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Abstract: Oxide film rupture theory has become one of the most popular models to quantitatively predict the stress corrosion 

cracking (SCC) rate at crack tip of nickel-based alloys in high temperature and high pressure environments, and stress intensity 

factor has become an important parameter to measure the stress corrosion cracking rate. In order to further understand the fracture 

mechanism of the oxide film and the driving force of crack growth, film-induced stress intensity factor was proposed. To understand 

the effect of film-induced stress intensity factor on the micro-mechanical state at the tip of EAC (environmentally assisted cracking), 

the stress-strain in the base metal at the EAC tip was simulated and discussed using a commercial finite element analysis code. And 

then the effect of film-induced stress intensity factor on Mises stress, equivalent plastic strain, tensile stress, tensile strain and tensile 

plastic strain gradient of crack tip was obtained, which provides a parameter to improve the quantitative predication accuracy of 

EAC growth rate of nickel-based alloys and austenitic stainless steels in the important structures of nuclear power plants. Therefore 

the oxide film rupture theory was improved. 
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Mechanical status at cracking tip of nickel-based alloys 

and stainless steel SCC for nuclear pressure vessels and 

steam generators is one of the key factors in the analysis of 

SCC mechanism and quantitative prediction of crack growth 

rate 
[1,2]

. In the process of SCC, a layer of oxide film can be 

formed on the crack tip surface of the nickel base alloy 
[3]

. 

Researches 
[4-6]

 show that an additional tensile stress, which is 

induced by the oxide of alloys at crack tip, exists at the sub-

strate side of substrate-oxide film interface. The stress could 

cause the local plastic deformation at crack tip and 

intergranular film fracture, leading to the formation of deep 

crack. Corrosion current density increased and the work 

function decreased with increasing pre-strains, which facili-

tated anodic dissolution, thereby resulting in an enhancement 

of the film growth rate and the film-induced stress 
[7]

. 

Film-induced stress and the residual stress in films deposited 

by electrolysis are important in the corrosion research and 

the electrolysis industry 
[8]

. Even in the macroscopic com-

pressive stress zone, film-induced stress at the crack tip can 

lead to the initiation and propagation of SCC 
[9-11]

. Stress in-

tensity factor, which reflects the stress field near the crack tip, 

is an important parameter to characterize the driving force 

and crack growth rate. 

In order to understand the effects of stress intensity factor 

on the stress-strain field of the crack tip induced by the oxide 

film of the material for nuclear power plants, the stress-strain 

fields in the SCC crack tip of nickel-based alloys were ana-

lyzed by the sub model technology of ABAQUS. The ef-

fects of film-induced stress intensity factor on the stress and 

strain field of the crack tip of nickel-based alloys SCC were 

obtained. 

1 Theory Model  

The oxide film at crack tip in the pressurized water reactor 

was obtained by SEM 
[12]

, as shown in Fig. 1. 

The area of crack tip is the oxide film formed on the 



3596                            Yang Hongliang et al. / Rare Metal Materials and Engineering, 2017, 46(12): 3595-3600  

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Morphology of oxide film at crack tip 

 

surface of the structural material in the process of corrosion 

cracking. Fracture mechanism of film-induced stress in 

stress corrosion cracking can be shown as: Without 

considering the external load, there is an additional tensile 

stress at one side of the interface matrix 
[5]

. It makes the 

local plastic deformation at crack tip, and the stress can 

cause the dislocation emission, which can cause the oxide 

film intergranular cracks, then leading to the occurrence 

and extension of stress corrosion cracking. Thus it can form 

deep matrix crack, and stress corrosion cracking can be 

produced 
[9-11]

. 

Therefore, film-induced stress plays an important part in 

the crack growth driving force. Mechanical factor is one of 

the three factors that affect the crack growth (mechanics, 

materials, environment). The concept of stress and strain 

field at crack tip was proposed by Japanese expert Shoji, 

and the theoretical calculation formula of strain rate at 

crack tip was proposed according to the crack tip strain 

gradient theory and the strain redistribution in the crack 

growth 
[13]

. 
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where, β is constant, σy is the yield strength of the material, 

E0 is Young’s modulus of the material, r0 is distance from 

the crack tip to the front of the crack tip, K is stress inten-

sity factor, n is the hardening exponent for the plastic, Rp is 

plastic zone size; Rp＝λ(K/σy)
2
, λ is constraint factor. 

Due to the change of r0 and K in the process of crack 

propagation, the change of strain at crack tip can be induced. 

Therefore, the strain rate at crack tip is modified as follows: 

 1 1

yct P

0 0 0

d
2 ln

d 1

n

n K a R

t E n K r r






    
          

     

  (4) 

The crack growth rate of EAC can be expressed as Eq. (5) 

by adopting to crack tip strain rate calculation Eq. (4). 
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(5) 

Eq.(5) is the FRI model which combines together me-

chanics factors, electrochemical environment parameters 

and material parameters together. This model is based on 

slip dissolution theory. The crack growth rate of nick-

el-based alloys in high temperature water environment is 

quantitatively predicted, and the stress intensity factor K is 

an important parameter to characterize the fracture of the 

material. 

The stress intensity factor K can be divided into external 

load stress intensity factor Ka and film-induced stress inten-

sity factor Kf: 

K=Ka+Kf                                  (6) 

when Ka+Kf=KIC, the SCC is to nucleating and extending. 

Under constant load stress corrosion, the film-induced stress 

is increased, the effective stress of the crack is also increas-

ing, and the plastic strain is developed, and the critical con-

dition causes the nucleation and expansion of the micro crack, 

which leads to the stress corrosion cracking. 

It is usually considered the external load, while ignoring 

the film-induced stress using of Shoji’s equation to predict 

the crack growth rate. Although Kf is relatively less, it is not 

negligible in short cracks. According to Eq.(6), K is easier 

to reach KIC because of the existence of Kf, and the SCC is 

easier to nucleate and crack. 

It can be assumed that the stress intensity factor of rack 

tip remains unchanged, because the film-induced stress 

change is relatively small, and the FRI model Eq.(5) can be 

simplified as Eq. (7). The K increases with the increasing of 

Kf , and the crack growth rate increases according to Eq.(7). 
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   ( 7 ) 

In the small plastic zone of crack tip, the film-induced 

stress is more obvious in short crack, the greater the Kf, the 

easier the crack growth, and the main effect is Ka in the 

long crack. If the crack is long enough, Kf can be ignored. 

Therefore, Kf is more suitable for short crack propagation. 

2  Finite Element Modeling 

2.1  Specimen model 

Half inch compact tension specimen (0.5T-CT) was used 

in this numerical calculation with virtual experiment pro-

cess according to American Society for Testing and Materi-

als Standard
[14]

. The geometric shape and size of 0.5T-CT 

specimen are shown in Fig.2.  
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Fig.2  Geometric size of 0.5T-CT specimen (W=25 mm, a=0.5W, 

c=2 mm) 

 

The thickness of oxide film formed by nickel-based al-

loys in high temperature and high pressure water is about 1 

μm to 2 µm
 [15]

 and 2 μm is adopted in research. 

2.2  Material model 

The non linear relationship between stress and strain beyond 

yield at crack tip of nickel-based alloys is described by 

Ramberg-Osgood equation in this numerical simulation
[16]

: 
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Where,  is strain,  is stress, E is Young’s modulus of the 

material, 0 is the yield strength of the material,  is the 

yield offset and n is the hardening exponent for the plastic. 

The material parameters of nickel-based alloys and oxide 

film are shown in Table 1. 

2.3  FE Model 

Taking into account that film-induced stress is caused by 

internal expansion and is not related to external load, 

therefore, the film-induced stress is simulated by expansion. 

Using ABAQUS to calculate stress and strain distribution in 

crack tip, the base metal and oxide film are set up as a 

whole, and the different material properties are given in the 

model. Using the plane deformation model and adopting 

8-node biquadratic plane strain quadrilateral reduced inte-

gration, the finite element model is shown in Fig.3. In order 

to improve the accuracy of the calculation, the oxide film 

and base metal at crack tip are refined to obtain a more de-

tailed and accurate data. 

 

Table 1  Mechanical properties of alloy 600 and the oxide film 

formed in PWR primary water at 288 °C 
[17,18]

 

Material Alloy 600 Oxide film 

Young’s modulus, E/GPa 189.5 140 

Poisson's ratio,  0.286 0.31 

Yield strength, 0/MPa 436 - 

Yield offset,  3.075 - 

Hardening exponent, n 6.495 - 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Mesh of 0.5T-CT specimen (a) and the detail around crack 

tip of sub-model (b) 

 

3  Results and Discussion 

3.1  Effect of film-induced stress intensity factor on 

Mises stress 

Fig. 4 shows the effect of Kf on the Mises stress of the 

crack tip －90°～90°. It can be seen that the Mises stress of 

the crack tip increases with the increasing of Kf, and the 

maximum value of Mises stress appears in front of the 

crack tip. 

Fig. 5 shows the effect of Kf on Mises stress in front of 

the crack tip. From Fig. 5 we can see that with the increas-

ing of Kf, the Mises stress at the crack tip also increase, but 

the larger the distance of the crack tip, the smaller the 

Mises stress is. It also shows that the reduced rate of Mises 

stress decreases with the decreasing of Kf. This shows that 

the crack tip is easy to crack and extend.  

3.2  Effect of film-induced stress intensity factor on 

equivalent plastic strain 

The effect of Kf on the equivalent plastic strain of the 

crack tip is shown in Fig. 6. 

From Fig. 6 we can see that equivalent plastic strain at 

crack tip increases with the increasing of Kf, and the maxi-

mum value of equivalent plastic strain appears in the front 

of the crack tip in the range of －90°~90°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Effect of Kf on Mises stress around crack tip 
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Fig.5  Effect of Kf on Mises stress in front of the crack tip 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6  Effect of Kf on equivalent plastic strain around crack tip 

 

Fig.7 shows the effect of Kf on the equivalent plastic 

strain in front of the crack tip. It can be seen that the equiv-

alent plastic strain increases with the increasing of Kf in a 

small range at the crack tip, but equivalent plastic strain 

decreases rapidly and approaches zero when the distance 

exceeds the range. This can be explained by Eq.(8). 

3.3  Effect of film-induced stress intensity factor on 

tensile stress 

Fig. 8 shows the effect of Kf on tensile stress at crack tip. 

From the figure it can be seen that at the crack tip of about 

－45°~45°, with the increasing of Kf, tensile stress increases 

gradually, and the maximum value appears in front of the 

crack tip, and Ni-based alloys is subjected to tensile stress 

in this range. The base metal is subjected to compressive 

stress in the range of －90°~－45° and 45°~90°. This indi-

cates that the tensile stress corrosion is easy to be generated 

in the range of －45°~45°, and the crack is most likely to 

occur at 0° in the front of the crack tip. 

Fig. 9 shows the effect of Kf on tensile stress in the front 

of crack tip. As can be seen from the figure, the tensile 

stress increases with the increasing of Kf in front of crack 

tip. With the increasing of r, tensile stress gradually de-

creases and finally tends to 0. The greater the Kf and the 

smaller the r, the greater the tensile stress is, and the more 

easily the crack is produced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Effect of Kf on PEEQ in front of the crack tip 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8  Effect of Kf on tensile stress around crack tip 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9  Effect of Kf on tensile stress in front of the crack tip 

 

3.4  Effect of film-induced stress intensity factor on 

tensile plastic strain 

Fig. 10 shows the effect of Kf on tensile plastic strain at 

crack tip. From the figure it can be seen that at the crack tip 

of －45°~45°, tensile plastic strain increases gradually with 

the increasing of Kf. The maximum value appears in front 

of the crack tip, and Ni-based alloys is subjected to tensile 

plastic strain in this range. The tensile strain appears 

negatively in the range of －90°~－45° and 45°~90°, and 

the amplitude is small. It is indicated that this region suffers  
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Fig. 10  Effect of Kf on tensile plastic strain around crack tip 

 

compressive stress that results in a small amount of 

compressive strain. 

Effect of Kf on tensile plastic strain at the front of the 

crack tip is shown in Fig. 11. 

Fig. 11 shows that the greater the Kf, the greater the ten-

sile strain is. With the increasing of r, the tensile plastic 

strain gradually decreases and finally tends to 0. This can 

be explained by Eq. (7). 

3.5  Effect of film-induced stress intensity factor on 

tensile plastic strain gradient 

On the basis of the Eq.(1)～(4), Xue et al.
 [19, 20]

 proposed 

a method to replace the crack tip strain rate by the crack tip 

strain gradient. In the strain gradient model, it is assumed 

that the crack tip strain is equal to the plastic strain at the 

front of the crack tip. Ford-Andresen model can be im-

proved to: 

εct = εp                                    (9) 

where p is equivalent plastic strain gradient at the front of 

the crack tip r0. In order to calculate conveniently, the crack 

tip strain gradient can be calculated by simplified Eq. (10). 
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Fig. 12 shows the effect of Kf on the tensile strain rate at  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11  Effect of Kf on tensile plastic strain in front of the  

crack tip 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12  Effect of Kf on tensile plastic strain gradient in front of 

the crack tip 

 

the distance r in the front of the crack tip. As can be seen 

from the figure, tensile strain rate increases with the in-

creasing of stress intensity factor, and crack growth rate is 

also increasing. This can be explained by Ford-Andresen 

model Eq. (11). The tensile strain decreases with the in-

creasing of the distance r in the front of the crack tip. 
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4  Conclusions 

1) The stress intensity factor K can be divided into ex-

ternal load stress intensity factor Ka and film-induced stress 

intensity factor Kf. Without considering the external load, 

the effective stress of the crack increases with the increas-

ing of Kf, and promotes the effective of plastic strain. When 

the critical condition is reached, the nucleation and expan-

sion of micro cracks appear, which leads to stress corrosion 

cracking. Kf is one of the main factors that can't be ignored 

in the driving force of stress corrosion crack growth. 

2) In front of crack tip, Mises stress, equivalent plastic 

strain, tensile stress, tensile strain and tensile plastic strain 

gradient of the crack tip are increased with the increasing of 

Kf and it is easier to crack. But with the r increasing, Mises 

stress, equivalent plastic strain, tensile stress, tensile strain 

and tensile plastic strain gradient gradually decrease, and 

finally approach to 0. 

3) In a small range around crack tip, Mises stress, 

equivalent plastic strain, tensile stress, tensile strain and 

tensile plastic strain gradient of the crack tip are increased 

with the increasing of Kf and aggravate the stress corrosion 

cracking rate. 
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膜致应力对应力腐蚀裂尖力学特性的影响 

 

杨宏亮，薛 河，杨富强，赵凌燕 

(西安科技大学，陕西 西安 710054) 

 

摘  要：氧化膜破裂理论是目前定量预测核电高温水环境中镍基合金应力腐蚀开裂速率应用最为广泛的理论模型之一，其中应力强度

因子是衡量应力腐蚀开裂速率的重要参量。为进一步了解氧化膜破裂机理及裂纹扩展驱动力特性，提出了膜致应力强度因子。为了深

入了解膜致应力强度因子在 EAC (环境致裂) 裂纹扩展过程中裂尖的力学状况，在不考虑外载的情况下，从理论和数值模拟两方面分

析研究了 EAC 裂尖基体金属区域的应力应变分布状态，得出了膜致应力强度因子对裂尖 Mises 应力、等效塑性应变、拉伸应力、拉

伸应变及拉伸应变梯度的影响规律，为提高定量预测高温高压水环境中镍基合金及不锈钢 EAC 扩展速率精度奠定基础，进而完善了

氧化膜破裂机理。 

关键词：应力腐蚀；膜致应力；应力强度因子；氧化膜；镍基合金 
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