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Abstract. Oxide film rupture theory has become one of the most popular models to
quantitatively predict the stress corrosion cracking rate at crack tip of Ni-based alloys in high
temperature water nuclear environment. To understand the micro-mechanical state at the tip of
environment assisted cracking (EAC) without considering the external load, the stress-strain
induced by oxide film in the base metal at the EAC tip was simulated and discussed using a
commercial finite element analysis code. Results show the stress-strain state induced by oxide
film is different because of crack length, and film-induced stress is one of the main factors that
can't be ignored in the stress corrosion crack growth driving force. The study also provides a
foundation 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.

1. Introduction

There have been reports on stress corrosion cracking (SCC) in austenitic alloys used in light water
reactor (LWR) components over the last thirty years [1,2]. The pressure vessel and the steam generator
used in the nuclear power tend to occur stress corrosion in the process of its service, and the surface
form a layer of oxide film[3].Usually, the oxide film plays a protective role in stress corrosion.
However, under the complex environmental factors, the oxide film can produce film-induced stress,
which can promote the dislocation emission and motion, and make the crack tip produce local plastic
deformation[4]. The stress can make the intergranular film fracture, leading to the formation of deep
matrix crack[5,6]. In the quantitative prediction model of crack growth rate based on slip dissolution
theory, crack length is an important mechanical parameter. The crack length will influence the
mechanical field of the crack tip induced by film-induced stress[7].In order to understand the effect of
crack length on stress and strain field caused by film-induced stress at crack tip, the stress and strain
fields in the SCC crack tip were analyzed by using the sub model technology of ABAQUS and the
nickel base alloy as the research object. Attempt to obtain effect of crack length on stress and strain
field caused by film-induced stress.

2. Theory model
The oxide film rupture theory considers that the EAC process in nickel-based alloys and austenitic
stainless steels in high temperature water environment can be divided into two periods: I-oxide film
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forming at the crack tip, II-oxide film aging and rupture at the crack tip with a high stress and strain
[8,9].

Because the aging and rupture of the oxide film takes most of the time in EAC period, according to
the Faraday’s law, Ford and Andresen in GE deduced a formula to estimate the EAC growth rate of
nickel-based alloys and austenitic stainless steels in high temperature water environment of nuclear
power plants[8-10]:
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Where, da/dt is the EAC growth rate, M and p are the atomic mass and the density of metals,
respectively, F' is Faraday’s constant, i, is the bare surface oxidation current density, z is the change in
charge due to the oxidation process, m is the exponent in the current decay curve, & is the degradation
strain of the oxide film, ¢, is the time before onset of the current decay, and de /d¢ is the strain rate at
the EAC tip.

Eq.(1) is the most widely used in prediction equation of the EAC growth rate in nickel-based alloys
and austenitic stainless steels in high temperature water environment of nuclear power plants. Fracture
mechanism of film-induced stress in stress corrosion cracking can be show as: Without considering the
external load, there is an additional tensile stress at one side of the interface matrix. It makes the local
plastic deformation at crack tip, and the stress can causes the dislocation emission, which can cause
the oxide film intergranular cracking, and 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[5,6].

3. Finite element modeling

3.1 Specimen model

Half inch compact tension specimen (0.5T-CT) was used in this numerical calculation with the virtual
experiment process according to the American Society for Testing and Materials Standard[11]. The
geometric shape and size of 0.5T-CT specimen are shown in Figurel. The thickness of the oxide film
formed by Ni-based alloys in high temperature and high pressure water is about 1um to 2 um [12], and
2 um is adopted in this research.
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Figurel Geometric size of 0.5T-CT specimen (W=25mm, a=0.5W, c=2mm)

3.2 Material model
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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[13]:

n
& (o o
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Where ¢ is strain; ois stress; £ is Young’s modulus of the material; o is the yield strength of the

material; «ris the yield offset and # is the hardening exponent for the plastic.
The material parameters of Ni-based alloys 600 and oxide film are shown in Table 1.

Table 1. Mechanical properties of alloy 600 and the oxide film formed in PWR primary water at
288 °C [14,15]

Material Alloy 600 Oxide film
Young’s modulus, E /GPa 189.5 140
Poisson's ratio, v 0.286 0.31
Yield strength, oy /MPa 436 --
Yield offset, « 3.075 --
Hardening exponent, n 6.495 --

3.3. FE Model

Using ABAQUS sub model to calculate the stress and strain distribution in the SCC crack tip , the
base metal and the oxide film are set up as a whole, and the different material properties are given in
the modle. Using the plane deformation model and adopting 8 node and the 2 plane strain element, the
finite element model is shown in Figure 2.In order to improve the accuracy of the calculation, the
oxide film and the base metal at the crack tip are refined to obtain a more detailed and accurate
data[16].
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(a) Integral model (b) Crack tip model

Figure 2 Finite element mesh
4. Results and Discussion

4.1. Effect of crack length on Mises stress

Figure 3 shows the influence of crack length on the Mises stress induced by film-induced stress around
the crack tip. When a=0, the Mises stress have the maximum values at 6=0° and decrease gradually as
0 increase, and the smallest value appears at 6=90°. When a>0, Mises stress changes most
dramatically in the range of about -30°~30°. Stress concentration phenomenon occurs because of the
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existence of the crack, and the maximum value of Mises stress occurs at §=0°. When the crack is
initially formed in the oxide film, the Mises stress is gradually increased with the increasing of the
crack length. When the crack is extended to the Ni-based alloys, the Mises stress decreases slightly
with the increasing of the crack length. This is due to the existence of the crack, the film-induced
stress is released, and the stress on the crack tip is reduced.
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Figure 3 Effect of crack length on Mises Figure 4 Effect of crack length on equivalent
stress plastic strain

4.2. Effect of crack length on equivalent plastic strain

Figure 4 shows the effect of crack length on equivalent plastic strain induced by film-induced stress
around the crack tip. When ¢=0, the equivalent plastic strain have the maximum values at =0° and
decrease gradually as 6 increase, and the smallest value appears at =90°. When a>0, equivalent
plastic strain changes most dramatically in the range of about -30°~30°, and the maximum value of
equivalent plastic strain occurs at =0° because of stress concentration phenomenon. When the crack
is initially formed in the oxide film, equivalent plastic strain is gradually increased with the increasing
of the crack length. When the crack is extended to the Ni-based alloys, the equivalent plastic strain
decreases sharply with the increasing of the crack length because of the film-induced stress is released.

4.3 Effect of crack length on tensile stress

The effect of crack length on tensile stress induced by film-induced stress around the crack tip is
shown in Figure 5. When ¢=0, the tensile stress have the maximum values at #=0° and decrease to
negative gradually as € increase, and the tensile stress is changed from tensile stress to compressive
stress. When a>0, tensile stress changes sharply in the range of about -30°~30°, and the maximum
value of tensile stress occurs at #=0°. The tensile stress is changed into compressive stress with the
increase of crack length when the crack is extended to the Ni-based alloys.

4.4. Effect of crack length on tensile plastic strain

The effect of crack length on tensile plastic strain induced by film-induced stress around the crack tip
is shown in Figure 6. When a=0, the tensile plastic strain have the maximum values at §=0° and
decrease to negative gradually as # increase. When >0, tensile plastic strain changes sharply in the
range of about -30°~30°, and the maximum value of tensile stress occurs at #=0°. When the crack is
initially formed in the oxide film, tensile plastic strain is slightly increased with the increasing of the
crack length. When the crack is extended to the Ni-based alloys, the tensile plastic strain decreases
clearly with the increasing of the crack length.
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Figure 5 Effect of crack length on tensile stress Figure 6 Effect of crack length on tensile plastic
strain

4.5 Effect of crack length on tensile plastic strain gradient

Xue et al[17] proposed a method to replace the crack tip strain rate by using 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. In order to calculate conveniently, the crack tip strain gradient can be
calculated by simplified formula (3).
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Figure 7 shows the effect of crack length on tensile plastic strain gradient at crack tip. When the
crack grows inside the oxide film, tensile strain rate is negative. the tensile plastic strain gradient is
gradually increased with the increasing of the crack length. When the crack is extended to the Ni-
based alloys, the tensile plastic strain gradient increases with the increasing of the crack length at »<<
0.4um, and the tensile plastic strain gradient gradually approaches to 0 with the increase of r.
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Figure 7 Effect of crack length on tensile plastic strain gradient at crack tip

5. Conclusion

(1) The change of stress and strain is obvious in the range of about -30~30< and the maximum
value of stress and strain occurs at 9=0< When the crack is initially formed in the oxide film, stress
and strain gradually increase with the increasing of the crack length. When the crack is extended to the
Ni-based alloys, the stress and strain decreases with the increasing of the crack length.
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(2) Without considering the external load, the effective stress of the crack increases with the
increasing of film-induced, and promotes the effective of plastic strain. When the critical condition is
reached, the nucleation and expansion of micro cracks are caused, which leads to stress corrosion
cracking. Film-induced stress is one of the main factors that can't be ignored in the driving force of
stress corrosion crack growth.
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