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ABSTRACT 

The irradiation induced deformation and creep usually happens to graphite components irradiated by fast 
neutron influence in nuclear reactors, especially in the high temperature-gas-cooled reactors. Therefore, it is 
necessary and important to analyze and assess the mechanical behavior of graphite components under irradiation 
conditions during their design process. The irradiation induced deformation can be dealt with in the same way 
always used to deal with the thermal expansion but the irradiation induced creep should be analyzed by means of 
the viscoelastic model which is commonly analyzed by two methods, one of which is called the state equation 
method or the incremental method, and the other is the hereditary method. A FEM method using the hereditary 
method to analyze behavior of the irradiated graphite components is described in detail in this paper. It has the 
advantages of the hereditary method, and in the creep computation, the component volume is considered 
incompressible. The stress and deformation calculation of the graphite block of side reflector of HTR-10, high 
temperature reactor- test module in the Institute of Nuclear and New Energy Technology of Tsinghua University, 
Beijing, has been conducted, considering irradiation induced deformation and creep. 
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1. INTRODUCTION 

The irradiation induced deformation and creep usually happens to graphite components irradiated by fast 
neutron influence in nuclear reactors, especially in the high temperature gas-cooled reactors. Therefore, it is 
necessary and important to analyze and assess the mechanical behavior of graphite components under irradiation 
conditions during their design process. The irradiation induced deformation can be dealt with in the same way 
always used to deal with the thermal expansion, but the irradiation induced creep should be analyzed by means of 
the viscoelastic model which is commonly analyzed by two methods, one of which is called the state equation 
method or the incremental method, and the other is the hereditary method. 

There is a little more difference between the results computed by the two methods because of the different 
models they are adopted to compute the irradiation induced creep. It is considered, in the incremental method, that 
the volume deformation caused by the irradiation induced creep is zero, namely, that the volume of the component 
under creep is incompressible (the Poisson's ratio µ = 0.5) [1], but in the inheritance method, both the elastic 
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deformation and the creep deformation are considered compressible in volume and there is only one Poisson's ratio 
used in computation of this model [2,3,4]. 

A FEM method using the inheritance method to analyze behavior of the irradiated graphite components is 
described in detail in this paper. It has the advantages of the inheritance method, and in the creep computation, the 
component volume is considered incompressible. 

The stress and deformation calculation of the graphite block of side reflector of HTR-10, high temperature 
reactor- test module in the Institute of Nuclear and New Energy Technology of Tsinghua University, Beijing, has 
been conducted, considering irradiation induced deformation and creep. 

2. INTRODUCTION OF THE METHOD 

The linear viscoelastic constitutive equations represented by the inheritance method are shown as following: 
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Here {ε} is the strain vector, and {σ} is the stress vector; εθ represents the thermal strain vector, εw represents 
the irradiation strain vector; J and G is compliance function and relax function respectively, whose relation is given 
out in equation (3) 
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[C], the coefficient matrix for an anisotropy material, has following form: 
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Here, µ represents Poisson's ratio and k represents the anisotropy coefficient. They keep constant all life time 
of the graphite. The matrix [H] in equation (2) is the inversion of [C]. 

In three dimensional space, when 
1 ( , )

( , )
J K

E T D
= + T D  is used, equation (1) can be converted to the 

form shown below in order to establish a new FEM relation. 
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Equation (5) can also be represented as: 
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In this equation, matrix [H'] and J' is shown in below equations respectively: 
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There are many methods by which the FEM equations can be established. Here the Laplace transformation 
method is used. Generally, the constitutive equations are transformed into Laplace transformation space, in which 
the discretion of FEM is carried out, and thus FEM control equations are obtained. If these equations are 
transformed inversely in Cartesian coordinate, below equations will be obtained: 
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The variables of equation (8) each has below form: 
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Here N is the interpolation function, B is the strain matrix, PV is internal force, PS is the traction applied on 
boundary, T represents the transposition of a matrix. 
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The 2-D viscoelastic irradiation stress FEM analysis code is carried out on file basis of the theory described in 
the section above. The detailed description of the 2-D FEM derivations is elaborated in appendix A and B. 

3. IRRADIATION STRESS ANALYSIS OF A SIDE-REFLECTOR GRAPHITE BRICK IN HTR-10 

3.1 THE DIMENSION AND FEM MESH OF THE GRAPHITE BRICK 

The side reflector of HTR-10, an experimental reactor is composed of many graphite bricks, one of which is 
with the size and dimension illustrated in Figure 1. Because the core is in cylinder configuration and symmetric in 
circumference direction, a half graphite brick is considered as object of 2-D plan strain analysis. 

Fig. 1 the size and dimension of graphite brick in side reflector (unit mm) 
There is heat generation computed by the radioactive analysis in the graphite brick and heat convection 

boundary both in the cold helium channel and in the front part facing the core in the brick. The other parts are 
treated with heat insulation boundary. 

The fast neutron flux distribution of the graphite brick is given out in Figure 2. 

 

Fig. 2 The fast neutron flux distribution of the graphite brick 
The physical and mechanical property parameters such as Young's model, thermal expansion coefficient, 

thermal conductivity, the secondary creep coefficient, the relative irradiation dimension changes, strength etc., 
except Poisson's ratio, are all functions of temperature and fast neutron influence. 
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3.2 COMPUTATION RESULTS 

First, the temperature distribution, shown in Figure 3, in the brick is calculated when the reactor is under 
normal operation. The temperature distribution in the graphite brick will continuously change as a result of the 
variation of conductivity, which is induced by the irradiation of the fast neutron influence. However, the variation 
of the temperature distribution only takes place at the front part, facing the reactor core, of the graphite brick, and 
is limited in this small region. Generally, the temperature distribution in the graphite brick changes slightly 
because the conductivity in the rest part of the graphite brick has little variation. 

0

5

10

15

20

25

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

320℃ 52
0℃

50
0℃

47
0℃

45
0℃

43
0℃

40
0℃

37
0℃

35
0℃

 

a. At the beginning of the reactor lifetime 
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b. At the end of the reactor lifetime 

Fig. 3 Temperature distribution in the brick 
Then, the stress analysis of the graphite brick is carried out by means of the 2-D FEM code in this paper. With 

the increase of fast neutron influence, the stress has a trend to rise, but it still remains at a lower level because of the 
relatively low level of the fast neutron influence in the graphite brick during the reactor lifetime. The distribution 
of the maximum principal stress and the one of the minimum principal stress in the graphite brick, at the beginning 
and the end of the reactor lifetime, are illustrated in figure 4, which shows that the maximum stress occurs at the 
front part of the graphite brick due to the stronger effects of irradiation induced deformation. 
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a. The maximum principal stress in X direction at the beginning of the reactor lifetime 

 

b. The maximum principal stress in Y direction at the beginning of the reactor lifetime 

 

c. The maximum principal stress in X direction at the end of the reactor lifetime 
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d. The maximum principal stress in Y direction at the end of the reactor lifetime 

Fig. 4 Distribution of stress in the graphite brick (MPa) 

4. CONCLUSIONS 

From the calculation above, it can be known that there is not big change in temperature distribution of 
graphite bricks during all reactor lifetime, where the temperature is from 290~600 ℃. The maximum principal 
stress of the graphite bricks is around 3.0 MPa, in which the intensity is 26 MPa. It can be considered that the 
graphite brick structure is quite safe even though a high safety factor is set. The method in this paper can be 
applied for simulation of mechanical behavior of other similar materials. 
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APPENDIX A 
The constitutive Equations of Graphite Materials under Fast Neutron Irradiation 
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(2) In the plane which is vertical to the preferred grain direction 
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APPENDIX B 
The Control Equation of 2-D FEM 
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