional changes, coefficient
of thermal expansion, mechanical properties and therma conductivity. To understand the irradiation behaviour of
nuclear polycrystalline graphite, it is essential to understand the behaviour of the graphite crystallites that are the
main structural component of nuclear graphite.

Dimensional changes Crystal dimensional changes have been studied by Kelly[4] using pyrolytic graphite. The
experimental data is shown in Figure 3. At higher irradiation temperatures, above ~750°C there appears to be an
increase in dimensional change rate which is dependent on the crystal size. In addition in this temperature range there
is an increase in the irradiation creep rate. Both these affects may be related to the change in shrinkage behaviour in
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polycrystalline graphite that occurs between 800 and 1100°C.

(@ (b)
Fig. 3 Crystal dimensional change

Coefficient of Thermal Expansion (CTE) The CTE of a graphite crystal is much larger in the ‘¢’ direction than in
the ‘a direction. When subjected to fast neutron irradiation at relatively low temperatures, below ~250°C, the CTE in
the ‘¢’ direction reduces at a dose of ~ 5 x 10%° n/cm?, whilst at a similar dose the CTE in the ‘& direction increases
from a small negative value to a small positive value. This behaviour appears to be associated with the large growth
in the ‘c’ axis at these lower irradiation temperatures. Fortunately this complication is not of interest for HTR
technology.

At higher irradiation temperatures, above ~300°C, the CTE of the crystallite in both the ‘@ and ‘c’ appears to be
independent of irradiation dose, remaining at the unirradiated value, however data to confirm this finding only exists
for ~450 and 600°C.

Mechanical properties The mechanical properties of the crystallite were studied by Kelly[5]. Aswould be expected
by consideration of the structure of the crystal lattice, the modulus parallel to the basal plane (Cy) is much larger
than that perpendicular to the basal plane (Css). The shear modulus paralel to the basal plane (C,) is relatively low,
but the shear modulus for a single layer (C;) is higher. With irradiation Cs; tends to dightly reduce whilst C,
significantly increases. Both these elastic moduli are associated with inter-layer forces.

Thermal conductivity The changes to thermal conductivity with irradiation are large and are dependent on the
irradiation temperature. The graphite crystal possesses two principal conductivities, K and K5, measured parallel

and perpendicular to the hexagonal axis. Measurements[5] have shown that Ka>>K..

In the temperature ranges of interest in HTRs the thermal conductivity of a graphite crystal is dominated by lattice
vibrationg[6]. At high temperatures, the conductivity of the crystal both perpendicular and parallel to the basal plane
is controlled by phonon scattering. Phonon scattering is increased by increasing temperature. In a less than perfect
crystal, scattering will occur at defects and the effect of irradiation will increase the number of defects within the
lattice, thus reducing the thermal conductivity.

2.4 Polycrystalline graphite irradiation behaviour

The changes in material properties in a polycrystalline graphite are governed by the irradiation-induced changes in
the crystallites and the interaction of the crystallites with the porosity within the graphite.

Dimensional change and CTE Dimensional changes in most types of nuclear graphite are anisotropic. At all
temperatures of interest for HTRs modern types of nuclear graphite shrink both parallel and perpendicular to the
grain before “turning-around” and swelling until the original volume is attained and beyond. Turn-around occurs
later and is at a larger shrinkage paralel to the grain direction than perpendicular to the grain direction. This
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behaviour can be explained by reference to the micro cracks. These cracks take up the ‘¢’ crystallite expansion, thus
up to turn-around the ‘@ shrinkage dominates the irradiation behaviour. However when all of the accommodation has
been taken up the ‘c’ axis expansion starts to become dominant and the polycrystaline graphite turns-around and
starts to swell. This expansion can only continue to a certain point as straining of the polycrystalline structure will
eventually lead to degradation of the structure and loss of strength.
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Fig. 4 Dimensional change in Gilsocarbon Fig. 5 Irradiation-induced changesin the
graphite CTE in Gilsocarbon graphite

Figures 4 shows the dimensional change curves for Gilsocarbon graphite irradiated over the temperature range 430-
1430°C. These curves are typical for modern graphite, the important features that should be noted that:

® Thelarge reduction in the dose to turn-around between 600 and ~900°C.

® Themarked change in behaviour of the curves for graphite irradiated above 900°C.

® Therapid swelling of graphite after turn-around at the higher temperatures.

Figures 5 shows the irradiation-induced change to the CTE between 430-1240°C. These curves are typical for
modern graphite, the important features that should be noted that:

® Theinitia increasein CTE attributed to the closure of the Mrozowski cracks.

e Thefall of CTE with dose after thisinitial peak

® Thelevelling out of CTE at very high dose.

It can be seen that the peak in CTE and dimensional change turn-around do not coincide and there is some evidence
that these features are related to different aspects of porosity (cracks sizes) within the graphite structure.

Young's Modulus The stress-strain behaviour of polycrystalline graphite is highly non-linear, both in tension and
compression, with the stress to strain relationship increasing with increasing cyclic stress. The elastic modulus of
graphite increases with temperature up to ~2000°C before decreasing to zero at ~3000°C. Over the temperature range
of interest in HTR designs, the increase is small, but the designer may want to take it into account.

Figure 6 shows the change in Young's modulus with irradiation dose in Gilsocarbon graphite. Again this behaviour is
typical of modern nuclear graphite. Features to note are:
® Therapid increase in modulus contributed to pinning.
Thefollowing relatively slow increase
The second increase in modulus due to tightening of the structure
The final fall off in modulus at very high dose

Irradiation creep Irradiation creep is one of the most important physical properties of graphite, asit is the ability of
the graphite components to creep when irradiated that reduces stresses that would normally lead to component failure
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early in reactor life. Unfortunately, the data and theory for irradiation creep are limited and contradictory.

Irradiation cregp strain in graphite in the UK is usually described by the Brocklehurst-Kelly model [7], where for
both positive (tensile) and negative (compressive) creep by a simple linear visco-elastic model which includes a
primary and secondary creep term:

1% e |+ K g
E E '

C C
where o is the applied stress, E, is the creep modulug8], y is the neutron dose, «(T;) and A(T;) are irradiation
temperature and dose dependent factors and K and y, are constants.

= a(T.

@

It can be seen from the datain Table 1 [7] that in the HTR temperature range both «(T;) and A(T;) are a function of
temperature. This behaviour is also confirmed by the Russian and US creep laws[9].
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Fig. 6 Irradiation-induced changes to Young's

modulus in Gilsocarbon graphite

Fig. 7 The relationship between the CTE

and creep strain

Table 1 Creep rate temperature dependence

T,(°C) a(T) AT)*

300-650 1 1.0
850 1 15
1050 3.5 15

* Assuming K=0.23

A Poisson’s ratio of 0.5 is usually associated with creep in metals. However, data obtained in the many irradiation
creep experiments on graphite indicate that a value of Poisson’s ratio for creep the same as that for elastic ~0.2 is
more appropriate [7].

Data for the relationship between irradiation creep strain and the coefficient of thermal expansion is given in several
publications including Kelly and Burchell [10]. Figure 7 gives the small amount of information on the relationship of
creep strain to CTE derived from various experiments.

It was considered that the changes in CTE applied not only to strains induced by irradiation creep, but also to a small
extent by elastic strain [11]. A series of experiments were devised to determine the longitudinal and lateral changes
due to large eastic strains in unirradiated Gilsocarbon graphite [12]. These experiments revealed an unexpected
result; the changes in CTE under relatively small elastic strain were of the same magnitude as the changes in CTE
due to the much larger irradiation creep strain.
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In the late 1970s high dose creep data became available for both German and US graphites. This data was for
irradiation at and beyond volumetric turn around. This high dose data gave some unexpected results shown in Figure
8

® At high dose there was a difference between the creep rate in tension and compression.

® Therewasasignificant reduction in creep rate at “turn around”

® Therewasasignificant increase in creep rate as the volumetric expansion returned to zero

Thermal Conductivity The thermal conductivity of polycrystalline graphite is a function of dose and temperature. In
graphite technology, it is usual to work in thermal resistance 1/K (K is thermal conductivity). Figure 9 shows the
thermal resistivity changes of Gilsocarbon graphite.
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Fig. 8 High dose creep data comparedtothe  Fig. 9 Thermal resistivity changes for
UK creep rule Gilsocarbon graphite

3 STRESS ANALYSIS OF GRAPHITE CORE COMPONENTS

The finite element (FE) method is widely used to complete structural analysis in a variety of areas, especialy for
complex structures. In order to take stress analysis of nuclear graphite core components using FE method, the
irradiation behaviour of graphite must be taken into account. Based on the commercial finite element code ABAQUS,
the user material subroutine UMAT has been developed to model the graphite constitutive law under irradiation and
high temperature [13].

The constitutive law defined in UMAT is:

gtotal :ge+8pc+gsc+gth +gdc+gith +gidc (2)

and
oc=D-&° (3)
where £ g% ™ & &M &% ™ and £'® are the total strain, elastic strain, primary creep strain, secondary

creep strain, thermal strain, dimensional change strain, interaction thermal strain due creep and interaction
dimensional change strain due to creep respectively. o isthe stress and D isthe elastic matrix.

In each increment of the numerical solution, (2) and (3) are given in an incremental form as:

A = Ac®+ Ae™ + Ac® + Ae™ + Ae®™ + Ae™ + Ae'® (%)
and

Aoc=D-Ac®+AD-&° (5)
where the creep strain increments Ae™and Ae™, dimensional change increment Ae®and the two interaction

items A& and Ag'® are calculated accordi ng to the irradiation-induced property changes as described in section
2.4. But the irradiation dose, temperature, weight loss and attack rate need to be provided as field variables for the
calculation.
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4  FAILURE PREDICTION OF GRAPHITE COMPONENTS

Graphite is a brittle material and the failure strength depends on component size, geometry and mode of loading. For
specimens of asimilar size, graphite is stronger in compression than bending and stronger in bending than tension. In
regions of high stress concentration components have a much higher failure stress than would be predicted from
small-scale testing. Thusit is difficult to predict the failure of a graphite component from small specimen tests even
without considering the complexity of irradiation damage. In the UK, it has been the practice to carry out failure tests
on full size componentsin all of the predicted loading modes. These tests, along with finite element assessments are
then used to predict the failure stress at the critical load. Asfailure is a statistical process it is necessary to carry out
enough tests to determine the mean and standard deviation for use in probabilistic assessments. Having obtained
these data for the unirradiated components, the failure stresses are then modified for the effect of fast neutron
irradiation and thermal or radiolytic oxidation using the methods described below. The development of a more
rigorous and flexible method of predicting failure in graphite components, without the need for full-scale tests, is
continuing.

4.1 Strength under irradiation

Fast neutron irradiation rapidly increases the strength due to pinning of the dislocations in the basal planes.
Following this initial hardening, there is a further increase in strength with increasing dose, due to structural effects,
until apeak isreached after which the strength decreases due to the generation of porosity.

Orchard and Losty[14] proposed that Griffith failure criteria applied to graphite and that failure would occur at a
constant strain energy to failure per unit volume. Thus the strength of irradiated graphite could be equated to the
strength of unirradiated graphite by;
lo 10°
2E, 2 E
where E, and o, are the unirradiated modulus and strength and E and o are the irradiated modulus and strength. This
led to the well-used relationship:
n
o E
2 - [_j ()
o, E

By experimentation on various graphites, for the irradiation temperatures between 300°C and 500°C, this
relationship has been shown to hold good. However, at very high irradiation doses and temperatures of interest to
HTRs the relationship breaks down and ‘n’ is considered to approach unity.[15]

(6)

where nis aconstant and n> 0.5.

4.2 CDM failure model

Recently a failure model, based on continuum damage mechanics (CDM), has been developed for nuclear
graphite[16]. The CDM model couples together the effects of mode-1 and mode-Il loadings. An interface with no
thickness is introduced into the continuum solid at positions where potential crack surfaces may form. Within the
interfacial congtitutive law, which relates tractions and displacements across the interface, a damage parameter is
introduced to take account of the effects of damage such as mcro-cracking. A damage surface is then constructed
using both the conventional stress-based and fracture-mechanics-based failure criteria. Therefore, the CDM model
can predict both the initiation and propagation of cracks in components with high stress concentration or even stress
singularity.

The interface tractions over the representative volume, i.e., interfacial direct and shear stresses, can be expressed as
t=k'l-0)s (=123 ©)
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where t, arethetractions on the interface, o, are the relative displacement components across the interface, and kio
are the constraint or penalty stiffness of the interface.

A damage surfaceis constructed as:

F(t,G)=6(t)+6,(G)-1=0 (9)
where & is a stress-based failure criterion and ey is a fracture-mechanics-based criterion.
2 2
es:tiz+t72 and eg=i+& (10)
t1c t2c GIC C;IIC
where G (i=l, Il, I11) are the conventional critical energy release rates.
Thus the damage evolution law can be given as:
3
do =) D,dS, (12)
i=1
where
oF oF 3, oF
D =[—(1-w)k®+—t]1/> —k°5. 12
=l ¢ )'ae']éat.ll (12)

i j

The incremental interfacial constitutive law can then be obtained in terms of the incremental relative displacements.

Once the stress-based failure function e reaches unity, damage initiates. As relative displacements continue to
increase, damage develops while tractions decrease. When the fracture-mechanics-based failure function e, equals
unity, the damage parameter o reaches unity at the same time. The tractions are reduced to zero and complete crack
surfaces are formed.

A more general damage surface can be constructed by replacing the fracture-mechanics-based failure function g,
with fg = egn. When the polynomial power n is equa to 1, the resulting traction-displacement curve is bilinear.

Increasing n reduces the shrinkage rate of the damage surface, causing the traction to decrease very slowly in the
early stage after damage initiation. If n is very large (n = 100), the elastic-perfectly plastic curve will be obtained.
For materials which exhibit a flexural strength higher than the tensile strength, the * elasti c-perfectly plastic’ softening
rule is recommended for failure analysis using the CDM model. For nuclear graphite investigated at present, a
softening power of n = 100 would be appropriate[17].

Failure predictions using the new model for various virgin graphite components, including three-point bending, four-
point bending, and brick slices under internal and external stress tests have provided very good agreement with
experimental data.

The CDM model can be used together with a User Material subroutine (UMAT) using ABAQUS to simulate the
failure process of nuclear graphite under irradiation and radiolytic oxidation. In this case, the graphite strength t;.
(i=1, 2, 3) and the critical energy release rates G (i=l, II, I11), like other material properties, will be changed by
fast neutron irradiation and radiolytic oxidation.

5 CONCLUSION

The microstructure of nuclear graphite available for HTR/VHTR reactor has been introduced. The irradiation
damage mechanism to graphite crystal is the basis to understand the irradiation behaviour of graphite crystal and
polycrystalline nuclear graphite. The irradiation-induced property changes under the condition of interest to
HTR/VHTR, including dimensional change, irradiation creep, changes of Young's modulus, CTE and thermal
conductivity, are summarized. The UMAT code and CDM model can be used to make the stress analysis and failure
prediction of nuclear graphite componentsin HTR/VHTR.
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