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a b s t r a c t 

The graphite bricks of the UK carbon dioxide gas cooled nuclear reactors are subjected to neutron ir- 

radiation and radiolytic oxidation during operation which will affect thermal and mechanical material 

properties and may lead to structural failure. In this paper, an empirical equation is obtained and used 

to represent the reduction in the thermal conductivity as a result of temperature and neutron dose. A 2D 

finite element thermal analysis was carried out using Abaqus to obtain temperature distribution across 

the graphite brick. Although thermal conductivity could be reduced by up to 75% under certain condi- 

tions of dose and temperature, analysis has shown that it has no significant effect on the temperature 

distribution. It was found that the temperature distribution within the graphite brick is non-radial, dif- 

ferent from the steady state temperature distribution used in the previous studies [1,2] . To investigate 

the significance of this non-radial temperature distribution on the failure of graphite bricks, a subsequent 

mechanical analysis was also carried out with the nodal temperature information obtained from the ther- 

mal analysis. To predict the formation of cracks within the brick and the subsequent propagation, a lin- 

ear traction–separation cohesive model in conjunction with the extended finite element method (XFEM) 

is used. Compared to the analysis with steady state radial temperature distribution, the crack initiation 

time for the model with non-radial temperature distribution is delayed by almost one year in service, 

and the maximum crack length is also shorter by around 20%. 

© 2017 Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Nowadays, in the UK, the gas-cooled graphite moderated type

ominates over 90% of the nuclear reactor [3] . Graphite is also con-

idered to be used within the design of the new reactor generation

such as the Helium gas cooled very high temperature reactor or

HTR) as structural support and as moderator because of its ex-

reme purity, ability to withstand extremely high temperatures [4] .

he core structure of the reactor is formed from joining graphite

ricks, with keys and keyways. During operation, graphite is ex-

osed to neutron radiation and temperature gradients that could

ause irradiation and radiolytic oxidation. These occurrences will

ffect material properties such as weight loss, porosity changes and

hermal conductivity which can potentially lead to material and

tructural failure [5] . 
∗ Corresponding author at: Department of Engineering & Mathematics, Faculty of 

CES, Sheffield Hallam University, Sheffield, S1 1WB, UK. 
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Future reactors such as VHTR are expected to operate at higher

emperatures than the current reactors and its core outlet tem-

erature (COT) will be about 10 0 0 °C [5–8] . In order to enhance

hermal efficiency of future nuclear reactors, extensive research has

een carried out, aiming to provide an improved design for future

eactors [6–10] . As the reactor is exposed to neutron dose and tem-

erature, many material properties are changed by irradiation and

adiolytic oxidation if air or carbon dioxide is used as a coolant.

ome of the properties of nuclear graphite which change under

ervice conditions include elastic properties and thermal expan-

ion coefficient, irradiation creep, irradiation induced dimensional

hanges. The prediction of the nuclear graphite lifetime and its

tructural integrity are significant issues for the safety and reliabil-

ty of reactor operation that could be affected by changing proper-

ies. 

In previous studies [2] , a constitutive model has been developed

or the effects of mechanical properties changes on stress states

ithin the graphite brick. Resultant crack development from the

tress state within the brick was also studied in [1] . For previous

tudies, steady state temperature distribution was used to calcu-
Y license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Thermal resistivity variation with fast neutron dose as a function of dose 

and temperature [12] . 
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late thermal stress assuming that thermal conductivity of graphite

brick remains constant across the brick during the operation. It

was also assumed that the temperature distribution is linear across

the graphite brick. However, studies [11,12] have shown that ther-

mal conductivity of nuclear graphite changes with both tempera-

ture and fast neutron irradiation. Hence, a new thermal analysis is

required to calculate the temperature gradient across the brick by

considering the changes in thermal conductivity due to dose and

temperature. 

In this paper, an empirical equation for the evolution of thermal

conductivity is derived from available experimental data by Mars-

den et al. [12] . Using this relationship with relevant thermal prop-

erties, a thermal analysis is carried out. Resultant nodal temper-

atures are then implemented into mechanical finite element (FE)

model with a constitutive model developed in [2] and fracture

mechanics based damage model developed in [1] . Stress analyses

and crack development are then carried out. Comparisons are also

made to models with the linear temperature distribution across

the brick. 

2. Empirical relationship of thermal conductivity of graphite 

with neutron dose and irradiated temperature 

The effects of temperature gradients and irradiation can induce

damage to the graphite bricks and this leads to changes in its ther-

mal conductivity. The common approach is based on relating ther-

mal conductivity (K) to summation of thermal resistances (1/K) as

a result of scattering hurdles [13,14] 

K ( x, T ) = 

α( x ) (
1 

K GB 
+ 

1 
K u 

+ 

1 
K RD 

) (1)

where the term α( x ) is a coefficient, which is function of orien-

tation terms (basal plane, x ), 1 
K GB 

is the thermal resistance due

to grain boundary scattering, 1 
K u 

is the thermal resistance due

to Umklapp scattering or the so-called phonon-phonon scattering

[14] , and 

1 
K RD 

is the thermal resistance due to lattice defect scat-

tering. K GB depends on the graphite perfection and is taken into

account only for lower temperatures, as it is insignificant at inter-

mediate and high temperatures. K u can be scaled as a quadratic

function of temperature [14] and it controls thermal conductivity

at higher temperatures. Finally, K RD depends on the neutron irra-

diation, as the latter plays a significant role in producing various

types of defects, which are more effective in scattering phonons.

Therefore, many studies [5,13,15] emphasise that the change in

conductivity is only caused by the phonon scattering in lattice de-

fects. This phonon scattering increases with temperature. Hence it

is necessary to consider both irradiation dose and temperature to

estimate the change in thermal conductivity. 

For significant nuclear irradiated graphite grades e.g. Gilsocar-

bon, Kelly [11] proposed a formula as shown in Eq (2) , to calculate

the thermal conductivity. It includes the terms, f and S k , obtained

empirically as a function of dose and temperature [12] . 

1 

K ( T ) 
= 

1 

K o ( 30 ) 

[
K o ( 30 ) 

K o ( T ) 
+ f .δ( T ) 

]
S k (2)

where f is the initial irradiation induced change equal to K o ( 30 ) 
K i ( 30 ) 

=
K o ( 30 ) 
K( 30 ) 

− 1 and S k is a structural term which allows decrease in

thermal conductivity at higher dose. Marsden et al. [12] used

Eq (2) on irradiated and unirradiated graphite samples. The ther-

mal conductivity is shown to be directly proportional to the op-

eration temperature (T) for irradiated graphite but the opposite is

true for unirradiated graphite. 

Without using an atomistic physical approach for calculating

of the variation of thermal conductivity for the graphite such as
he one proposed in [16] , the thermal conductivity dependence

n dose and temperature can be deducted from experimental data

urves or include empirical terms obtained from the experiments

sing Material Test Reactor (MTR). In the current paper, thermal

onductivity variation results of MTR from Marsden et al. [12] are

sed to generate the empirical equation. The variation in ther-

al resistivity with temperature and dose is illustrated in Fig. 1 .

he data was obtained from the nuclear experiments with equiv-

lent DIDO nickel dose (EDND). The neutron dose is expressed

n terms of equivalent DIDO nickel dose (EDND) which is calcu-

ated so that the damage rate experienced by the graphite at a

iven location is equivalent to that of graphite test samples ir-

adiated in the DIDO reactor [17] . 1 n / c m 

−2 EDND is equal to

1 . 313 × 10 −21 displacement per atom (dpa) [12] . 

Using the data of thermal resistivity from Fig. 1 , an empirical

quation shown in Eq (3) for the dependence of the resistivity on

ose (D) and temperature (T) is fitted. 

 = K o . 

[ (
( a.D + b ) × exp 

(
c 

T 

))
+ 1 

] −1 

(3)

here K is the thermal conductivity of the nuclear graphite, D

s dose ×10 20 n / c m 

−2 EDND, T is the irradiation temperature in

elvin and K o is the initial thermal conductivity of unirradiated

raphite at 30 °C (about 130 W/m/K), and a, b and c are constants

qual to 0.004185, 0.9716 and 209.4, respectively. 

Please note that the data for 25 °C was excluded from the fit-

ing process to reduce the error sum of squares (SSE) from 3.742

o 1.858, with coefficients of 95% confidence bounds. The resultant

q (3) can be used to calculate transient change in thermal con-

uctivity for the thermal FE model for which changes in dose and

emperature are expected. Finally, to illustrate the accuracy of the

alculated thermal resistivity using Eq (5) , the values are plotted

gainst experimental results as shown in Fig. 2 at 100 °C, 300 °C and

00 °C. 

. Graphite brick model 

.1. Geometry and mesh of finite element model of graphite brick 

In this paper, failure of the graphite brick of Gilsocarbon un-

er irradiation and temperature is estimated. In previous studies

1,2] , an assumed profile of temperature distribution across the

raphite brick was applied to the model as one of the field vari-

bles to model the reactor conditions. The temperature is assumed

o vary in the radial direction of the brick while it is kept con-

tant in the circumferential direction and along the depth direction

f the brick. Here, a separate thermal FE model is used to assess

he effect of conductivity change on the temperature distribution
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Fig. 2. Thermal resistivity variation with fast neutron dose as a function of dose 

and temperature as fitted by the proposed formula compared to experimental re- 

sults from [12] (for 100 °C, 300 °C and 600 °C). 
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Fig. 4. Schematic illustration of a thermal FE model of the graphite brick. 
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ithin the brick. The empirical equation (presented in Section 2 )

f the evolution of the thermal conductivity as a result of irradia-

ion and temperature change is used for the thermal model. Resul-

ant nodal temperature distribution is imported to the mechanical

E model for stress and failure analyses. 

The FE model is developed here based on the dimensions of a

articular brick model used by Tsang and Marsden [2] . In order

o save computation time, only one-eighth of hypothetical-brick

esign was modelled, as shown in Fig. 3 . The fillet radius at the

orner of the keyway is 6 mm. Appropriate symmetry and circum-

erential periodic boundary conditions were applied along B1 and

2 (see. Fig. 3 (a)) as described by Zou et al. [24] . The FE mesh of

he brick section used for both thermal and mechanical analyses is

hown in Fig. 3 (b).The mesh is refined at the stress concentration

egion (at the keyway fillet), but larger element sizes were used

or regions far from that interest, as shown in Fig. 3 (b). 

.2. Thermal finite element model 

The heat transfer analysis from the thermal FE model provides

he temperature distribution nodal field variables across the brick

hich can be implemented into the mechanical FE model as the
Fig. 3. (a) Geometry of the graphite brick (shaded region is use
redefined nodal fields. Fig. 4 shows a schematic illustration of a

hermal FE model of the graphite brick. A steady-state heat trans-

er was applied with inner and outer temperature boundary con-

itions on the brick surfaces, T 1 = 500 °C and T 2 = 400 °C, respec-

ively. Besides, the convection heat transfer from the inner and

uter surfaces can be simulated by using the coefficient of heat

ransfer of the inner (h 1 ) and outer (h 2 ) surfaces assuming that

he coolant is CO 2 . The initial thermal conductivity of the brick is

aken as 130 W/m/K [18] . The plane strain elements of four-node

inear diffusive heat transfer (DC2D4) were used. 

For the particular section of the brick shown in Fig. 4 , the gov-

rning equations of the heat transfer are: 

 = 

�T 

R Total 

= 

( T 2 − T 1 ) 

R Total 

(4) 

 Total = R Inner + R Brick + R Outer (5) 

 Inner = 

1 

h 1 . A 

(6) 

R Brick = 

X 

KA 

(7) 

R Outer = 

1 

h 2 . A 

(8) 

here Q is the heat flux W/m 

2 , T is the temperature, R Total is

he total thermal resistance, R Outer is the convection resistance be-

ween the outer surface of the graphite brick and the coolant,
d as the FE model) [2] (b) FE mesh of the graphite brick. 
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Fig. 5. Flowchart representing FE model with the model of UMAT and fracture. 
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R Inner is the convection resistance between the inner surface of the

graphite brick and the coolant, R Brick is the conduction resistance

within the brick, A is the area of conduction or convection (as-

sumed identical and unity) and X is the radial distance between

the inner and outer surfaces. 

R inner and R outer are not considered for the current model to

avoid a complex forced cooling model of flowing CO 2 coolant. In

contrary, nodes at the inner and outer surfaces of the brick are

fixed at 500 °C and 400 °C, respectively, by assuming that the CO 2 

coolant will keep this temperature difference at the steady state.

Therefore the change in the temperature within the brick will be

given solely by the change in R Brick due to the change in its con-

ductivity, K. 

The dose is implemented as one of the field variables of the

thermal model. It is ramped upwards from zero at the beginning of

the reactor life. At the end of operation (30 years) the dose varies

quadratically across the brick from 214 × 10 20 n/cm 

2 at the inner

radius to 106 × 10 20 n/cm 

2 at the exterior. With the known infor-

mation of dose and temperature, updated thermal conductivity is

calculated using Eq (3) and stored as the field variables which are

implemented in the mechanical FE model. 

3.3. Mechanical finite element model 

With regard to the mechanical model, a user-defined material

model for the constitutive stress/strain behaviour of the graphite

from Tsang and Marsden [2] was used. In the material model

of graphite brick, different physical effects such as changes of

graphite dimension, porosity and microstructure from the effect of

irradiation, radiolytic oxidation and fast neutron damage are taken

into account. This model was then adapted to investigate the be-

haviour of the brick fracture using a traction–separation cohesive

model in [1] . The FE simulation was set for 30 years of plant oper-

ation. In this paper, temperature field is calculated from the sepa-

rate thermal FE model and its effects on crack initiation and prop-

agation within the graphite brick was investigated. 

An ABAQUS solver with a user material subroutine (UMAT) was

used to calculate the resultant stresses in the mechanical model.

Fig. 5 summarises the mechanical FE model based on four field

operating variables. In each analysis, four field-variables profiles
the operating and irradiation temperatures, neutron fluence and

eight loss) are implemented to resemble the condition of reac-

or operation. The operating temperature is the same as the ir-

adiation temperature during steady state whereas the operation

emperature is ramped down to the room temperature at cooling

own step after operating. The nodal temperature from the ther-

al analysis is implemented into the mechanical model. Fluence

radiation dose) variation is mentioned in Section 2 . An empirical

elationship from Eason et al. [18] was used for the weight loss and

t can be expressed as a function of the radiation dose as shown in

q. (9) . However, the weight loss resulting from the thermal oxida-

ion was neglected as thermal oxidation is not significant for lower

emperature CO 2 cooled UK graphite moderators. It could be signif-

cant for new higher temperatures moderators. The coolant used

n the simulation was CO 2 coolant, as radiolytic oxidation is more

mportant than other types, but modifications to the material data

ained from Tsang and Marsden [20] are needed for future gener-

tion reactors. 

 ( Dose ) = 0 . 1537 × Dose (9)

At the beginning of each increment, ABAQUS calculates the to-

al strain within the model. The total strain is decomposed into es-

imated strain components related to different physical processes.

here are seven strain components decomposed from the total

train ( ɛ T ), as shown in Eq (10) . 

 

T = ε e + ε pc + ε sc + ε dc + ε th + ε ith + ε idc (10)

here ɛ e , ɛ pc , ɛ sc , ɛ dc , ɛ th , ɛ ith , ɛ idc are the elastic, primary creep (re-

overable), secondary creep (unrecoverable), dimensional change,

hermal, interaction thermal and interaction dimensional change

trains, respectively. 

From Hooke’s law of linear elasticity, the ɛ e is calculated. The

KAEA model of Kelly and Brocklehurst [19] was used to model

he creep behaviour. The ɛ pc and ɛ sc are irradiation induced creep

trains and were assumed to be temperature independent. The

 

pc leads to fast deformation and then gradually decreases with

ncreasing irradiation fluence, followed by the ɛ sc , which is a

teady state creep strain. The ɛ dc was assumed to be dependent

n the irradiation fluence, temperature and weight loss, whereas

he ɛ ith and ɛ idc were assumed to be dependent on irradiation creep
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Table 1 

Graphite tensile-strength values at different 

values of dose. 

Weight loss (%) Tensile strength (MPa) 

0 22.2 

5 42.6 

10 36.6 

15 31.0 

20 26.0 

30 17.9 

35 14.8 
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Fig. 6. Linear traction-separation cohesive model. 
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n graphite. These interaction strains were proposed by Kelly and

urchell [20] as a correction factor to accommodate the change

ade by the total creep strain on CTE of graphite and dimen-

ional change strain. These different strains create a discrepancy

f various stresses that in turn creates a complex stress field.

he UMAT then calculates the total stresses, updates them and

repares the Jacobin matrix (( ∂ �σ ij )/( ∂ �ɛ ij )) at the end of the

ncrement to support convergence of solution. The ( ∂�σ ij ) and

 ∂�ɛ ij ) are changed in terms of stress and strain, respectively.

BAQUS FE code then uses the current stresses in the linear dam-

ge model to predict initiation of cracks and then their propaga-

ion. Based on the stress field created, crack initiation and propa-

ation can be estimated using a fracture mechanics based damage

odel. 

.4. Fracture mechanics based damage model 

Graphite is a quasi-brittle material and the initiation of crack

s assumed to be driven by the stress states within the material.

ifferent failure criteria can be used for crack initiation (maximum

rincipal stress, maximum nominal stress etc.). Maximum principal

tress criterion is used in the current work and for this criterion, a

rack initiates once the stress within the system exceeds the ten-

ile strength of the graphite. For virgin graphite, tensile strength of

2.2 MPa is taken from Shi et al. [21] . Due to the lack of tensile

trength evolution data with irradiation dose and weight loss, the

volution is assumed to be similar to the trend of flexural strength

iven in [22] . With this assumption, the tensile strength evolution

ith the weight loss is tabulated in Table 1 . Shi et al. [21] rea-

oned that the initial increase in strength is the result of hard-

ning caused by neutron radiation although the overall reduction

n strength is observed as the weight loss becomes higher than

%. Numerically, extended finite element method (XFEM) is applied

ere for crack initiation for the present work. It allows crack initia-

ion within arbitrary elements once the failure criterion is met. The

irection of crack path is assumed to be perpendicular to the direc-

ion of the maximum principal stress and thus the current model

imulates Mode I crack growth. 

Graphite does not fail instantly when the maximum princi-

al stress exceeds tensile strength like pure brittle materials. It

as a strain softening region because of micro-cracking and grain

ridging near the crack tip. A cohesive traction-separation damage

odel is applied to simulate this type of behaviour. It is a phe-

omenological model by combing complex damage mechanisms

round the crack tip into a single cohesive zone. The approach has

een used by other researchers [23,24] for fracture analysis of nu-

lear graphite. The traction stress (T) at the cohesive zone can be

elated to the crack separation ( δ) as shown in Fig. 6 . If graphite is

 pure brittle material, it will fail when T exceeds the maximum

raction stress ( T ), which is the same as the tensile strength. How-

ver graphite has a strain softening region once T is reached which

s illustrated by the line XZ in Fig. 6 . The gradient of the line OX (K)

epresents the cohesive stiffness of an undamaged material. Once
he crack initiates the stiffness reduces to K(1-D). A damage pa-

ameter (D) is set so that D = 0 and D = 1 represent zero damage

t point X and a fully cracked condition at point Z respectively. It

an be proved that D at point Y ( Fig. 6 ), can be linked to maxi-

um crack separation ( δz ), separation at maximum traction stress

 δ), and at the unloading point Y ( δY ) as shown in Eq (11) . The

ritical crack length opening is described in terms of the fracture

tress ( T ) and the fracture toughness ( K c ) by Eq (12) . The area un-

erneath the triangle OXZ ( Fig. 6 ) represents the critical strain en-

rgy release rate. Once this energy is achieved, the cohesive zone is

ompletely damaged and the crack tip propagates further. There is

o experimental data for the dependence of critical strain energy

n the weight loss due to irradiation dose. Hence it is assumed

ere that the critical strain energy is dependent only on irradia-

ion and the data from Ouagne et al. [25] are applied. 

 = 

δz ( δy − δ) 

δy ( δz − δ) 
(11) 

z = 

2 K 

2 
C 

E T 
(12) 

. Results and discussion 

.1. Temperature distribution through the graphite brick 

The thermal analysis model shown in Fig. 4 was implemented

o analyse the heat flux and temperature distributions within the

rick. 

Fig. 7 shows the heat flux through the brick and heat flux con-

entration can be observed at the fillet corner. Generally, it can

e seen that heat is transferred from the hotter inner core side

f the brick to the outer surface of the brick. Nodal temperature
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Fig. 7. Heat flux contour (in watt) through the graphite brick with temperature 

conditions (500 and 400 °C at the inner and outer surfaces, respectively). 
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field from the thermal model is implemented into the mechanical

model. In contrary to the assumption made by Tsang and Marsden

[2] , a nonlinear change of the temperature along the radial direc-

tion of the brick is found. This is expected since the surface around

the fillet region is assumed to have the same temperature (400 °C)

as the outer surface of the brick at the other regions for the current

model. Hence it has lower temperature than Tsang and Marsden

model for which temperature varies linearly across the brick. Com-

parison of temperature distributions between the current model

and the previous model by Tsang and Marsden is shown in Fig. 8 .

Nodes along the path B of the brick (see Fig. 9 ), have been cho-

sen to demonstrate the temperature variations under the irradia-

tion for the current model and Tsang and Marsden model. 

Although the thermal conductivity could be reduced by as

much as 75%, the updated thermal conductivity does not have a

noticeable effect on the temperature distribution. In other words,

temperature distribution does not vary with the time chosen for

the current model (30 years of irradiation). This may be because

of a high initial thermal conductivity of Gilsocarbon (130 W/m/K)

and also due to the short radial distance (150 mm) of the graphite

brick (shown as X in Eq (7) ) through which heat is transferred.

Nevertheless, the proposed method for the evolution of thermal

conductivity could be important in other aspects of heat transfer

analyses. This may include a detailed transient heat transfer anal-

ysis for start-stop load cycles or the case where heat is conducted

through a larger distance of the graphite brick (axial length of the

brick). 

4.2. Stress distribution in the graphite brick 

Since the maximum principal stress criterion is used for crack

initiation within the graphite brick, it is worthwhile to investi-

gate the distribution of stresses across the brick before implement-

ing the damage model. Cracks are expected to initiate at the re-

gion where peak maximum principal stresses occurs. The current

work simulated the stresses through the brick under two condi-

tions; the radial and non-radial temperature distributions as shown

in Fig. 8 . From both temperature distributions, maximum princi-

pal stress concentration can be found at the fillet corner of the

graphite brick at the end of 30 year of service life as shown in

Fig. 10 . Hence, the crack initiation is expected at the fillet corner.

For both temperature distribution cases there is no significant dif-

ference in contours for the maximum principal stress (see Fig. 10 ).
The evolutions of principal stresses for both temperature dis-

ribution cases at the fillet corner during operation are plotted in

ig. 11 . There is an increase in the principal stress at the start of

peration for both cases until the stress stabilises after 5 year of

peration. Sudden increase in stresses after the steady state can

e found at around 20 year life. The sudden increase in maxi-

um principal stress can be related to the increase in the hoop

train related to dimensional change of graphite at higher dose as

entioned by Wadsworth et al. [1] . Final increase in the principal

tress during the cooling stage after operating for 30 years is due

o the mismatch in coefficient of thermal expansion (CTE) through-

ut the brick. In general, higher maximum principal stress is ex-

ected for a linear temperature distribution cases indicating the

rack initiation time for the case could be shorter than the model

ith nonlinear temperature distribution. 

.3. Damage analysis of the graphite brick under temperature and 

adiation loads 

According to the stress analysis from the previous section,

racks are expected to form at the fillet corner due to the concen-

ration of maximum principal stress. The crack initiation time for

inear temperature distribution (22 years and 7 months) is shorter

han the cases with nonlinear temperature distribution (23 years

nd 2 months) because of higher maximum principal stress. The

nding shows the importance of the temperature distribution for

he lifetime estimation of the graphite bricks. The typical geome-

ry of the crack in the brick after 30 year operation for linear and

onlinear temperature profiles are shown in Fig. 12 (a) and (b), re-

pectively. Firstly, the crack propagates towards the inner surface

nd then changes its direction when reaches a distance of 6.5 mm.

he direction of further crack growth is perpendicular to the hoop

irection indicating that the maximum principal stress is in the

irection of hoop when the crack reaches 6.5 mm. The total crack

ength for both cases at the end of operation is around 65.4 mm.

hen crack growth rate is observed, it is shown that the growth

ates for both temperature distribution cases are similar as shown

n Fig. 13 . Rapid crack growth occurs within 1 year from crack initi-

tion time. Because of this crack, stresses are relaxed and the crack

ength reaches the plateau stage after one year from the initiation

ime. Further increase in crack length is found after cooling down

tage. During the operation, the brick is exposed to different tem-

erature and radiation dose. Hence, difference in CTE across the

rick is expected and this CTE mismatch causes stresses when the

ooling is applied. This mismatch stress further increases the crack

ength by 1.5 mm. The maximum principal stress distribution at

he end of cooling down for both temperature distribution cases

re shown in Fig. 14 . 

. Conclusions and future work 

The empirical formula of varying thermal conductivity of com-

on irradiated graphite form, Gilsocarbon, due to the change in

emperature and dose has been developed. This formula is devel-

ped by using the experimental thermal conductivity of irradiated

raphite from the literature. The resultant formula can be imple-

ented into either thermal FE model or corresponding mechanical

E model and life estimation models. 

Although, the thermal conductivity of graphite could be re-

uced by 65–75% under irradiation and temperature, the thermal

nalysis showed it does not have a significant effect on the tem-

erature distribution because of the high initial thermal conductiv-

ty and the relatively small thickness of the graphite brick investi-

ated. However, it could play a significant role in the applications

hen heat is conducted through much larger distance, for example



A. Hashim et al. / Nuclear Materials and Energy 11 (2017) 3–11 9 

(a) (b)

Fig. 8. The contour of temperature distribution in degree for (a) Tsang and Marsden [2] model, and (b) the thermal analysis model of the graphite brick of the current work. 
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Fig. 9. Distribution of the temperature of the nodes along the path B of the 

graphite brick (Radial distance from the centre of the brick (R) is normalised us- 

ing the outer radius of the brick (R o )). 
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Fig. 11. Maximum principal stresses (MPa) at the expected point of crack initiation 

(keyway fillet) after 30 year of operation for two types of temperature distribution. 

 

m  

d  

c  

t  
hrough the thickness of larger graphite bricks. The thermal anal-

sis also showed that the temperature distribution does not vary

adially within the graphite brick due to the effect of the thermal

oncentration in the fillet corner. 
(a)

Fig. 10. Contours of maximum principal stress (MPa) for the model with (a) a line
Based on the temperature distribution obtained from the ther-

al analysis, stress and damage analysis of the graphite brick un-

er neutron dose and temperature were carried out. The dose in-

reases the weight loss resulting in a decrease in the strength of

he brick ahead the maximum principal stress and thus leading to
(b)

ar and (b) a nonlinear temperature distributions after 30 years of operation. 



10 A. Hashim et al. / Nuclear Materials and Energy 11 (2017) 3–11 

Fig. 12. Typical crack geometry and maximum principal stress distribution of the brick after 30 years of operation for (a) linear and (b) nonlinear temperature distributions. 

Fig. 13. Crack length during operation for the cases with a linear and a nonlinear 

temperature profiles. 
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crack initiation within the brick. The initiation of cracks occurs at

the fillet corner of the graphite brick and it grows towards the in-

ner bore of the brick. The maximum principal stress is lower at

the expected crack initiation region for the case where the tem-
Fig. 14. Typical crack geometry and maximum principal stress distribution of the brick a

temperature distributions. 
erature distribution is nonlinear compared to the case with as-

umed linear temperature distribution. Hence the crack initiation

or the case is delayed by about 7 months. Regardless of crack ini-

iation time, both cases have similar crack growth rate and the

rack growth stops after one year from initiation time. Further

rack growth is only driven from CTE mismatch stresses during the

ooling down stage. 

The study shows the importance of temperature distribution on

he lifetime estimation of graphite bricks. Subtle difference in tem-

erature distribution (as shown by two different cases in the cur-

ent work) could cause the difference in the crack initiation time.

owever, there are some areas of the current work that needs

o be improved. A transient heat analysis considering the flow of

he coolant may be implemented in future instead of using a sim-

le temperature boundary conditions for inner and outer surfaces

f the graphite brick. In addition, the usage of a more realistic

D geometry of the brick with cut-out holes for the circulation

f the coolant may be considered in order to predict more accu-

ate transient heat flow and the temperature profiles. Moreover,

hanges in porosity and phases in graphite as described by Kyaw

t al. [26] could affect its mechanical properties and this model

ould be coupled to the current mechanical model in the future

ork. 
fter cooling down from the operation temperature for (a) linear and (b) nonlinear 



A. Hashim et al. / Nuclear Materials and Energy 11 (2017) 3–11 11 

A

 

e

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

[  

 

[  

[  

 

[  

[  

 

cknowledgement 

This work was supported by the Engineering and Physical Sci-

nces Research Council (grant number EP/1002707/1). 

eferences 

[1] M. Wadsworth , S.T. Kyaw , W. Sun , Finite element modelling of the effect of

temperature and neutron dose on the fracture behaviour of nuclear reactor
graphite bricks, Nucl. Eng. Des. 280 (2014) 1–7 . 

[2] D.K.L. Tsang , B.J. Marsden , The development of a stress analysis code for nu-
clear graphite components in gas-cooled reactors, J Nucl. Mater. 350 (3) (2006)

208–220 . 

[3] World Nuclear Association, Nuclear Power in the United Kingdom, World Nu-
clear Association, 2015 [Online]. Available http://www.world-nuclear.org/info/ 

Country-Profiles/Countries-T-Z/United-Kingdom/ [Accessed: 11-Jul-2015] . 
[4] I. Hore-Lacy , Nuclear Energy in the 21st Century, 1st ed., 2006 London . 

[5] B.T. Kelly , et al. , Irradiation damage in graphite due to fast neutrons in fission
and fusion systems, International Atomic Energy Agency (IAEA)-TECDOC-1154,

vol. 1154, 20 0 0 . 

[6] M. Goto , et al. , Long-term high-temperature operation of the HTTR, Nucl. Eng.
Des. 251 (October) (2012) 181–190 . 

[7] M.A. Fütterer , et al. , Status of the very high temperature reactor system, Prog.
Nucl. Energy 77 (November) (2014) 266–281 . 

[8] Generation IV International Forum (GIF), GIF R&D Outlook for Generation IV
Nuclear Energy Systems, 2009 . 

[9] Technology Roadmap Update for Generation IV Nuclear Energy Systems, 2014,

pp. 45–54 . 
[10] J.E. Kelly , Generation IV international forum: a decade of progress through in-

ternational cooperation, Prog. Nucl. Energy 77 (November) (2014) 240–246 . 
[11] Kelly, B.T., An improved method of estimating the thermal conductivity of irra-

diated graphite at any temperature . AB 7/19346, available from the UK Public
Records Office, 1967. 

[12] B.J. Marsden , et al. , Dimensional and material property changes to irradiated

Gilsocarbon graphite irradiated between 650 and 750 °C , J. Nucl. Mater. 381
(1-2)) (2008) 62–67 . 
[13] L.L. Snead , Accumulation of thermal resistance in neutron irradiated graphite
materials, J. Nucl. Mater 381 (1-2) (2008) 76–82 . 

[14] B.T. Kelly , Physics of Graphite, Applied Science Publishers, London, 1981 . 
[15] B.J. Marsden , L.H. Fok , H. Li , Irradiation behaviour and structural analysis of Htr

/ Vhtr graphite core components, 18th International Conference on Structural
Mechanics in Reactor Technology (SMiRT 18), 2005 . 

[16] L.d.S. Oliveira , P.A. Greaney , Thermal resistance from irradiation defects in
graphite, Comput. Mater. Sci. 103 (June) (2015) 68–76 . 

[17] G.B. Neighbour , Modelling of dimensional changes in irradiated nuclear

graphites, J. Phys. D 33 (20 0 0) . 
[18] E. D.Eason , et al. , A model of Young’s modulus for Gilsocarbon graphites irra-

diated in oxidising environments, J. Nucl. Mater. 436 (2013) 201–207 . 
[19] B.T. Kelly , J.E. Brocklehurst , UKAEA reactor group studies of irradiation-induced

creep in graphite, J. Nucl. Mater. 65 (0) (1977) 79–85 . 
20] B.T. Kelly , T.D. Burchell , The analysis of irradiation creep experiments on nu-

clear reactor graphite, Carbon 32 (1) (1994) 119–125 . 

[21] L. Shi , et al. , The effect of softening on the predicted strength of brittle materi-
als using a continuum damage mechanics failure model, 2nd International Top-

ical Meeting on High Temperature Reactor Technology, Beijing, China, Septem-
ber 22-24, 2004 . 

22] E.D. Eason , et al. , Models of bending strength for Gilsocarbon graphites irra-
diated in inert and oxidising environments, J. Nucl. Mater 436 (1-3) (2013)

208–216 . 

23] Z. Zou , et al. , Failure predictions for nuclear graphite using a continuum dam-
age mechanics model, J. Nucl. Mater. 324 (2–3) (2004) 116–124 . 

24] Z. Zou , et al. , Numerical simulation of strength test on graphite moderator
bricks using a continuum damage mechanics model, Eng. Fract. Mech. 73

(2006) 318–330 . 
25] P. Ouagne , G.B. Neighbour , B. McEnaney , Influence of oxidation on toughness

parameters for two nuclear grade graphites, J. Phys. D 38 (8) (2005) 1259 . 

26] S.T. Kyaw , W. Sun , A .A . Becker , Effects of compositions of filler, binder and
porosity on elastic and fracture properties of nuclear graphite, J. Nucl. Mater.

457 (2015) 42–47 . 

http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0001
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0001
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0001
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0001
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0002
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0002
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0002
http://www.world-nuclear.org/info/Country-Profiles/Countries-T-Z/United-Kingdom/
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0004
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0004
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0005
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0005
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0005
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0006
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0006
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0006
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0007
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0007
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0007
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0008
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0009
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0010
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0010
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0011
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0011
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0011
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0012
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0012
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0013
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0013
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0014
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0014
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0014
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0014
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0015
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0015
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0015
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0016
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0016
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0017
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0017
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0017
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0018
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0018
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0018
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0019
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0019
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0019
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0020
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0020
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0020
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0021
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0021
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0021
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0022
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0022
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0022
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0023
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0023
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0023
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0024
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0024
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0024
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0024
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0025
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0025
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0025
http://refhub.elsevier.com/S2352-1791(17)30001-7/sbref0025

	Modelling fracture of aged graphite bricks under radiation and temperature
	1 Introduction
	2 Empirical relationship of thermal conductivity of graphite with neutron dose and irradiated temperature
	3 Graphite brick model
	3.1 Geometry and mesh of finite element model of graphite brick
	3.2 Thermal finite element model
	3.3 Mechanical finite element model
	3.4 Fracture mechanics based damage model

	4 Results and discussion
	4.1 Temperature distribution through the graphite brick
	4.2 Stress distribution in the graphite brick
	4.3 Damage analysis of the graphite brick under temperature and radiation loads

	5 Conclusions and future work
	 Acknowledgement
	 References


