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1. Introduction 

 

Neutron irradiation occur many materials 
degradation in nuclear reactor such as deformation, 

hardening and embrittlement. Among those 

phenomenon, material deformation is one of the most 

important phenomena because it is directly related 

with safety criteria. There are three representative 

module of radiation induced deformation. The first is 

irradiation growth which is volume conservative 

distortion of a solid without an applied stress, the 

second is swelling which is the isotropic volume 

expansion of a solid without any applied stress, the 

third is creep which is the volume conservative 
distortion by an applied stress. Zirconium, hafnium, 

titanium are representative materials which exhibit the 

irradiation growth. Among these materials, zirconium 

is widely used as a core material because of its 

excellent neutron interaction and corrosion resistance 

properties.  

Hence, zirconium deformation behavior has been 

demonstrated by many experiments and theory since 

the 1960s [1-2]. Thanks to these efforts, it was 

revealed that the dislocation loop, dislocation line and 

grain boundary are major parameter in irradiation 

growth of zirconium. From this result, much 
theoretical work could be done based on rate theory 

[3-4]. These models predict successfully cold worked 

polycrystalline. However, these models failed to 

explain of annealed polycrystalline growth. At the end 

of the 1980s, Woo [5] change the traditional 

framework by using difference anisotropy diffusion 

(DAD) concept. In this framework, irradiation growth 

could be explained qualitatively in whole crystal 

systems such as a single crystal, as well as annealed 

and cold-worked polycrystalline samples. However, it 

was reveal that DAD could not explain quantitatively 
the high growth rate of cold worked zirconium at the 

high temperature region.  

In 1993, Holt [6] demonstrated production bias 

modeling (PBM) effects on the zirconium. From this 

assumption, growth are well matched with irradiation 

growth modeling. However, unfortunately, 

quantitative modeling of annealed polycrystalline had 

not been done as opposed to the cold-worked 

polycrystalline since it was difficult to model the sink 

and texture effect on annealed polycrystalline 

compare with cold work.  

 

2. Irradiation growth modeling 

 

The origin of the irradiation growth is atom 
rearrangement by defect flux to sink. In 1979, Holt [7] 

quantitatively established defect flux to sink such as 

dislocation loop, dislocation line and grain boundary. 

In his papers, growth is calculated by sink orientation.  

 

2-1 Single Crystal growth equation   

 

The growth strain along the a-axis of the single 

crystal was calculated. For the case of the single 

crystal, the dislocation loop is the only effective sink 

in the single crystal. 
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Alp; Average strain factor of dislocation loop  

ρlp; Grain boundary sink strength 

Zlp
i,v

; Interstitial and Vacancy bias factor of dislocation loop 

in prism plane 

 

2-1 Polycrystalline Growth Equation:  

 

Irradiation growth in a particular direction “d” 

was calculated from the defect rate equation. 

Anisotropy factor was deduced by using the Kearn 

factor. The grain boundary sink strength was divided 
by 2 as it is assumed that the prism plane and basal 

plane distributions are equal. Unlike single crystals, 

dislocation lines were also considered to contribute to 

the grain boundary sink effects. Growth strain along 

the a-axis was determined by the sink strength of the 

prism plane.  
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Apoly; Anisotropy factor of polycrystal 

Adp; Average strain factor of dislocation line 

ρdp; Dislocation line density in the prism plane  

kgb/2; Sink strength grain boundary  

Zdp
i,v and Zgb

i,v
; Interstitial and Vacancy bias factor of 

dislocation line and grain boundary in the prism plane 
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3. Defect rate equation for growth modeling 

 
The PBM assumption is mobile point defect and 

immobile cluster defect are generated unequal 

number. Before the PBM concept, freely migrating 

point defect is only defect source of traditional rate 

equation. To reveal PBM effect on the growth, 

traditional defect rate equation is used to calculate 

annealed polycrystalline growth. In the traditional 

rate equation, sink effect are define by density cubic 

centimeter and DAD effect are added by capture 

efficiency factor ‘𝑍𝑖,𝑣 ’. Other parameters such as 

defect generation, recombination and diffusion 

coefficient is quoted from Christien papers [8]. 

 
3-1 framework of defect rate equation 

 

To develop an defect rate equation, the major sink 

effect must be defined by each matrix system because 

flux of defects to a sink is the origin of the irradiation 

growth phenomenon. Defect flux to sink is 

proportional to sink density. The sink density function 

has been established by many research efforts. The 

dislocation loop is a time-dependent function and the 

grain boundary sink density is a function dependent on 

matrix geometry. Table 1 shows the major sink 
densities. 

 
 Table 1. Major sink density in cubic centimeter 

 

3-2 Traditional defect rate equation 

 

Defect concentration was calculated by the defect 

rate equations which were solved with the Python 

program.  
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K0; Defect production rate 

K𝑖𝑣; Vacancy–interstitial recombination  

𝜌; Total sink strength  

𝑍𝑖  𝑎𝑛𝑑𝑍𝑣; Interstitial and Vacancy capture efficiency  

𝐶𝑖  𝑎𝑛𝑑𝐶𝑣; Interstitial and Vacancy concentration 

𝐷𝑖  𝑎𝑛𝑑𝐷𝑣; Interstitial and Vacancy diffusion 

coefficient  

 

 

4. Result 
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Fig. 1. Irradiation growth Strain of single crystal sample at 
553 K. 
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Fig. 2. Irradiation growth strain of cold-worked 
polycrystalline sample at 553 K. 
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Fig. 3. Irradiation growth strain of annealed polycrystalline 
sample at 553 K. 

 

 

 

 

Sink 
Matrix 

Loop 

(𝑐𝑚−2) 

Dislocation 

Line (𝑐𝑚−2) 
GB(𝑐𝑚−2) 

Single crystal 
Time 

dependent 1 × 107 0 

Annealed 
polycrystal 

Time 
dependent 1 × 107 3.3 × 108 

Cold-worked 
polycrystal 

Time 
dependent 8 × 109 2.4 × 109 
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5. Discussion   

 

Irradiation growth is one of the most important 

phenomenon in the nuclear safety analysis. However 

there was not general irradiation growth modeling of 

polycrystalline for various temperature region. 

Therefore this work is very important for the nuclear 

safety analysis. However growth modeling is very 

difficult because it should be combined with defect 

rate equation. Both of defect rate equation and 

irradiation growth modeling are not easy to establish 

because, in order to realistic modeling, we should 

consider various parameter such as diffusion 
coefficient, sink strength, capture efficiency, and 

anisotropy factor. From these parameters, growth 

result could be modified  

Historically defect rate equation are developed by 

many researchers. In 1993, Holt [6] explain PBM 

effects on the zirconium metal. From this assumption, 

experiment result are well matched with irradiation 

growth modeling form research reactor to commercial 

reactor temperature. PBM framework could explain 

discrepancy between modeling and experiment. 

However, in this paper, defect rate equation are not 
fully developed. Therefore, PBM will be studied next 

research stage. Here PBM are briefly reviewed.  

 

5-1 framework of defect rate equation 

 

In PBM frameworks, defect cluster are generated 

by different quantity because of different formation 

and migration energy. These defect cluster assume to 

be immobile however interstitial dislocation loop 

which is developed by cluster assume to be mobile. 

From these assumption, defect flux to sink should be 

defined by each sink.   
 

5-2 PBM included defect rate equation 

 

Defect concentration will be calculated by the 

defect rate equations which will be solved with the 

Python program.  
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K0; Defect production rate 

ϵv𝑎𝑛𝑑 𝜖𝑖; Vacancy Interstitial cluster faction of total 

defect 

K𝑖𝑣; Vacancy and Interstitial recombination  

𝜌; Total sink strength  

𝑍𝑖  𝑎𝑛𝑑𝑍𝑣; Interstitial and Vacancy capture efficiency  

𝐶𝑖  𝑎𝑛𝑑𝐶𝑣; Interstitial and Vacancy concentration 

𝐷𝑖  𝑎𝑛𝑑𝐷𝑣; Interstitial and Vacancy diffusion 

coefficient 

 

Despite of these tough works, many researcher 
are establish various modeling about irradiation 

phenomena by using appropriate assumption. 

Therefore, this work will be developed with same 

tendency. And then eventually, modeling would 

explain appropriately real irradiation growth 

phenomenon.         

 

6. Summary 

 

The traditional growth modeling are conducted and 

PBM mechanism for irradiation growth is reviewed. 

Traditional growth modeling result are well matched 
single crystal zirconium but polycrystalline did not.  

1. Single crystal zirconium growth are well 

matched with experimental result. Detail analysis 

of sink strength and defect flux should be done 

next research stage. 

2. In case of poly crystalline zirconium, modeling 

result are lower than experiment results. This 

result could be modified by adopting PBM 

framework or modifying diffusion coefficient  
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