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)e structural integrity analysis of nuclear power plants (NPPs) is an essential procedure since the age of NPPs is increasing
constantly while the number of new NPPs is still limited. Low-cyclic fatigue (LCF) and stress corrosion cracking (SSC) are the two
main causes of failure in light-water reactors (LWRs). In the last few decades, many types of research studies have been conducted
on these two phenomena separately, but the joint effect of these two mechanisms on the same crack has not been discussed yet
though these two loads exist simultaneously in the LWRs. SCC is mainly a combination of the loading, the corrosive medium, and
the susceptibility of materials while the LCF depends upon the elements such as compression, moisture, contact, and weld. As it is
an attempt to combine SCC and LCF, this research focuses on the joint effect of SCC and LCF loading on crack propagation. )e
simulations are carried out using extended finite element method (XFEM) separately, for the SCC and LCF, on an identical crack.
In the case of SCC, da/dt(mm/sec) is converted into da/dNScc (mm/cycle), and results are combined at the end. It has been
observed that the separately calculated results for SCC (da/dNScc) and LCF (da/dNm) of crack growth rate are different from
those of joint/overall effect, [da/dNo]m. By applying different SCC loads, the overall crack growth is measured as SCC load
becomes the main cause of failure in LWRs in some cases particularly in the presence of residual stresses.

1. Introduction

Mechanical fatigue and SCC are two important types of
failure in the LWRs [1, 2]. )e word fatigue was firstly
originated from the Latin word Fatigare which means “to
tire” and commonly associated with mental and physical
weariness in the people. After the industrial revolution in the
19th century, it has become accepted engineering termi-
nology for damage and failure of materials under cyclic loads
[3, 4]. Resistance to the fatigue by the material can be
classified into following regimes: low-cycle fatigue (or short
life) or limited resistance (104and 105 cycles), high-cycle
fatigue (106 to 107cycles), and gigacycle fatigue (more than
107cycles) [5]. )e fatigue caused by the small elastic strains
under a high number of load cycles before failure occurs is
called high-cycle fatigue. )e stress in case of high-cycle
fatigue comes from a combination of mean and alternating

stresses. )e mean stress is caused by residual stress, the
assembly load, or strongly nonuniform loading [6]. How-
ever, LCF is fatigue in which the plastic deformation is
considered in each cycle. LCF has two characteristics: plastic
deformation in each cycle and low-cycle phenomena [7, 8].
)e failure due to the crack propagation in the case of LCF is
more prominent as compared to that in case of high-cyclic
fatigue (see Figure 1). Most of the time, LCF is the cause of
failures, so the LCF is considered in this research.

Stress corrosion cracking (SSC) is another major factor
in the life of NPP materials. )is is the most important field
in the safety of NPPs. Most authors [9] define that SSC is a
conjoint contribution of stresses, environment, and chem-
ical action to the failure of metals. )e necessary charac-
teristic conditions for SCC are tensile stresses, a specific
environment, an environmental susceptibility of the mate-
rial (metallurgical aspect), and time [10, 11]. SSC is an
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electrochemical anodic process involving environmentally
assisted conditions, stresses, and material properties at the
crack tip and orientation of piping in LWRs [12].

In order to predict the structural integrity, the life of the
service, and safety of the low boiling LWRs, quantitative
prediction of crack growth rate is an essential feature [13]. A
wide range of variables can influence the environmental
fatigue and the SCC crack growth rate for metallic materials
[14].

Different models have been presented to measure the
fatigue crack propagation rate and SCC crack growth rate.
Predan et al. [15] studied the effect of residual stresses on the
crack propagation. Fatigue crack propagation experiments
were conducted on notched bending specimen and it was
observed that residual stresses induced the variations in
crack propagation rate. Paris and Erdogan [16] proposed the
following equation for crack propagation:

da

dNm

� C(ΔK)
m

. (1)

where C and m are material constants which depend on
stress ratio, R.

Elber [17] presented the concept of crack closure which
correlates the crack growth to different R. In the literature,
partial crack closure models are also available [18]. )ere are
more different models: a two-parameter method using stress
intensity range,ΔK, and the maximum stress intensity
factors,Kmax, in a cycle to describe the fatigue crack prop-
agation and some other models based on temperature and
the residual stresses [19–22]. Similarly, Xue et al. put in a lot
in the field of the SCC crack growth rate [23]. In none of the
abovementioned models, the effect of SCC on the fatigue
crack propagation rate or the effect of cyclic load (fatigue) on
the SCC crack growth rate was considered.

Terms should not be mixed with corrosion fatigue (CF).
)ere is a difference between CF and the SCC. CF was
introduced in the 1930s when the effect of the corrosive
environment on the fatigue loading for metals was studied
[24]. CF is the joint action of fatigue and a corrosive en-
vironment. It involves the alternating load. However, in the
case of SCC, there is a constant loading along with the
material properties and environment to affect the

mechanism. In this research, it is the SCC loading and the
fatigue loading which is being considered.

Recent studies have shown that SCC and fatigue, i.e.,
cyclic loading, both are present at a time on many structures
of metallic materials [25, 26], and the SCC environment
(load, environmental conditions, andmaterial susceptibility)
has many influences on the fatigue crack growth rate, and
vice versa. As an example, strain-induced corrosion cracking
(SICC) is used for the situation where cracking takes place
under increasing load which may not be increasing neces-
sarily monotonically, but also some cyclic variations are
present at start-up and shut down situations of the plants
[27]; also during smooth operation, both the loadings, i.e.,
fatigue (cyclic) and stress corrosion, are present.

In this study, the cyclic load is introduced in the SCC
loading while keeping the environment and the material
constant for SCC and the crack growth rates for the SCC
(da/dNScc) and cyclic (LCF) (da/dNm) have been calculated
to demonstrate the effect on overall crack growth
rate[(da/dNo)]m, which takes into account these two effects
on the same crack simultaneously.

2. Materials and Methods

Austenitic stainless steel is an important material used ex-
tensively in an aggressive environment like LWRs [28]. Low
carbon stainless steel-304 is used in this research, which is an
important type of stainless steel that has been used in many
applications [29, 30]. Chemical and mechanical properties
are shown in Tables 1 and 2. For plastic properties, the tensile
true stress-strain curve is shown in Figure 2(a). Since real
structures provide results closer to the actual values;
therefore, a simple plate of 100mm× 50mm, having an
extended finite element method (XFEM) crack with 15mm
length, is used as shown in Figure 2(b) along with the
boundary conditions and load. )e simulations are divided
into two parts. In the first step, the simulation for static
loading is performed using XFEM, and then, in the second
step, direct cyclic load (using low-cycle fatigue) is applied on
an identical crack and results in both the cases are super-
positioned to get the combined effect on the same crack.

In the case of simulation of the static loading, the
uniformly distributed static general loads of 200, 240, and
270MPa are applied separately on the top of the plate. While
the lower side is fixed, the right side can elongate in the
vertical direction only. )e crack growth rate in case of the
SCC, (da/dNScc), is measured. For direct cyclic load,
200MPa is applied at a stress ratio� −1, on the identical
crack, and crack growth rate, (da/dNm), in this case, is also
measured. All the simulations are performed in the ABA-
QUS 6.14 software following the instructions provided in the
manual [31].

3. Simulations

3.1. XFEM. XFEM is now widely used in the crack simu-
lations. In the case of XFEM, no remeshing is required. In
XFEM, during the analysis, the enrichment function consists
of the near-tip asymptotic functions that capture the

(a) (b)

Figure 1: (a) High-cyclic fatigue and (b) low-cyclic fatigue.
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singularity around the crack tip and a discontinuous
function that represents the jumps in the displacement
across crack surfaces. )e approximation for a displacement
vector surface with the partition of unity enrichment [32] is
given by

N � 
n

i�1
Ni(X) ui + H(X)ai + 

4

i�1
Fa(X)b

a
i

⎡⎣ ⎤⎦, (2)

where Ni(X) is called usual nodal shape function;ui is the
usual nodal displacement vector associated with the contin-
uous part of the finite element solution;H(X) is the discon-
tinuous jump functions across the crack surface, also named as
Heaviside function, which is associated with the product of the

nodal enriched degree of freedom vector,ai ; and the third term
is the nodal enriched degree of freedom vector, ba

i , and the
associated elastic asymptotic crack tip function,Fa(X). )e
first term on the right-hand side is applicable to all the nodes in
the model; the second term is applicable to all the nodes whose
shape function support is cut by the crack interior, and the
third term is only for those nodes whose shape function
support is cut by crack tip [33, 34].

3.2. SCC. )e SCC is done in ABAQUS/standard model
crack subjected to critical static general loading available in
the software. F-A model is established by Ford and
Anderson of General Corporation [35] which is widely used

Table 2: Elastic properties of the SS-304 used.

Material Elastic modulus (GPa) Maximum principle stress (MPa) Poisson’s ratio (v) Elongation (%)
Stainless steel-
304 210 550 0.32 40
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Figure 2: (a) )e true tensile strain curve at high temperature. (b) 2D element used along with loading and boundary conditions.

Table 1: Chemical composition of the used stainless steel (wt%).

Steel C Si Mn P S Cr N Ni
304 0.08 0.75 2.00 0.045 0.03 18–20 .10 8–10
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in high-temperature water environments based on the
theory of slip dissolving film rupture.)e specific expression
of the model is shown as follows:

da

dt
� κa · _εct( 

m
, (3)

wherem is the exponent of the current decay curve which is
related to the corrosion potential, solution conductivity, and
chromium depletion._εctis the strain rate at the crack tip; κa is
the oxidation rate constant, which is determined by the
environment and material in the vicinity of the crack tip and
is given by

κa �
M

ρ · F · z
·

i0
1 − m

·
t0
εf

 

m

, (4)

where M is the metal molecular weight; ρ is the metal
density; F is Faraday’s constant; z is the change in charge
during the oxidation process; i0 is the oxidation current
density of the bare surface; t0 is the time before the onset of
the current decay; and_εfis the oxide film degradation strain.

Considering that it is difficult to obtain the strain rate at
the crack tip in the F-A model, a crack tip strain rate model
based on the theory of crack tip strain gradient was deduced
by Professor Shoji of Japan Northeast University and in
equation (3). FRI model establishes the relationship between
the crack tip strain rate and macromechanical parameters
[36] 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 r0 in the model has not been given a clear definition.

_εct � β
σys

E

N

N − 1
_a

K
  ln

RP

r0
  

1/(N− 1)

. (5)

To obtain the strain rate at the crack tip, Xue et al.
proposed an alternative algorithm of the strain rate at the
crack tip that is the plastic strain at r0 in front of the crack tip
and is used to replace the strain at the crack tip, as shown in
equation (6), where r0 is a distance from the front of the
crack tip [37]:

εct � εp|r � r0. (6)

)e variation of the distance r will cause an increase of
crack tip strain when the crack is growing:

εct � _εp �
dεp

da
·
da

dt
, (7)

where dεp/da is the strain rate at a characteristic distance r0
in front of the growing crack tip. Substituting equation (7)
into (3), the SCC growth rate at the crack tip in a high-
temperature water environment can be expressed as follows:

da

dt
� κa
′ ·

dεp

da
 

m/(1− m)

, (8)

where κa
′ � (κa)1/(1− m), for a stable propagation crack tip,

equation (3) can be expressed as equation (8), and the
calculation method of the tensile plastic strain rate at the
crack tip is shown in Figure 3 where

dεp

da
� −

dεp

dr
. (9)

Substitute equation (9) into (8) to obtain the expression
of the SCC crack growth rate, as shown in the following
equation:

da

dt
� κa
′ ·

dεp

dr
 

m/(1− m)

. (10)

3.3. LCF. )e low-cyclic fatigue criterion is done by using
the option available in ABAQUS/standard model crack
subjected to critical cyclic loading. )e fatigue crack
propagation is characterized by using Paris law which relates
the crack growth rate, (da/dNm), to the range of energy
release rate at the crack tip. )e fatigue crack initiation is
governed by the following equation:

f �
N

c1ΔGc2
≥ 1, (11)

where N is the number of cycles and c1 and c2 are the
material constants, and their values are taken to be
1 × 10− 4and −1, respectively. )e fatigue crack propagates
according to the Paris regime (see Figure 4). )e enriched
element will only let the crack propagate when the
Gmax >Gthresh. Here, the Paris regime is characterized by ΔG
where Gmaxand Gmin are the potential energies release rate
when the component is reached up to maximum, Pmax, and
minimum, Pmin, loading, respectively. )e Paris regime is
confined between Gthresh and Gpl, and below Gthresh, there is
no crack initiation, and above Gpl, the crack grows abruptly
and these two values should be specified in the model.Gc is
the fracture energy of the material which is used as GequivC
calculated based on the user-specified behavior of the crack.

Once the crack starts propagating, the fatigue crack
growth rate, (da/dNm), can be measured by using energy
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Figure 3: Process of calculating strain gradient with respect to
crack distance.
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(a) (b)

Figure 5: (a) Global mesh and (b) local mesh.
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Figure 4: Fatigue crack growth rate-Paris regime (central region).
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release rate,ΔG. In each cycle, the crack growth rate is
defined by the Paris law:

da

dNm

  � c3ΔG
C4 , (12)

where c3and C4 are material constants and subscript, m,
represents the mechanical fatigue. )e values of c3 and c4 are
calculated by c3 � cEm/2 and c4 � m/2, where the typical
values of “m”, for steel, are in the range of 3–5 and that of “c”
is in the range of 10− 8 to 10− 12 mm/cycle · MPa1/2.

3.4. Finite Element Model and Crack Growth Simulation.
A typical 4-node finite element mesh model with 12093
elements is shown in Figure 5(a) where X-coordinate is
parallel to the direction of crack and Y-coordinate is normal
to the direction of crack. A small subset in circular form is
generated around the crack tip to visualize the crack growth
rate clearly (see Figure 5(b))

Crack simulation consists of three steps: crack initiation,
crack propagation, and failure [38]. All these steps are
simulated in the ABAQUS 6.14 software without any
remeshing near the crack tip. )e maximum principal stress
criterion is used which is represented as follows:

f �
σmax

σ0max
 , (13)

where σ0max represents the maximum allowable principal
stress and the damage starts when the ratio becomes unity
[39]. )e damage evolution technique based on power law
has been used to simulate crack propagation. In the case of
static loading, the step time is 1 sec with 0.001 increment
size, and in the case of direct cyclic loading (low-cyclic
fatigue), the step time is the same for 104 cycles with 0.01
increment size. )e total time for the simulations is more
than 24 hrs.

4. Results and Discussions

4.1. Normal Plastic Strain. In order to calculate SCC crack
growth rate (mm/cycle), da/dNScc, firstly SCC crack growth
rate in mm/sec is calculated. From equation (10), it is ob-
vious that in order to calculate the da/dt(mm/sec), strain
gradient, dεp/dr, is required.)e strain vs. distance from the
crack tip at three of the applied loads is shown in Figure 6.
)ese values have been extracted from ABAQUS directly,
and the strain gradient dεp/dr is measured according to the
process defined in Section 3.2 (see Figure 3).

Table 3: Hydrochemical properties of SS-304 [40].

Parameter Values
Atomic weight, M (g/mole) 55.6
Number of equivalents exchanged, Z 2.67
Oxidation current density, i0(A/mm2) 0.00015
Exponent of current decay, m 0.4
Fracture strain of oxide film,∈f 0.0025
Faraday’s constant 96500
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4.2. SCC Crack Growth Rate, da/dt. )e SCC crack growth
rate (mm/sec) is measured using equation (10). )e
hydrochemical properties of SS-304 at an elevated tem-
perature are shown in Table 3. )e values of κa

′ is taken to be
8.4×10−7. )e SCC crack growth rate is shown in Figure 7.

)e SCC crack growth rate varies with the strain gradient
values and becomes stable as the values of the strain gradient
become low.

4.3. LCFCrackGrowthRate, da/dNm. )e LCF crack growth
rate is measured by using equation (12), for which the values
of energy release rate,ΔG, are required. For the elastic-
plastic model, the values of strain energy cannot be calcu-
lated directly from ABAQUS. In order to calculate the values
of strain energy, modified crack closure integral (MCCI)
technique for 4-node is used in this research. MCCI is a
method of calculating energy release rate, ΔG, using nodal
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displacement u
j

i and the nodal forcesFj+1 where j represents
the nodal index and i represents the direction corresponding
to the Cartesian coordinate [41, 42]. )e 4-node square
linear element (see Figure 8), has distanceΔa between j and
j+ 1 nodes. If the crack propagates between j and j+ 1, then
the crack opening displacement, uj, will be the displacement
at j node and the force Fj+1 will be the force at new node j+ 1.
And the energy release rate at j+ 1 node is given by

ΔG �
1

2Δa
u

j
F

j+1
. (14)

Using the values of ΔG, c3, and C4 in equation (12), the
fatigue crack growth rate is measured (see Figure 9).

4.4. Joint or Interactive Effect on Crack Growth Rate.
)ere are some approaches that incorporate SCC/envi-
ronmental effects in the fatigue crack propagation rate and
vice versa in the literature [43]. )e simplest and empirical
approach is the linear superposition method for the crack
growth rate. It was first given byWei, Landes, Gallagher, and
Bucci [44]. According to superposition method, the envi-
ronment enhanced equivalent/overall crack growth rate
(sum of SCC and fatigue crack growth rate), [da/dNo]m, is
given by combining the inert fatigue crack growth rate,
da/dNm, and time-dependent, monotonic load environment
crack growth rate, da/dNScc, that is,

da

dNo

 
m

�
da

dNm

+
da

dNScc
, (15)

where da/dNm and da/dNScc are in mm/cycle.da/dNm

computed in Section 4.3 is already in mm/sec, while da/dt

(mm/sec) computed in Section 4.2 is converted into mm/
cycle, da/dNScc, which is computed by integrating the sus-
tained crack growth data and applied time-dependent stress
intensity factor in a single fatigue load cycle k(t), that is,

da

dNScc
� 

1/f

0

da

dt(k)

  k(t) dt. (16)

In order to convert da/dt into da/dNScc, plot between
da/dt and the time involved is needed which can be inte-
grated over time as shown in Figure 11. Figure 12 shows the
SCC crack growth rate in mm/cycle.

Figure 13 represents the joint (overall) effect due to
fatigue (cyclic) and SCC load on the crack. It is obvious from
Figures 12 and 13 that major contribution to the overall
crack growth rate is due to SCC.

5. Conclusions

A new approach to interact fatigue and SCC mechanism has
been introduced in this research. )e overall crack growth
rate calculated in Figure 13 is different from that in the case
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of SCC (see Figure 12) and LCF (see Figure 9) crack growth
rate separately. )e difference between SCC crack growth
rate and overall crack growth is not as large as that in the case
of LFC and overall crack growth rate; this is the reason that
the SCC is the main cause of failure in the structures. )ree
sets of SCC loads have been taken and comparison is done.
As the load in SCC is increasing, the difference in the overall
crack growth rate [(da/dNo)]m and da/dNScc is decreasing.

An approach to convert da/dt(mm/sec) into da/dNScc
(mm/cycle) has been studied and implemented in this re-
search. It is obvious from Figures 10(d) and 12 that the
results have the same pattern as described in theory.

)e idea to calculate the fatigue crack growth rate has
been used in Section 4.3, and the results are closer to the
theoretical results.

)e SCC and fatigue both are present at a time on the
same crack, and the effect of the fatigue on the SCC or the
effect of the SCC on the fatigue cannot be neglected in the
analysis.
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)e supplementary materials submitted along with the
manuscript are the experimental data of the true tensile
stress-strain curve of stainless steel-304 at an elevated
temperature of 320° Celsius (for figure 2(a)). In the light-
water reactors, the temperature is normally too high. )e
experiment for these data, for more than 24 hours, has been
conducted on the “Slow Strain Rate Stress Corrosion Testing
Machine” available in the Fracture Mechanics lab of Xi’an
University of Science and Technology, Xi’an, China. From
experimental data, the nominal/engineering stress-strain
values were obtained which were converted into true stress-
strain values using conversions to use in simulations. )e
diagram of the machine and the updated data file containing
engineering and true stress-strain values along with the
conversions are also attached herewith. (Supplementary
Materials)
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