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Abstract: Nickel-based alloys are commonly used as welding part for the primary circuit safe-end welded joints of pressurized 

water reactors. Due to the harsh service environment and uneven mechanical properties of the welded joints, the nickel-based 

alloys are prone to stress corrosion cracking, which has a great effect on the safe operation of nuclear power. To understand 

the effect of the material macrostructural parameters (including the plastic properties of the material and the stress intensity 

factor K) on the stress corrosion cracking (SCC) growth rate, the SCC propagation finite element model (FEM) of nickel-base 

alloy 600 under different macrostructure parameters was established, and the effects of different plasticity and K values on the 

plastic zone and tensile plastic strain around the crack tip were analyzed. Results show that the plastic zone size and tensile 

strain around crack tip are affected by K, yield strength and hardening exponent, among which the K at crack tip has a greater 

influence, and it is inversely proportional to yield strength, while the K is directly proportional to hardening exponent. 

According to the results of SCC growth rate calculated under different K and the experimental results under high-temperature 

water environment, the range of characteristic distance r

0

 of nickel-based alloy 600 is obtained. The research results can 

provide a scientific basis for SCC rate prediction under high-temperature water environment of nickel-based alloy 600 for 

nuclear power plants. 

 

Key words: stress corrosion cracking (SCC); nickel-based alloy; macro structural parameters; crack tip plastic zone; crack 

growth rate 

 

 

 

Nickel-based alloy 600, very prone to stress corrosion 

cracking (SCC), is widely used in PWR nuclear power plant 

and dissimilar metal welded joints due to its excellent 

properties. And these nickel-based alloys have been served in 

high-temperature, high pressure and radiation for a long time

 [1]

. 

The SCC process of welded joints is a slow and stable crack 

propagation process determined by three factors, including 

corrosion medium, material properties and mechanical state at 

crack tip. The SCC is the main cause of failure of PWR weld 

material, which seriously threatens the safe operation and 

service life of nuclear power equipment

 [2,3]

. 

Nickel-based alloys are often used as welding 

consumables in safe-end welding joints of dissimilar metals. 

Due to the particularity of joint technique, defects such as 

cracks, pore, inclusions, impermeability, composition 

gradient, mechanical property variation and residual stress 

will inevitably occur in the weld metal

 [4-6]

. The residual 

stress during welding is usually higher than the material 

yield strength due to thermal expansion and cold 

contraction of welded components, which has become the 

main mechanical factor causing SCC. Cold bending 

forming (cold working) technique is mainly used in 

manufacturing main pipe elbows in China. Different 

degrees of work hardening will occur at different sections 

of main pipe, and with increasing the wall thickness of 

main pipe, the cold bending deformation rate (work 

hardening) will gradually increase. Relevant research has 

shown that cold working can promote SCC and accelerate 

SCC crack growth rate

 [7,8]

. Moreover, it is difficult for 

metal materials to be in an ideal elastic-plastic state in 
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practical engineering, and the influence of material plastic 

properties on SCC should also be considered. 

Stress intensity factor K characterizes the strength of the 

stress field near the crack tip, and at the same time, the 

crack growth rate has a strong correlation with K

 [9]

. The 

zone around the crack tip will form a plastic zone before 

fracture occurs, and the plastic zone size around the crack 

tip directly affects the crack initiation, crack growth rate 

and instability fracture, which is also an important 

parameter for characterizing the material fracture

 [10-12]

. 

The research mentioned above shows that during the 

process of crack initiation and propagation, there is a close 

relationship between SCC growth and the change of plastic 

zone around crack tip and K, material yield strength and 

hardening exponent. Therefore, the finite element analysis 

model of nickel-base alloy 600 was established using 

ABAQUS, and the relationship between plastic zone around 

crack tip, material plasticity and stress intensity factor K 

was analyzed. The influence of material plasticity and stress 

intensity factor on the SCC growth rate was also predicted. 

On this basis, the range of relative reasonable characteristic 

distance r

0

 for nickel-base alloy 600 was obtained by 

comparing the SCC growth rate experiment in 

high-temperature water environment. 

1  Theoretical Model for SCC Quantitative 

Prediction 

F-A model was established by Ford and Andresen of 

General Corporation

[13]

, which is widely used in 

high-temperature water environment based on the theory of 

slip dissolving film rupture. The specific expression of the 

model is shown in Eq.(1). 
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where m is the exponent of current decay curve, which is 

related to the corrosion potential, solution conductivity and 

chromium depletion; 

ct

ε
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is the strain rate at crack tip; 

a

κ  
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where M is the metal molecular mass; ρ is the metal density; 

F is the Faraday’s constant; z is the change in charge 

during the oxidation process; 

0

i is the oxidation current 

density of the bare surface; 

0

t is the time before onset of 

the current decay and

f

ε

�

is the oxide film degradation strain. 

Considering that it is difficult to obtain the strain rate at 

the crack tip by the F-A model, a crack-tip strain rate model 

based on the theory of crack-tip strain gradient was deduced 

by Professor Shoji

[14]

 of Japan Northeast University, and is 

shown in Eq.(3), where E is the Young’s modulus and N is 

the strain hardening exponent in Gao Hwang field. FRI 

model establishes the relationship between crack tip strain 

rate and macro-mechanical parameters, which has been 

adopted by many laboratories around the world. Meanwhile, 

engineering applications have also been achieved to some 

extent, but the crack tip characteristic distance r

0 

in the 

model has not yet been clearly defined.  
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To obtain the strain rate at the crack tip, Xue et al

[15]

 

proposed an alternative algorithm of the strain rate at the 

crack tip, that is, the plastic strain at r

0

 in front of the crack 

tip is used to replace the strain at the crack tip, as shown in 

Eq.(4), where r

0

 is a distance from the crack tip. 
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the variation of the distance r will cause the increase of 

crack tip strain when the crack propagates.  

p

ct p

d

d

d d

a

a t

ε

ε ε= = ⋅

� �

                            (5) 

where, dε

p

/da is the strain rate at a characteristic distance r

0

 

in front of the growing crack tip. 

Substituting Eq.(5) into Eq.(1), the SCC growth rate at 

crack tip in a high-temperature water environment can be 

expressed as follows: 
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For a stable propagation crack tip, Eq.(5) can be 

expressed as Eq.(8), and the calculation method of the 

tensile plastic strain rate at the crack tip is shown in Fig.1. 
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Fig.1  Acquisition of plastic strain rate in front of crack tip by 

numerical simulation 
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Substituting Eq.(8) into Eq.(6) can obtain the expression 

of SCC growth rate, as shown in Eq.(9). 
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It can be seen from the SCC growth model that the 

characteristic distance r

0

 in front of crack tip is an 

important parameter affecting the crack growth rate and the 

stress corrosion mechanism. Based on the elastic-plastic 

finite element method (EPFEM) and the calculation 

principle of Fig.1, the plastic deformation at the 

characteristic distance r

0

 in front of the crack tip can be 

calculated, and then the crack growth rate can be obtained 

according to the plastic strain rate. In this study, by 

analyzing the effect of macrostructure parameters on the 

size of plastic zone at the crack tip and the crack growth 

rate of nickel-based alloy 600, including material plasticity 

and stress intensity factor, a more accurate range of 

characteristic distance can be obtained to further improve 

the accuracy of the model. 

2  Finite Element Model  

2.1  Geometric and material model 

Nickel-based alloy is one of the common materials used in 

safe-end welded joints, and it is easy to cause SCC when 

severed in high-temperature water environment. To 

understand the influence of macro-structural parameters 

(including material plasticity and stress intensity factor) on 

the growth rate of SCC, CT specimen with defects is adopted 

as a geometric model in this research. The geometric shape 

and size of the specimens conform to the ASME-E399 

standard. Meanwhile, the width of the specimen is W=25.4 

mm and the crack length is a=11.25 mm. 

The research object is nickel-base alloy 600 in this study, 

which is a power hardening material. The relationship 

between stress and strain can be described using the 

Ramberg-Osgood model, as shown in Eq.(10)

[16]

:  
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where ε is the total strain, including elastic and plastic 

strain; σ is the total stress; ε

0

 is the material yield strain; σ

0

 

is the material yield stress; α is the offset coefficient and n 

is the strain hardening exponent. The mechanical properties 

of the material in high-temperature water at 340 °C are 

shown in Table 1. 

On the basis of the basic data, the material plastic 

properties will change because the welded zone is affected 

by the welded joint inhomogeneity. To understand the effect 

of material plastic change of nickel-based alloy 600 on SCC 

crack tip mechanics field and SCC growth rate in detail, the 

yield strength was set as 300, 500 and 700 MPa. When 

studying the influence of hardening exponent n on SCC 

growth rate, n is set to 4, 6 and 8. According to the general 

range of K in stress corrosion cracking process

[18]

, the 

values of K are set to be 10, 20 and 30 MPa·m

1/2

. 

2.2  Finite mesh model 

The typical finite element mesh model in Fig.2b contains 

6043 8-node biquadratic plane strain elements, where 

x-coordinate is the crack growth direction and y-coordinate 

is the normal direction of crack in the coordinate system. In 

order to understand the detail of the stress and strain close 

to the crack tip, a small size blunt notch with 1 µm in radius 

is designed at the crack tip and the vicinity zone of the 

crack tip is significantly refined. 1526 8-node biquadrate 

plane strain quadrilateral elements are adopted, which is 

shown in Fig.2c. 

 

Table 1  Mechanical properties of nickel-base alloy 600 and its 

oxide formed in PWR primary water at 340 °C 

[17]

 

Material parameter Value 

Young’s modulus, E/MPa 189 500 

Poisson’s ratio, ν 0.286 

Yield strength, σ

0

/MPa 436 

Yield offset, α 3.075 

Hardening exponent, n 6.495 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Finite element model: (a) geometric model, (b) global mesh specimen, and (c) local crack front mesh model 
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3  Results and Discussion 

3.1  Effect of macrostructural parameters on plastic 

zone size 

The plastic zone size in front of the crack tip is an 

important parameter used in the quantitative prediction of 

the SCC crack growth rate. Based on von Mises yielding 

principle, the plastic zone size R

p

 in front of the crack tip is 

shown in Fig.3, which shows that the plastic zone size R

p

 

will increase as stress intensity factor K increases, and 

simultaneously, the plastic zone size R

p

 also increases as the 

material yield strength decreases, and when the yield 

strength of material is low, the size of plastic zone is 

obviously affected by stress intensity factor. It can be seen 

from Fig.4 that the effect of hardening exponent on the 

plastic zone size is contrary to that of the yield strength. 

The plastic zone size at crack tip increases with increasing 

the hardening exponent under the same K.  

The plastic zone size R

p

 extension induced by the 

material plasticity will availably release the stress intensity 

close to the crack tip under a constant K, and accordingly 

decrease the SCC crack growth rate.  

3.2  Effect of material plasticity and K on tensile 

strain in front of the crack tip 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Distribution of plastic zone size under different yield 

stresses 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Distribution of plastic zone size under different hardening 

exponents 

The distribution of tensile strain at different distances in 

front of crack tip of nickel-base alloy under different yield 

strengths is shown in Fig.5, which shows that the tensile 

strain of crack tip decreases with the increase of yield 

strength, and the larger the distance from the crack tip, the 

lower the tensile plastic strain. Through the influence of 

yield strength on the tensile plastic strain in front of the 

crack tip, it can be concluded that the lower the yield 

strength of nickel-based alloy material, the greater the 

plastic deformation in front of the crack tip, which will 

easily lead to the oxide film rupture at the crack tip and 

accelerate crack growth rate. 

Tensile strain distribution at different distances in front 

of the crack tip of nickel-based alloys under different 

hardening exponents is shown in Fig.6, which shows that 

the tensile strain at the crack tip increases with the increase 

of material hardening exponent. At the same time, tensile 

plastic strain becomes lower and lower with increasing the 

distance to the crack tip under different hardening 

exponents. Through the influence of hardening exponent on 

the tensile plastic strain in front of crack tip, it can be 

concluded that tensile plastic deformation of crack tip 

increases with the increase of hardening exponent, which 

will easily lead to cracking of oxide film at crack tip and 

accelerate crack growth rate. Comparison shows that the 

effect of hardening exponent on tensile strain at the crack 

tip is opposite to the effect of yield strength on the tensile 

strain. 

The tensile strain distribution at different distances in 

front of the crack tip under different stress intensity factors 

is shown in Fig.7. The tensile strain in front of the crack tip, 

as one of the main driving forces leading to the cracking of 

oxide film, is greatly affected by the distance to the crack 

tip. With the increase of the distance from the front of the 

crack tip, the tensile strain decreases gradually under a 

constant K. At the same characteristic distance r

0

, the 

greater the stress intensity factor at the crack tip, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Tensile strain ahead of the crack tip under different yield 

stresses 
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Fig.6  Tensile strain ahead of the crack tip under different 

hardening exponents 

 

greater the tensile plasticity at the crack tip, and the larger 

the strain, the slower the increasing trend with the increase 

of the K. It can be seen from the comparison that the 

increase of K at crack tip will lead to the increase of plastic 

strain, which will accelerate the crack growth rate of SCC. 

3.3  Effect of material plasticity and K on the crack 

growth rate of alloy 600 

The SCC crack growth rate calculation model shows that 

crack growth rate is closely related to the tensile strain rate 

at the characteristic distance r

0

 from the front of the crack 

tip. The plastic strain rate changes at r

0

 under different 

characteristic distances to the crack tip are calculated by the 

calculation method given in Fig.1, and then the numerical 

results of dε

22

/dr are substituted into Eq.(9) to obtain the 

change of the growth rate. 

The hydro-chemical parameters of nickel-based alloy 600 

in high-temperature water environments are shown in Table 

2, and through calculation we can derive that the oxidation 

rate constant 

a

κ

′

 is 7.478×10

-7

.  

According to the range of r

0

 in Ref.

 

[19], the SCC crack 

growth rate at different r

0

 under different yield strengths is 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Tensile strain ahead of the crack front under different K 

Table 2  Water chemistry material parameter of alloy 600

[15]

 

Parameter Value 

Atomic mass, M/g·mol

-1

 55 

Number of equivalents exchanged, z 2.67 

Oxidization current density, i

0

/A·mm

-2

 0.000 15 

Fracture strain of oxide film, ε

f

 

0.0025 

Exponent of current decay curve, m 0.4 

Faraday’s constant, F/C·mol

-1

 96 500 

Duration of constant i

0

, t

0

/s 0.4 

Density, ρ/g·mm

-3

 

0.007 86 

 

shown in Fig.8. The crack growth rate is the largest at 3 µm 

ahead of the crack tip, and the maximum tensile plastic 

strain rate appears at the crack tip. With the increase of the 

characteristic distance r

0

, the crack growth rate decreases 

gradually. The yield strength has a great influence on the 

crack growth rate. The SCC crack growth rate of materials 

with high yield strength is relatively low. In the range of 

crack characteristic distance of 3~10 µm, the crack growth 

rate ranges from 2.4×10

-7

 mm/s to 2.4 ×10

-6

 mm/s. 

Fig.9 shows the distribution curve of crack growth rate of 

nickel-base alloy 600 under different characteristic 

distances r

0

 in front of the crack tip. It can also be seen that 

the crack growth rate is the largest at 3 µm ahead of crack 

tip, and the crack tip has the largest tensile plastic strain 

rate at this time. With the increase of characteristic distance 

r

0

, the crack growth rate decreases gradually. Moreover, 

different K values have a great influence on the crack 

growth rate. The greater the stress intensity factor K, the 

higher the SCC crack growth rate. It is mainly due to the 

increase of K, which leads to the increase of plastic strain 

rate in front of the crack tip. At the same characteristic 

distance, the variation range of crack growth rate is larger 

than that of yield strength, ranging from 1.0×10

-7

~3.2×  

10

-6

 mm/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Crack growth rate ahead of crack tip under different yield 

stresses 
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Fig.9  Crack growth rate ahead of crack tip under different K 

 

Fig.10 shows the distribution curve of the crack growth 

rate of nickel-base alloy 600 at different characteristic 

distances r

0

 under different hardening exponents. The 

influence law of characteristic distance r

0

 on crack growth 

rate is consistent with that of yield strength and K. The 

crack growth rate increases with the increase of material 

hardening exponent at the same crack characteristic 

distance r

0

. Meanwhile, the crack growth rate varies from 

2.5×10

-7

~2.1×10

-6

 mm/s. 

3.4  Comparison of crack growth rate results based 

on EPFEM and experiment in high-temperature 

water environment 

Based on the influence of stress intensity factor on crack 

growth rate, we can derive that different characteristic 

distances r

0

 have great influence on crack growth rate, and 

the SCC growth rate is close to two orders of magnitude 

under different r

0

. To further improve the prediction ability 

of the SCC growth rate prediction model based EPFEM, the 

SCC experimental results are compared with the results 

from prediction model of Eq.(9) under different K. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  Crack growth rate ahead of crack tip under different n 

Fig.11 shows the comparison of the experiment results 

and model predicted result based on EPFEM. From the 

experimental results

[20]

, it can be derived that the value of 

crack growth rate has a great dispersion under the same 

stress intensity factor K. According to the prediction model 

of different r

0 

under the K value of 20 MPa·m

1/2

, it can be 

concluded that the crack growth rate variation ranges from 

1.0×10

-7

 mm/s to 3.2×10

-6

 mm/s when the r

0

 value

 

is 3~10 

µm. When the value of K is 20 MPa·m

1/2

, the crack growth 

rate value is 7.65×10

-7

~1.22×10

-6

 mm/s based on the SCC 

experiment result. According to the comparison of crack 

growth rate values measured by experiments under the 

same stress intensity factor, we can conclude that when the 

characteristic distance r

0

 is 3.5~5.5 µm from the front of the 

crack tip, the experimental results are of the same order of 

magnitude as SCC predicted results based on the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  Comparison of experimental data and model predicted 

rate under different stress intensity factors 

 

4  Conclusions 

1) The increase of stress intensity factor K will improve 

the plastic zone size at the crack tip and the SCC crack 
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obtained by comparing the calculated SCC growth rate 

using prediction model with the SCC experiment result 

under a high-temperature water environment, and a more 

reasonable scope of r

0

 of 3.5~5.5 µm is determined for 

nickel-based alloy 600 in prediction model.  
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