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1. Introduction 

 

Zirconium is one of the most favorable core 

materials because of its excellent properties 

(radiation and corrosion resistant) compared to 
other structure materials in light water reactor. 

Hence vast amount of experiment and theoretical 

performance test has been done in various points of 

view such as corrosion and change of mechanical 

properties and dimension.  

In commercial reactor core, structure materials 

are located in high temperature and high pressure 

environment. Therefore, main concern of structure 

materials is corrosion and mechanical properties 

change than radiation effects on materials. 

However, radiation effects on materials become 
more important phenomena because research 

reactor condition is different from commercial 

reactor. The temperature is lower than 100 ℃ and 

radiation dose is much higher than that of 
commercial reactor.  

Among the radiation effect on zirconium based 

metal, radiation induced growth (RIG), known as 

volume conservative distortion, is one of the most 

important phenomena.  

Recently, theoretical RIG modeling based on 

radiation damage theory (RDT) and balance 

equation are developed. However, these growth 

modeling have limited framework of single crystal 

and high temperature.  

To model theoretical RIG in research reactor, 
qualitative mechanism must be set up. Therefore, 

this paper intent is establishing defect flux 

mechanism of zirconium base metal in research 

reactor for RIG modeling. After than theoretical 

RIG work will be expanded to research reactor 

condition. 

 

2. Radiation damage theory 

 

RDT is the mathematical expression of radiation 

induced defect quantity and quality. Hence 
quantification of radiation induced defect (RID) 

concentration is the essential part of theoretical RIG 

modeling. RDT is must needed to RIG modeling.  

 

2-1 Primary radiation damage  

The RID generation sequence could be classified by 

two parts. The first part is composed with cascade 

generation and relaxation phenomena. In these 

phenomena, atom behavior was explained by kinetics 

and atomic fluctuation. This phenomena occurs so 

quickly (< 10-11). Therefore, in this time region, atom 

diffusion dose not considering. The mathematical 

expression is 
 

𝑅𝑑 = 𝑁∫ Ф(𝐸𝑖
𝐸̂

𝐸̌
)σ𝐷(𝐸𝑖)d𝐸𝑖                 ( 1 ) 

 
Where   N = lattice atom density  

Ф(Ei) = energy-dependent particle flux  

σ𝐷 (Ei)= energy-dependent displacement cross 

section. 

 

2-2 Rate Theory & balance equation  

After cascade generation and relaxation time region, 

atom diffusion is main effect of RID concentration. 

These phenomena could be mathematically 
expressed by balance equation from chemistry. From 

balance equation it could know defect concentration 

at any given time.     
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Where    𝐾0= defect production rate 

   = vacancy–interstitial recombination  

  = interstitial concentration 

   = vacancy–sink reaction  

    = interstitial–sink reaction  

  
  = the total sink strengths of all the 

extended defects in the material 

 

3. Defect flux behavior in zirconium base metal  

 

The fundamental mechanism of RIG is atom 

rearrangement by defect flux behavior of RID. 

Historically, defect flux behavior established at 1979 

by Holt [1]. Most recently, Woo expanded Holt work 

by establishing defect flux mechanism on zircaloy 

[2]. However until now, sink (grain boundary, 

dislocation loop, dislocation line, precipitate, defect 

cluster) effect on zircaloy is not unclear.  

Therefore, this paper intends to reveal defect flux 
behavior at zirconium alloy in research reactor. 

Fortunately defect flux mechanism of single crystal 

and zircaloy was briefly revealed by many 

researchers [3, 4].  
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Prior to modeling defect flux in research reactor 

condition, these model need to be reviewed. After 
that, defect flux to sink will be researched at low 

temperature.  

 

3-1 Single crystal defect flux behavior 

In case of single crystal, major sink is only 

dislocation and dislocation loop. Therefore, RIG 

begins from developing of dislocation and 

dislocation loop. Before breakaway region, 

interstitial loop in prism plane is main reason of <a> 

-axis elongation. However after breakaway region, 

vacancy loop on basal plane is also main reason of 

<c> -axis construction.  
  At first stage of RIG, dislocation and dislocation 

loop are bias sink because interstitial diffusion 

coefficient is much higher than vacancy diffusion 

coefficient i.e. DiC1i >> DvC1v (where Di >> Dv). 

Therefore interstitial loop generated and growth.   

  At middle stage, dislocation and dislocation loop 

became neutral sink because vacancy concentration 

is rapidly increasing. While interstitial, which have to 

recombination with vacancy, disappear at matrix i.e. 

DiC1i = DvC1v (where C1v >> C1i). Therefore growth 

strain will be saturation.  
At last stage, <c> dislocation loop is formed on the 

basal plane. Therefore, dislocation loop and 

dislocation on prism plane once again absorb 

interstitial. While interstitial concentration is 

increasing by vacancy loop. Therefore, RIG increases 

proportionately with radiation dose.  

 

Fig.1. Defect flux of single crystal schematic 

 

3-2 Annealed zircaloy  

Annealed zircaloy have low dislocation density 

cause grain boundary play major role of sink. 

Therefore, RIG behavior is controlled by defect flux 
to grain boundary before dislocation loop generated.  

At first stage, grain boundaries perpendicular to the 

basal plane are preferential sinks for SIAs. In 

contrast, grain boundaries parallel to the basal plane 

constitute preferential sinks for vacancies. Therefore, 

first growth occurs by grain boundary  

At middle stage, dislocation loops are generated but 

interstitial is already absorbed by grain boundary. It 

will make dislocation loop become neutrally sink. 

Also, growth shows saturation tendency. 

At last stage, same tendency of single crystal case, 
vacancy loops are generated and growth behavior 

shows linear increasing with radiation dose. 

 

Fig.2. Defect flux of annealed zircaloy schematic 
 

3-3 Cold worked zircaloy 

 

In case of cold worked zircaloy, dislocation 
density is sufficiently high. Therefore dislocation as 

sink is dominant effect of defect flux on matrix. 

Growth strain increases linearly in proportion to the 

radiation dose. 

 
Fig.3. Defect flux cold worked zircaloy schematic  

 

4. Summary 

 

The mechanism of RIG is briefly reviewed. The 

sink effect on RIG could be analyzed by defect flux 
mechanism.  

1. Initial sink has high influence because initial 

sink strength is so strong. Therefore, other sinks 

become weak. Cold worked zircaloy-2 did not 

show saturation region. 

2. Defect flux to initial dislocation density is the 

most dominant parameter on growth. Therefore, 

it can be analyzed that increasing temperature 

leads to increasing defect flux to initial 

dislocation sink. 
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