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Abstract: The mechanical state at the crack tip is one of the major factors affecting the stress corrosion cracking (SCC) growth rate

in structural materials of the nuclear power plant. To understand the crack growth driving force and its effect on SCC growth rate in

the whole process of SCC, a finite element model of the SCC growth process was built using a commercial software ABAQUS.

Sequentially the working load, residual stress, and the film induced stress (FIS) produced by the oxide film formation in front of the

crack tip during SCC initial stage were discussed in this paper. The results indicate that the FIS produced by the formation of oxide

film is the main crack growth driving force during the initial stage of SCC. While the working load and residual stress gradually

become the main crack growth driving force as SCC crack advances.
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Stress corrosion cracking (SCC) is one of the important
life degradation modes of nuclear power structural materials
under high temperature and high pressure aqueous
environments'"?!. Tt is a type of slow crack growth process in
materials that occurs under the combination of local
mechanics, corrosion environment and material at the crack
tip”!. Considering the selection of nuclear power structural
material, safe operation and life prediction etc, SCC growth
rate is the most important factor of SCC research. To
simplify the mechanical state at the crack tip and accelerate
the experiment process, most of the SCC experiments are
carried out using standard fracture mechanics specimen in an
autoclave that simulates working environment in nuclear
power plant™*..

Owing to the dense oxide film formed on its surface,
nuclear structural material, such as stainless steel and nickel
base alloy, is a strong anti-corrosion materials. And the
defect area will quickly produce oxide film when surface
“scratches” are induced by some disturbances in the surface

1[5], whose main component is Cr203[6].

structures materia
Film rupture model is one of the most main SCC propagation

rate prediction models in nuclear structural materials, which
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is proposed by Ford and Andresen and is known as the F-A
model”®,
electrochemical reaction and repetitive process at the tip of
SCC. This can be used to describe the crack initiation-small
crack propagation and the crack accelerated extended life
cycle®™. As a matter of fact, a crack initial stage and short

SCC propagation process is a film rupture,

crack stage occupies most of SCC crack propagation

(101" For the surface scratch and micro crack stage,

time
external load including working load and residual stress has
little mechanical effect on the SCC growth rate, but
experiments showed that SCC growth rate is still growing
slowly. Without external load, the formation of chromium-
rich material and oxide film at the crack tip will induce
wedge effect on the crack tip, resulting in the rupture of
oxide film and the crack further extending into the base
metal. This free-stress corrosion cracking can also be called
film induced stress cracking'*. The relevant experiment
results showed that the surface stress of 304 stainless steel
smooth specimen is about 30 MPa!">'*, Li and Qian'">"%
found that the FIS and thermal stress are due to oxide film
growth and temperature variation in the high temperature
water environment, which is sufficient to cause the rupture
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of oxide film and extend to the base metal. Nelson et al.['”

1.[17]

and Lueta measured the variation of film induced stress

with time and the stress in the interface of the oxide and base

(8] et al. used the flow stress difference method to

metal. Guo
measure film induced stress at the crack tip caused by the
formation of the oxide film.

Since the initial stage of SCC has great influence on the life
cycle of the key structural materials in nuclear power plants, it
is necessary to study the crack driving force in SCC life cycle.
The finite element model of SCC crack initiation stage was
established in this paper, and the change of crack driving force

and crack propagation rate in SCC initial stage was studied.
1 Theoretical Basis

Ford and Andresen proposed a predicted model of SCC
growth rate according to slip-dissolution/oxidation model, in

which the SCC growth rate is expressed as follows'®”":
ﬂzi.L.(,o)m. fa (1)
dt zpF 1-m &

where, M and p are atomic mass and density of the metal,
respectively. z is the charge due to the oxidation process, F' is
Faraday’s constant, i, is the oxide current density in bare metal
surface, m is the current decay index, 7, is the initial time of
current decay, ¢ is the oxide film rupture strain at crack tip and
&q 1s the crack tip strain rate.

The rupture of film at the crack tip is characterized by the
plastic strain reaching the rupture strain of the oxide film at
the crack tip. The crack tip strain &, is usually substituted by
tensile strain at a characteristic distance r, from the crack tip,
which is written as follows!"”:

- @)
where ¢, is the plastic strain at a characteristic distance 7, from
the crack front, and substituting Eq. (2) into Eq. (1), the SCC
propagation rate can be written as Eq. (3):

da M iO m ép "

P S e 3

dt zpF 1-m (1) [gf] )
2 FEM Model

2.1 Geometric and mesh model

A finite wide plate, tensile specimen with a single edge
crack is selected to simulate this process. The plate width is 80
mm and length is 160 mm, as shown in Fig.la. The SCC
initial growth process can be expressed as three stages, which
are surface scratch, micro crack and small crack. To characterize
different crack growth stages and study the change of the
crack driving force and its effect on the crack growth rate, the
crack length a is assumed as surface scratch, 5, 50, 200 and
2000 pm, respectively. To improve the analytical precision at
the crack tip, the submodel technique is employed to calculate
distribution of the stress-strain field at the crack tip. The 8-node

o
PR

Fig.l Finite element mesh and geometric model: (a) geometric

model and (b) global mesh model

biquadratic plane strain element is adopted in ABAQUS, with
total number of the global model mesh 18 424, as shown in
Fig.1b. The element type of the submodel consistent with the
whole model, and the minimum size of the element is about 0.05
pm in the submodel. To analyze the stress and strain field at
the crack tip in SCC initial stage, two observation paths are
defined nearby the crack tip region, one is the horizontal direc-
tion along crack tip and the other is a ring path with a distance
from the crack tip, as shown in Fig.2.
2.2 Material mechanics model

The SCC crack tip morphology of austenitic stainless steel
in high temperature and high pressure aqueous environments
is shown in Fig.3, which is observed using ATEM'®. In Fig.3,
the white region is the oxide film. The base metal in this study
is nickel-based alloy 600, which is classified as the power
hardening material. The relationship between the stress and
strain of the power hardening material can be described by

Ramberg-Osgood equation'™.
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Fig.2 Measured path at crack tip region: (a) surface scratch and
(b) other crack lengths
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Fr-rich oxide

Cr-rich oxide

Fig.3 Microscopic morphology of SCC crack tip

Material mechanical parameters of nickel-based alloy 600
are: Young’s modulus £ 190 GPa, Poisson’s ratio v 0.3, yield
stress 0y, 436 MPa, strain hardening exponent » 5.29 and the
offset coefficient o 17!,

The main component of oxide film is Cr,O;, which is
generally simplified as a linear elastic material, and its

Young’s modulus E is 19 GPa, Poisson’s ratiov is 0.3,
3 Results and Discussion

3.1 Tensile stress of crack tip at SCC initial stage

To understand theeffect of the FIS on the stress field of the
crack tip at SCC initial growth stage, the SCC crack lengths
are assumed as surface scratch, 5, 50, 200 and 2000 um in this
study. To evaluate the effect of oxide film thickness on the FIS,
the film thickness d was chosen as 1 pm™.,

The variation of tensile stress at different SCC stages is
illustrated in Fig.4, which shows that the tensile stress
decreases as the distance increases from the crack tip. The
tensile stress is the largest during surface scratch period,
which indicates tensile stress close to the crack tip is the main
driving force of the film rupture. At the distance of 0.8 um
from crack tip, where tensile stress is lower than that of 2000
um crack, it shows that crack tip stress is greater at surface
scratch stage and its effect range of the crack tip is smaller
than that of the long crack. From the surface scratch to the
crack length of @=2000 pum, the calculation of the tensile stress
along path 1 shows that it causes the tensile stress of the crack
tip todecrease by 53%.
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Fig.4 Tensile stress produced by FIC along path 1

3.2 Contribution of FIS to crack tip tensile stress during
initial stage

To understand the tensile stress at the crack tip under a
combined effect of external load and FIS, an external load is
applied by a specified external tensile stress ¢ in specimen,
shown in Fig.1. The external loads include residual stresses
and working loads, and the value of ¢ is 53 MPa, which is
calculated by the stress intensity factor equal to 5 MPa-m””
when the crack length is 2000 um.

At the surface scratch stage, the tensile stress along path 2
under external load and combined effect of FIS and external
load is shown in Fig.5, which also shows the ratio of FIS.
Fig.5 shows that the biggest tensile stress appears in the 0°
position. The tensile stress is 40 MPa only under external load,
and its value rises to 110 MPa when FIS is also considered.
Here the growth rate is 63%, which indicates that FIS
accounts for a considerable proportion of the overall stress
value at the surface scratch stage. Therefore, the contribution
of FIS to the tensile stress is important and can not be ignored
at the surface scratch stage

The tensile stress along path 2 under external load and
combined effect of FIS and external load when crack length
a=5 pum is shown in Fig.6, which also shows the ratio of FIS.
The tensile stress is 72 MPa only under external load in the 0°
position, and its value rises to 120 MPa when FIS is
considered. The growth rate is 42%, which accounts for
almost half of the overall stress. Therefore, the contribution of
FIS to the tensile stress is also very large, and can not be
ignored in the micro crack stage

The distribution of tensile stress along path 2 when crack
length ¢=50 pm is shown in Fig.7, which is similar to the crack
size of 5 um. The stress growth rate at crack tip is 17% when
compared with that of only simple external load, which shows
that the tensile stress produced by FIS is less than the tensile
stress produced by external load. The stress in the crack initiation
stage has a certain influence on the stress at the crack tip.

The tensile stress distribution along path 2 when the crack
length =200 pm is shown in Fig.8. Maximum tensile stress at
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Fig.5 Tensile stress under FIS, external load and combined effect

(surface scratch)
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Fig.6 Tensile stress under FIS, external load and combined effect
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Fig.7 Tensile stress under FIS, external load and combined effect
(a=50 pm)

crack tip also appears in the 0° position, and becomes steep in
the vicinity of the stress range. This shows that, the effect of
film induced stress on crack tip region of 0° is more obvious
at the micro crack stage. The stress growth rate increases by
about 11% after the addition of film induced stress, which
shows that the effect of FIS on the tensile stress is small, and
can be ignored at the crack tip.
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Fig.8 Tensile stress under FIS, external load and combined effect
(a=200 pm)

The tensile stress distribution along path 2 when crack
length ¢=2000 pm is shown in Fig.9. The value of maximum
tensile stress at crack tip is 920 MPa in the 0° direction only
under constant external loading. Moreover its value rises to
960 MPa when film induced stress is also considered. Here the
growth rate in stress is 4%. Therefore, the contribution of FIS
to the tensile stress is small, and isn’t significantly detectable
on the stress at the crack tip.

3.3 Tensile stress produced by FIS at crack tip under
combined effect of load

The proportion of the tensile stress at crack tip produced by
FIS among the whole crack propagation driving force is
shown in Fig.10. It can be seen intuitively that the contri-
bution of the FIS decreases gradually with the increasing
crack propagation length. At the surface scratch stage, the
contribution ratio is 63% when crack is surface scratch, and
the ratio is 42% when the crack size is 5 um. Compared with
4% at a=2000 pum, the gap between them is very large.
Compared with crack lengths ¢=50 um, ¢=200 pm and a=
2000 pm, the proportion of the tensile stress accounts for 50%
of the total stress at crack tip when the crack size a=5 pm.

3.4 Influence of various loads on crack growth rate

The effect of stress at the SCC initial stage is very large.

During the crack initiation stage, the driving force of SCC
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Fig.9 Tensile stress under FIS, external load and combined effect
(a=2000 pm)

Fig.10 Percentage of tensile stress produced by FIS at crack tip
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Fig.11 Combined effect of FIS and constant load on crack growth

law in different crack lengths

Table 1 Water chemistry material parameters of Alloy 600"
Parameter Value
Atomic mass, M/g-mol” 55
Number of equivalents exchanged, z 2.67
Oxidization current density, io/A-mm™> 0.00015
Fracture strain of oxide film, & 0.0025
Exponent of current decay curve, m 0.4
Faraday’s constant, F/C-mol 96500
Duration of constant i, 7y/s 0.4
Density, p/g'mm” 0.00786

crack propagation is mainly FIS.

When the material of base metal is constant, tensile stress at
crack tip determines the plastic strain rate and the driving
force of SCC crack propagation. Fig.11 shows the plastic
strain rate &, at a crack tip with the characteristic distance of
ro=4 um. The crack growth rate was observed under both
cases: i.e. external load and combined effect of FIS and
external load. This was calculated using Eq. (3). The water
chemistry parameter of alloy 600 in high temperature water
environment is shown in Table 1.

It can be seen from Fig.11 that the crack propagation rate
under the combined effect of load and FIS is much larger than
that of under only external load at the crack initiation stage. It
shows that the FIS plays an important role in crack growth rate at
this stage and it is also the main driving force of crack
propagation. The crack growth rate tends to be similar under the
two kinds of loads, and eventually becomes the same with the
growth of cracks. It can be concluded that the contribution of the
external load to the crack growth rate constantly increases at the
long cracking stage, and becomes the main driving force of crack
propagation at this stage. From the whole SCC and crack growth
diagram, the crack growth rate increases slowly at the crack
initiation stage. With the increasing of crack length, the crack
growth rate increases exponentially until the oxide ruptures.

4 Conclusions

1) At the surface scratch stage, tensile stress is lower than

that of 2000 um crack, which shows that crack tip tensile
stress is greater in surface scratch and its effect range of the
crack tip is smaller than that of the long crack. The shorter the
crack is, the greater the effect on the FIS on the oxide film
rupture is.

2) Film induced stress produced by the formation of oxide
film is the main crack growth driving force at the initial stage
of SCC, and its impact on the crack growth rate can not be
ignored.

3) The contribution of the tensile stress to crack growth rate
decreases gradually as SCC crack advances, while the
contribution of the load to the SCC crack propagation rate
gradually increases and becomes the main SCC driving force.
Therefore, at the long crack stage, the film induced stress can
be neglected in the SCC test using the standard fracture
mechanics specimen.
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