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Abstract: Stress corrosion crack (SCC) of small crack has an important effect on the whole-life attenuation process of critical 

structures in nuclear power plants (NPPs). By combining the film slip-dissolution/oxidation model with the elastic-plastic finite 

element method (EPFEM), the SCC propagation rate for small crack in reactor pressure vessels (RPVs) of NPPs was quantitatively 

predicted. According to the crack tip mechanical field analysis, the crack tip strain rate was determined to control the initiation and 

propagation of small cracks, and it was approximately calculated by the variation of plastic strain (dε

p

/da) at a characteristic distance 

r

0

 to the growing small crack tip. Two methods of dynamic crack propagation and quasi-static crack propagation based on EPFEM 

were proposed to calculate the variation of plastic strain (dε

p

/da). The contrast of the two calculation methods and the sensitivity 

analysis of variation of plastic strain with the crack length were carried out. The results show that there is a slight difference between 

the two methods, and the plastic strain variation is more sensitive to the crack propagation of small crack than to the long crack. The 

SCC propagation rate of small cracks is larger than that of long cracks, and it is significantly influenced by the characteristic distance 

r

0

. As it is difficult to determine the value of characteristic distance r

0

 finally, it is suggested to be determined by combining 

experimental SCC data with finite element simulation of the single-edge crack panel specimens under the same environmental and 

material conditions. 
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According to the Power Reactor Information System (PRIS) 

maintained by the International Atom Energy Agency (IAEA), 

many nuclear power plants (NPPs) have been operated for 

over 30 years, with service ages almost reaching the design 

life of 40 years

[1]

. Due to the high cost of new nuclear power 

plants, it is an important choice for many countries to extend 

the life of NPPs. However, safety is still the primary factor 

when considering the life extension of NPPs. As the structural 

materials used in the NPPs continue to suffer from the high 

temperature, high pressure, nuclear irradiation and corrosion 

environment, the degeneration of material is serious

[2]

, so it is 

important to acquire how the materials degenerate and verify 

the actual state of structures in order to assess their residual 

life. Stress corrosion crack (SCC) is an important form of 

material degradation, and scholars have concluded many SCC 

mechanisms and quantitative prediction models

[3,4]

. Resear- 

chers have shown that for high strength alloy materials, the 

service life of components is mainly controlled by the 

initiation and the propagation behavior of small fatigue cracks, 

and the mechanical behavior of small crack is obviously 

discriminated with long crack

[5]

; thus the prediction of crack 

propagation rates for small cracks is one of the key issues 

when predicting the residual life of structures used in NPPs.  

As it is difficult to obtain sufficient SCC experimental data 

of small cracks at high temperature, the numerical simulation 

method is adopted in this paper to verify the SCC crack tip 

mechanical field and crack propagation rates of small cracks 

on the surface of alloy 600, which is used to produce reactor 
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pressure vessels (RPVs) in AP1000 NPPs. The pressure vessel 

services at a specific temperature in nuclear power plants 

(NPPs). The performance of its structural materials is different 

from that at room temperature. Stress corrosion crack (SCC) 

research is mainly focused on the crack initiation and crack 

propagation of material, and the characteristic at the crack tip 

of material is analyzed on the basis of the mechanical field at 

the crack tip of certain material. Therefore, in this paper, the 

mechanical field of the crack tip was analyzed by comparing 

the mechanical properties of alloy 600 at normal temperature 

and 340 °C boiling water reactor. 

1  SCC Quantitative Prediction Model of Small 

Crack 

The Ford-Andresen model

[6,7]

 are widely used to predict the 

crack propagation rate of structure materials used in high 

temperature water environments of NPPs. The model 

combines the electrochemical environment, material and 

mechanical factors at the crack tip region into a formula, and 

the crack growth rate is expressed as: 

( )

a ct

d

d

m

a

t

=

�

κ ε

                               (1) 

where da/dt is the SCC rate, 

ct

ε

�

 is the crack tip strain rate, 

and m is the current decay curve index; 

a

κ  is the crack tip 

oxidation rate constant, which is determined by the 

electrochemical environment and the material in the vicinity 

of the crack tip, and it is defined as: 
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where M is the atomic mass of the metal, ρ is the density of 

the metal, Z is the charge due to the oxidation process, F is 

Faraday’s constant, i

0

 is exposed surface oxidation current 

density, t

0

 is the initial time of current decay, and ε

f

 is the 

fracture strain of oxide film on the crack tip. 

In Eq.(1), the crack tip strain rate 

ct

ε

�

, which controls the 

passive film rupture frequency and determines the average 

dissolution current, plays a key role in determining the crack 

propagation rate. However, it is difficult to obtain the strain 

rate of crack tip directly in practical applications. By adopting 

the strain redistribution and the strain gradient of a steady 

growing crack front

[8]

, the FRI model developed by Satoh et al 

to predict the SCC propagation rate was expressed as

[9]

: 
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where β is dimensionless constant, σ

y

 is yield strength, E is 

elastic modulus, r is distance to the crack tip, K is stress inten- 

sity factor, n is strain hardening index, R

p

 is plastic zone size, 

and λ is constraint factor. 

However, many parameters in Eq.(3) are difficult to acquire, 

so it is still difficult to obtain an accurate crack propagation 

rate. The mechanical field at small crack tip shows that the 

characteristic of small crack can be described by strain, and 

the strain gradient change of small crack is bigger than that of 

long crack. Thus it was proposed that the crack tip strain ε

ct

 

can be replaced by the tensile plastic strain ε

p

 at a 

characteristic distance r

0

 to the front of the tip

[10]

: 

0

ct p r r=

=ε ε                                    (4) 

where ε

p

 is the equivalent plastic strain at the characteristic 

distance of r

0

 in front of the growth tip. Thus,  

p p

ct

d d

d

d

d d d d

a

t t a t

 

 

= = ⋅

 

 

 

 

ε ε

ε

                        (5) 

where dε

p

/da is the variation in tensile plastic strain with crack 

growth at the characteristic distance r

0

 in front of the crack tip. 

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

can be written as,  
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where, 

1/(1 )

a a

m−

′

=κ κ

                                 (7) 

Using the elastic-plastic finite element method (EPFEM), 

the dε

p

/da at the characteristic distance r

0

 in front of the crack 

tip can be approximately calculated by two methods, and the 

basic calculation conception is depicted in Fig.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Relationship between ∆a and ∆ε

p

 in numerical simulation:  

(a) dynamic crack propagation method and (b) quasi-static 

crack propagation method 
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As shown in Fig.1a, the initial crack length is a, and the 

plastic strain at the characteristic distance r

0

 in front of the 

crack tip is ε

p1

. When the cracks propagate ∆a, the position to 

calculate the plastic strain does not change, and the plastic 

strain changes to ε

p2

. The plastic strains of ε

p1

 and ε

p2

 are 

obtained by finite element analysis

[11]

. And accordingly, dε

p

/da 

can be obtained by the following expression: 
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r r r r
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where ε

p1

 and ε

p2

 are the plastic strain at the characteristic 

distance r

0

 in front of the initial crack tip, with a crack 

propagation of ∆a. 

As the plastic strains ε

p1

 and ε

p2

 are calculated at the same 

initial position with crack length of a, at the propagated stage 

where crack length equals to a+∆a, the method for calculating 

dε

p

/da by Eq.(8) is called as dynamic crack propagation 

method. By this method, at least two calculation models or 

steps are needed for calculating. 

The other method for calculating dε

p

/da is shown in Fig.1b. 

It is assumed that the plastic strain is always acquired at the 

characteristic distance r

0

 in front of the crack tip, which means 

that when the crack propagates ∆a, the characteristic distance 

propagates ∆a to ∆a+r

0

, simultaneously. And the dε

p

/da is 

calculated as, 

0 0
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r r a r r

a a a

= +∆ =

−

∆

≈ =

∆ ∆

ε ε

ε ε

                   (9) 

If ∆a is small enough, the dε

p

/da has the physical meaning 

of plastic strain gradient at the characteristic distance r

0

 in 

front of the crack tip. By this method, the dε

p

/da can be 

calculated by one simulation model or step without the 

propagation of crack. Thus it is called quasi-static crack 

propagation method using Eq.(9). 

Substituting Eq.(8) or Eq.(9) into Eq.(6), the growth rate of 

the crack can be obtained. 

2  Calculation Model 

2.1  Geometric model and mesh model 

A 2D-plate (the single-edge crack panel) specimen with a 

crack is adopted in this simulation

[12]

. As shown in Fig.2, the 

specimen length and width are 50 mm and 20 mm, 

respectively, and a represents the initial crack length. In order 

to highlight the anomalous mechanical behavior of small 

crack tip, the crack length a is selected from 0.2 mm to 2 mm 

arbitrarily. 

The specimen is meshed with CPE8 element, and the crack 

tip region is refined to get more detailed and accurate data of 

crack tip’s mechanical parameters. 

2.2  Material model 

Experiments show that the fracture properties of alloy 600 

exhibit stronger ductility at high temperature

[13]

. Therefore, the 

Ramberg-Osgood relationship is adopted to represent its 

power hardening characteristic. The mechanical properties of 

alloy 600 at normal temperature and 340 °C boiling water 

reactor are shown in Table 1

[14]

.  

 

  

 

Fig.2  Geometric model (a), global mesh model (b), and refined mesh of crack tip (c) 

 

Table 1  Mechanical properties of alloy 600

[14] 

Parameter Normal temperature 340 °C 

Young’s modulus, E/GPa 214 189.5 

Poisson’s ratio, v 0.324 0.286 

Yield strength, σ

ys

/MPa 550 436 

Hardening exponent, n 8.193 6.495 

Yield offset, α 3.879 3.075 

The main purpose of this study is to evaluate the effect of 

the mechanical factor on SCC behavior. The oxidation rate 

constant 

a

κ

′

 was set to 7.478×10

−7

, and the index of the 

current decay curve m was set to 0.5

[15]

. 

2.3  Load condition 

The SCC growth is related to the crack tip stress intensity 

factor K

I

. Thus a constant K

I

 was used for different crack 

lengths to ensure the same load condition

[16]

. It is known that 
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the designed pressure of AP1000 reactor pressure vessel, 

which has a diameter of about 5 m and a thickness exceeding 

20 cm, is up to 17.23 MPa, generally operated under the 

pressure of 15.5 MPa

[17,18]

. According to the stress theory of 

pressure vessel design, combined with the calculation formula 

of fracture mechanics, the crack tip stress intensity factor K

I

 

equals to 7 MPa·m

1/2 

for a small crack located at the surface of 

RPVs

[19]

. As shown in Fig.2, uniform tensile stress is applied 

on the top and bottom surfaces of the specimen to ensure the 

crack tip stress intensity factor, and the tensile stress is 

calculated as: 

I

πK a=σ

                                (10) 

where σ is the tensile stress applied; K

I

 is the crack tip 

intensity factor, which always equals to 7 MPa·m

1/2

 in this 

study; a is the crack length. 

3  Result and Discussion 

3.1  Mechanical characteristic of small crack tip 

The Von Mises stress in front of crack tip is shown in Fig.3. 

It can be seen that whether the crack length is equal to 0.2 mm 

or 2 mm, the Mises stress distribution curves almost coincide 

with each other in normal temperature and high temperature 

environments, which indicates that the mechanical property 

change caused by the service temperature has few effects on 

the Mises stress in front of the crack tip. 

Strain is another important parameter to characterize the 

crack tip fracture. As shown in Fig.4, when the service 

temperature changes from normal temperature to 340 °C, the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Mises stress distribution in front of small crack tip: (a) crack 

length a=0.2 mm and (b) crack length a=2 mm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Equivalent plastic strain distribution in front of small crack tip: 

(a) crack length a=0.2 mm and (b) crack length a=2 mm 

 

equivalent plastic strain in front of small crack tip increases 

significantly, especially the small crack with 0.2 mm in length. 

Thus, it can be concluded that strong strain strengthening 

occurs in crack tip regions in high temperature water environ- 

ments

[20]

. 

The contrast of crack tip plastic zone at normal temperature 

and 340 °C is shown in Fig.5, in which contours 1 and 2 are 

the crack tip plastic zone boundaries under the same load 

condition. It can be seen that the plastic zone at 340 °C is 

bigger than at normal temperature for the same crack length, 

and the plastic zone of small crack is bigger than that of long 

crack at the same service temperature. With a constant load, 

the larger the plastic zone, the greater the crack growth driving 

force. Thus, the crack tip plastic zone size can be considered 

as a major factor influencing the crack growth rate of small 

crack

[21]

, whose size can also be represented by the 

characteristic distance r

0

 in front of the crack tip.  

3.2  Variation of plastic strain dε

p

/da in front of a growing 

small crack tip 

As shown in Fig.6, the plastic strain dε

p

/da at the character- 

ristic distance r

0

 in front of the crack tip with different crack 

lengths is calculated by the dynamic crack propagation 

method and quasi-static crack propagation method, according 

to Eq.(8) and Eq.(9), respectively. It can be seen that for both 

calculation methods, the variation in plastic strain with crack 

growth (dε

p

/da) decreases with the increase of characteristic 

distance r

0

, and increases with the increase of crack length. 

0.02 0.04 0.06 0.08 0.10

180

210

240

270

 

a

V
o
n

 
M

i
s
s
e
s
 
S

t
r
e
s
s
,
 
s

v
 

/
M

P
a

 a=0.2 mm at 340  °C

 a=0.2 mm at normal temperature

0.02 0.04 0.06 0.08 0.10

100

120

140

160

180

200

220

 

 a=2 mm at 340 °C

 a=2 mm at normal temperature

b

V
o
n

 
M

i
s
s
e
s
 
S

t
r
e
s
s
,
 
s

v

 
/
M

P
a

Distance to the Crack Tip, r

0 

/mm

0.018 0.036 0.054 0.072 0.090

0.00

0.58

1.16

1.74

2.32

2.90

3.48

 

E
q
u

i
v
a
l
e
n

t
 
T

e
n

s
i
l
e
 
P

l
a
s
t
i
c

S
t
r
a
i
n

,
 
ε

p
 

/
�

1
0

-
3

a

 a=0.2 mm at 340 °C

 a=0.2 mm at normal temperature

0.02 0.04 0.06 0.08 0.10

0.0

0.2

0.4

0.6

0.8

1.0

  

 

E
q
u

i
v
a
l
e
n

t
 
T

e
n

s
i
l
e
 
P

l
a
s
t
i
c

S
t
r
a
i
n

,
 
ε

p
 

/
�

1
0

-
3

Distance to Crack Tip, r

0 

/mm

 a=2 mm at 340 °C

 a=2 mm at normal temperature

b



2428                          Fang Xiurong et al. / Rare Metal Materials and Engineering, 2019, 48(8): 2424-2431 

 

 

 

 

Fig.5  Contrast of crack tip plastic zone at normal temperature 

(contour 2) and 340 °C (contour 1): (a) crack length a=0.2 

mm and (b) crack length a=2 mm 

 

Defining γ as: 
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where γ is the specific value of plastic strain variation with 

crack growth calculated by the quasi-static crack propagation 

method (dε

p

/da|

static

) and dynamic crack propagation method 

(dε

p

/da|

dynamic

), and the contrast of plastic strain variation with 

crack growth calculated by the two methods is shown in Fig.7. 

It can be seen that the average specific value decreases 

slightly from 1.035 to about 1.030 when crack propagates 

from 0.3 mm to 2 mm, indicating that the difference between 

the two methods decreases with the increase of crack length. 

As the specific values are always above 1, the plastic strain 

variation with crack growth calculated by quasi-static crack 

propagation method is larger than that calculated by dynamic 

crack propagation method. However, the difference is very 

tiny because the specific values are close to 1. The small 

standard deviation at a certain crack length in Fig.7 indicates 

that the difference between dε

p

/da|

static

 and dε

p

/da|

dynamic

 at a 

certain crack length is not affected by the characteristic 

distance r

0

. 

Defining sensitivity coefficient χ as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Variation in plastic strain with crack growth in front of crack 

tip calculated by dynamic crack propagation method (a) and 

quasi-static crack propagation method (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Contrast of plastic strain variation with crack growth 

calculation by quasi-static crack propagation method and 

dynamic crack propagation method 
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where sensitivity coefficient χ denotes sensitivity of plastic 

strain variation with crack growth to crack length change. 
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The sensitivity coefficients χ shown in Fig.8 are all negative, 

which indicates that the plastic strain variation decreases with 
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Fig.8  Sensitivity of plastic strain variation with crack growth to 

crack length change 

 

the crack propagation. As the absolute values of sensitivity 

coefficient are smaller than 1, the change percentage of plastic 

strain variation is smaller than that of crack length, denoting a 

small influence of crack length change on plastic strain 

variation. However, the plastic strain variation is more 

sensitive to small crack propagation than to long crack, which 

can be supported by the decrease of absolute values of 

sensitivity coefficient with the increase of crack length. An 

obvious feature of the sensitivity coefficient curves shown in 

Fig.8 is that the curves are almost parallel to the x-axis, 

denoting that the sensitivity coefficient approximately equals 

to each other in front of crack tip with a certain crack length. 

The average sensitivity coefficient for certain crack length is 

calculated, as illustrated in Fig.9. It can be seen that in the 

range of 0.3~0.4 mm, with 33% change of crack length, 

plastic strain variation decreased to 65%, while it only 

decreased to 14% with 100% change of crack length in the 

range of 1~2 mm. 

3.3  Estimation of SCC propagation rates for small crack 

Substituting dε

p

/da into the basic formula Eq.(6), the SCC 

propagation rates for small crack are shown in Fig.10. It can 

be seen that the SCC propagation rates are obviously influenced 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Average sensitivity coefficient for different crack length 

change ranges 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10  SCC propagation rates in front of crack tip 

 

by the characteristic distance to the crack tip, r
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. For instance, 

if the crack length equals to 3 mm, the calculated SCC 

propagation rate is 2.50×10

−7

 mm/s with characteristic 

distance r

0

=0.002 mm, while the calculated SCC propagation 

rate decreases to about 1.05×10

−7

 mm/s with a characteristic 

distance r

0

=0.002 mm. The SCC propagation rate gradient in 

front of crack tip was calculated, as shown in Fig.11. It can be 

seen that the effects of characteristic distance on SCC 

propagation are significant for small characteristic distance r

0

, 

and the effect decreases with the increase of r

0

.  

As the SCC propagation rate varies with different 

characteristic distances r

0

, it is very important to determinate 

the value of r

0

. Unfortunately, the meaning of characteristic 

distance r

0

 is still unclear, so its value is difficult to determine 

finally. It is suggested that r

0

 can be determined by combining 

experimental SCC data with finite element simulation of the 

single-edge crack panel specimens under the same 

environment and material conditions. 

As shown in Fig.12, a series of characteristic distances are 

selected from 0.002 mm to 0.01mm to estimate the propaga- 

tion rates. It can be seen that the SCC propagation rate 

decreases with the propagation of crack, which indicates that 

the SCC growth rate of small cracks is larger than that of long 

cracks

[22]

. As represented by Eq.(1), the SCC propagation rate 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.11  SCC propagation rates gradient in front of crack tip 
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Fig.12  SCC propagation rates calculated at different characteristic 

distances 

 

depends on the crack tip strain rate. The SCC appears only at 

an appropriate crack tip strain rate, which may lead to the 

rupture of crack tip passivation film, combining with the 

corrosion environment. It is regarded that there is a crack tip 

strain rate threshold. If the local strain rate at crack tip is 

greater than the threshold, the small crack will propagate, 

which will lead to the stress release and strain relaxation at the 

crack tip, cause a decrease of crack tip strain rate, and result in 

the decrease of crack propagation rate. With the propagation 

of crack, the crack tip strain rate decreases. If the crack tip 

strain rate drops below the threshold, the small crack SCC in 

the stress corrosion environment can be suppressed.  

4  Conclusions 

1) It is the strain rather than the stress that controls the 

initiation and propagation of small cracks. Two methods of 

dynamic crack propagation and quasi-static crack propagation 

are proposed to calculate the variation of plastic strain, and the 

crack tip strain rate can be approximately calculated by the 

variation of plastic strain at a characteristic distance r

0

 in front 

of a growing small crack tip. 

2) The plastic strain variation obtained by quasi-static crack 

propagation method is slightly larger than that obtained by 

dynamic crack propagation method, which is determined by the 

characteristic distance r

0

. The difference between the results 

calculated by the two methods is not affected by the 

characteristic distance r

0

. 

3) The influence of crack length change on plastic strain 

variation is small, and the plastic strain variation of crack 

propagation of small crack is more sensitive than that of the 

long crack. 

4) The effect of characteristic distance on SCC propagation 

rate is significant for small characteristic distance r

0

, and this 

effect decreases with the increase of r

0

. The SCC propagation 

rate of small cracks is larger than that of long cracks. As the 

SCC propagation rate is determined by characteristic distance 

r

0

, it can be suggested that r

0

 can be determined by combining 

experimental SCC data with finite element simulation of the 

single-edge crack panel specimens under the same 

environment and material conditions. 
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