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Abstract
Keywords Stress corrosion cracking in the existing nuclear power plants consumes to the
stress corrosion cracking;  structures like a caner does to human body. To estimate the exact value of the
mechanisms; models; nuclear cracks and life of the structure, quantitative mechanisms and models play
power plants important role. In view of the stress corrosion cracking of materials in Light
water environment, many scholars have proposed different mechanisms and
models to explain the stress corrosion cracking phenomenon quantitatively and
theoretically. Some of these models are quantitative formulas, while others are
Atrticle History qualitatively explained. Not a single mechanism or model has been developed
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to explain or predict the effect of all the possible influencing factors on stress
corrosion cracking growth rate in light water reactor environment. This
research introduces all the possible mechanisms and corresponding models used
to estimate the stress corrosion cracking growth rate at elevated temperature.

Copyright @Author The reasons for the failure of the mechanisms have been mentioned and a
Corresponding Author: * recommended new model of estimating the stress corrosion cracking growth rate
Muhammad Wagar Nasir  may be further studied.

1. INTRODUCTION

Mechanisms

Slip-oxidation mechanism

This mechanism is mainly based on several different variables that affect the Stress corrosion crack growth
rate of carbon steel, stainless steel, and nickel-based alloys at high temperatures. This mechanism targets the
model presented by Ford and Andresen[1-3].The stress corrosion cracking (SCC) growth rate of the crack is
related to the oxidation reaction of the crack tip with the increase of matrix strain. The rupture of the
protective film of the crack tip occurs at that time when the exposed part of the crack tip begins to oxidize,
which determines the growth rate of the crack. Faraday's law can be used to link to the charge generated by
the dissolution and passivation reaction of the bare metal at the crack tip during the SCC growth rate. This
connection is based on the idea that when the crack tip slips, it will cause structural damage to the passivation
film, and the metal will be oxidized to a certain extent to return to its original state. The variables affecting
the crack tip system can be basically divided into mechanical and chemical/Electrochemical factors.
Mechanical factors (including stress, strain state, creep rate, yield stress, crack growth rate, and grain boundary
structure of the crack tip) control the strain rate of the crack tip, and thus control the periodic oxide film
rupture at the crack tip. Chemical factors (material composition and water chemistry of the crack tip, both
are also affected by corrosion potential, impurities, and flow rate) control the passivation reaction of the crack
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tip.

One of the main goals of the slip-oxidation mechanism is to predict the growth rate of cracks. The prediction
of corrosion behavior is mainly based on the crack growth rate, which in turn is a function of the strain rate
of the crack tip and parameter, n. According to the slip dissolution/membrane rupture model, the expression
of the crack growth rate is as follows:

_ M Qf
Vy = —— de/dt (D
zpF &
where M =the atomic mass of the dissolved metal
p = metal density
F = Faraday's constant
z = number of electrons lost by oxidation
Qs = oxidation charge density
& = strain required for oxide film rupture
de./dt = the strain rate at the crack tip.
When the crack tip in the metal is completely exposed to the oxidation of the passivation film again, the
oxidation current has an attenuation, the corresponding attenuation process can be expressed by the

following power relationship:
t -n
i =io () @

to
So, the equations (1) can be transformed into the following form.
_ M
Vimax = Zp_F lo 3)

All influencing factors related to the passivation process in the slip-oxidation model are associated with the
parameter n, which is an empirical value determined by the slope of the current decay curve during
passivation. It is related to corrosion potential, solution conductivity and properties of the material. The crack
rate prediction formula based on slip oxidation mechanism performs well in the practical situation, and the
prediction results are in good agreement with the experimental data[4]. However, the oxidation mechanism
does not give a clear picture of control steps for crack propagation neither, the rate of control step in
derivation of the crack propagation formula for this mechanism is estimated correctly. After considering
various influencing factors, Andresen and its collaborators believe[5] that the kinetic processes of passivation
(such as the formation and growth of a passivation film on the fresh and bare surface of the crack tip metal)
are the main factors that control the crack growth. In this way, in a specific environment, when the crack tip
chemistry is highly aggressive, the crack rate is also faster, because the rate of rupture and reoxidation of the
oxide film is faster in this environment. Different scholars have different views on the rate of control steps in
slip-oxidation mechanism.

Taylor et al.[6] proposed that the rate of control step for stress corrosion in Inconel 600 at 288°C pure water
is due to water diffusion. Congleton and Parkins[7]believe that the cracking mechanism is electrochemically
controlled, and that the nature of the oxide film is the most important aspect. Ruther et al.[8] believe that
the rate of step for stress corrosion cracking of AISI 304 stainless steel is a cathodic reaction that depends
upon the reduction or oxidation of oxygen ions being at central location of atoms and varying multiple
oxidation states. At the same time, the slip- oxidation mechanism has also received a lot of criticism.
MacDonald[9]believed that the model violates Faraday's fundamental law and the law of conservation of
charge. Rebak and Szklarska-Smialowska[10] noted that the slip- oxidation mechanism does not explain in
detail variations in temperature, pH, and the influence of carbides at grain boundaries. Turnbull and Psaila
Dombrowski think that for some of the experimental results on which the oxidation mechanism is based are
inherently problematic. For example, the compact tensile specimens of Teflon used in the experiment led to
the ignoration of the reactions that occur on the inner wall of the crack and their influence on conductivity
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and the distribution of the potential field inside the crack, as well as the current intensity[11].

In general, the slip-oxidation mechanism is based on several well-established concepts which are typical
examples of combining existing theoretical foundations, crack chemistry and relevant variables (oxide failure
and re-passivation) in any BWR environments through empirical characteristics.

Surface Migration Mechanism (SMM)

Different embrittlement phenomena usually have similar characteristics, but no environmental induced
cracking theory can explain this phenomenon. Based on this phenomenon, a universal mechanism was
proposed. This is also the first mechanism that can predict the environmental sensitivity of materials before
cracks occur. According to this mechanism, the atoms at the tip of the crack move from the high-stress region
to the low-stress zone inside the crack through surface diffusion, so that the crack generates a distance between
atoms. Crack multiplication occurs when the stressed lattice at the tip of the crack hits the hole. The rate of
control step of this process is the rate at which the adsorbed atoms move along the crack surface and the
environment changes the size of the self-diffusion effect on the crack surface of the metal or alloy. Based on
SMM mechanism the calculation formula for the crack growth rate is as follow[12]:

da D oa3 " A
E—f[e"p(k—r>‘ ] )

where D(m?/s) = the surface diffusion coefficient

L(m)=the diffusion path length

a(m) = the atomic diameter

o(N/m?) = the maximum stress at the crack tip

T(K) = temperature

k(J/K) = Boltzmann constant

For prefabricated sharp elliptical crack specimens, the stress expression for the crack tip is as follows:

o= %(0.34% 4 1) (5)

where d = half the crack length and a is the atomic spacing

According to the SMM mechanism, the crack rate does not always increase with the increase of K;, but when
the K reaches a certain level, the crack rate change curve appears a plateau, because the dislocation released
by the crack tip will lead to the passivation of the crack tip. In this case, the stress no longer increases, and
the material begins to yield.

In some cases, the predictive mechanism based on SMM performed well, but Sieradzki et al.[13] noted that
the model overestimated the stress corrosion cracking crack rate of blunt face-centered cubic metals by large
difference of magnitude. Galvele argues that Sieradzki's calculation process does not consider the role of the
environment. Gutman [14]believed that under stress, the creep is based on self-diffusion of mass transport.
The SMM mechanism is not credible because on the basis of SMM, the calculated crack propagation rate is
not equal to the diffusion creep deformation rate tested simultaneously with the same stress and the same
material. Trunbull [11] was of the view that correctness of the surface mass transmission assumption is
questionable. He also pointed out that although the model considers the role of local chemistry in
determining the characteristics of surface membranes, however the model lacks the relationship between
environment and membranes.

Internal oxidation mechanism

On the basis of the diffusion of oxygen into the metal gold grid, the explanations were proposed by Scott and
Calvar[15] for Alloy 600 stress corrosion cracking in nuclear power plants. The mechanism depends on the
brittle fracture along the crystal. The embrittlement of materials under this mechanism is caused by the
oxygen atomic layer at the grain boundary or by the internal oxide formed at the grain boundary (Cr,0O;) and
bubbles (CO/CQO;) caused. The internal oxidation model is more suitable when the corrosion potential is
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close to the oxidation potential of the solvent metal. In this case, the trace alloying element with a negative
potential will oxidize inside the material, leaving the body element of the alloy in its original state. This
situation is normal in case of atmospheric corrosion of nickel-based alloys. When nickel-based alloys are in
an atmospheric environment with low partial pressure of oxygen, that time they can meet the requirements
of trace amounts of alloying elements with negative potential (Fe,Cr) , while the potential is positive for
solvent metals. At the same time, oxidizing particles such as Cr must also be below a certain concentration to
prevent only this particle from forming a protective outer film. According to the bubbles generation process
near the grain boundary, this mechanism also gives the calculation formula of crack growth rate:

da 81kTD, ] [6Ns

0.5
= K 6
dt [512y3a? ] M ©®

6z

where k =Boltzmann constant

T = the absolute temperature

Dy=grain boundary diffusion coefficient of oxygen

Y = surface energy

a =atomic spacing

8 = grain boundary thickness

Ns= the surface solubility of oxygen

z =number of regions where gas atoms jump

o = the yield strength

K| = stress strength factor,

By putting the corresponding parameters of Alloy 600 in Equation (6) at 330°C (light water reactor
environment), the relationship between crack growth rate (CGR) and stress intensity factor is as follows:

CGR = 2.6719 x 107 11K, (7
The unit of CGR is m/s and the unit of K; is MPa.m 2.
Staehle and Fang [16]pointed out that the experimentally observed diffusion rate of oxygen in nickel-based
alloys was much lower than the diffusion rate required to explain the low-potential of Inconel 600/Alloy 600
stress corrosion growth rate. At the same time, the internal oxidation model is not suitable for boiling water
reactors (BWR) environments, where corrosion potentials are much higher than pressurized water reactors

(PWRs).

Hydrogen-induced cracking mechanism

One of the most common mechanisms for visualization of stress corrosion cracking is the hydrogen-induced
cracking mechanism for nickel-based alloys and stainless steel[17]. Under the action of corrosion and
polarization, atomic hydrogen is dissolved in the alloys which leads to the initiation of cracks, that has also
been confirmed by relevant experiments[18]. However, the current experimental results still do not confirm
that hydrogen plays a leading role in the process of environmental cracking. The hydrogen inside the crack
comes mainly from the cathodic reaction of the crack tip at a lower corrosion potential. J.M.Olive[19]
observed solution of MgCl, at 117°C using a telephoto microscope, under open potential 316L and found
that hydrogen gas produced by stainless steel during the growth of corrosion fatigue cracks. The resulting
gaseous hydrogen will also diffuse into the alloy as atomic hydrogen.

The current hydrogen-induced cracking mechanism is only in the stage of qualitative description and cannot
quantitatively explain the influence of hydrogen. An explanation was proposed by Shen and Shewmon[20]
based on high-density bubbles nucleating at grain boundaries of alloy 600 mechanism for corrosion cracking
along crystal stress. The formation of bubbles was the result of the combined effect of pressure and external
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stress caused by methane formed by the interaction of hydrogen and carbon generated by corrosion at grain
boundaries. Shen and Shewmon believed that the anodic dissolution only has an indirect effect on the control
of hydrogen content inside the injected alloy and the crack growth rate was determined by the diffusion of
grain boundaries. Some experimental results also confirmed that when the activity of carbon and hydrogen
in the alloy becomes high, the corresponding crack sensitivity becomes high too. However, other experimental
results show that the material does not develop cracks under the action of high-pressure drying hydrogen,
which is contrary to the basic principles of this mechanism. The bubbles at the tip of the crack and methane
hypothesized by the authors have never been experimentally confirmed.

Redox mechanism at the crack tip

In a variety of different stress corrosion cracking mechanisms in high-temperature water environments, the
oxidation reaction promoted at the crack tip is a mechanism to be considered. Although the basic reaction
process of the oxidation reduction promoted by the crack tip is not described frequently in different
mechanisms due to its limited use. Other mechanisms have also been failed with different reasons under
specified conditions. In this mechanism, the failure can be the rupture of the oxide film at the crack tip, or
the process by which the oxide film of the crack tip loses its corrosion resistance due to physical, chemical
action or the original electrochemical state of the interface and the strength of the applied stress/strain,
depending on the metal/oxide/solution. The applied stress can affect the rate of the interface reaction at the
crack tip in a variety of ways such as through physical or physicochemical action or both. The physical action
refers to the destruction of the oxide film at the tip of the crack under the action of stress strain in such a way
that the base metal is exposed to the local environment and this damage can be the rupture of the oxide film
or the oxide film becomes porous or more easily penetrated by the reaction solvent. Physicochemical action
means that the stress-strain accelerates the basic reaction rate (such as electron transport step, mass transport
step) without changing the rate to determine the type of step. Physical and chemical effects can also play a
role at the same time.

By combining the oxidation kinetics of the crack tip and the mechanics through the strain rate of the crack
tip, Shoji[21-23] presented a mechanism, FRI, for predicting the rate of crack development. In Ford-
Andresen mechanism,[24,25]the strain rate in this model comes from the distribution of the strain field at
the crack tip. The crack growth rate formula is as follows:

da [ M oty 1 (de>m 8
dt  |zpF (1-—m) (gf)m dt ®
where de/dt is the strain rate at the crack tip 1, in the following expression:
1
de o, n (2dK+1da>1 2K\ )T 9
dt_'BEn—l Kdt rydt nro ay )

where 3 and A= dimensionless constants

n = Ramberg-Osgood strain strengthening factor

K = stress intensity factor

z = valence change of the oxidation process

F =Faraday's constant

& = breaking strain of the oxide film.

m, ip and t, = characteristic parameters of the oxidation current decay curve

o, =the yield strength

E= Young's modulus

Equation 9 is the represents the formula to calculate the strain rate comes from Gao and Hwang[26] with the
assumption that strain distribution at the crack tip under planar strain conditions explicitly includes tensile
characteristics. In this calculation, the problem of mechanical fracture singularity is avoided by introducing
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the eigen value distance 1,, which is also a function of several factors.

Coupling Environmental Fracture mechanisms (CEFM)

The environment-coupled cracking mechanism, proposed by Macdonald and Urquidi-Macdonald[27]
presents an idea similar that of the slip-oxidation mechanism but it is slightly different from slip-oxidation
mechanism. This mechanism emphasizes that the internal environment of the crack and the external
environment are coupled together, and at the same time, the law of conservation of charge is strictly followed
in the establishment of the mechanism. In other words, the sum of the redox currents inside and outside the
crack at the crack tip is zero. The environmental coupled cracking model was originally proposed for pre-
embedded cracks.  This mechanism was developed to check the sensitivity of stress corrosion cracking for
304 stainless steel in the light water reactor environment but after nearly two decades of development and
improvement, the scope of application of this mechanism has gradually become wider, and the mechanism
extends from high temperature and high pressure pure water environment to room temperature
solution[28]. The material extends from stainless steel to carbon steel [29]Aluminum alloy[28], nickel-based
alloys[30] .The corrosion type extends from stress corrosion cracking to pitting and crevice corrosion, and the
predicted form also extends from the initial crack rate extension to the crack shape evolution[31].

This mechanism has also caused some controversy, such as slippage-formation of the oxidation mechanism
as Andresen and Ford[32] think that CEFM generates different impurity anion pairs which cannot be
distinguished with the same conductivity, hence, stress corrosion cracking growth rate is different than the
actual values. Andresen and Ford at the same time think CEFM is not safe mechanism as it relies only on
potential gradients for particle transport inside cracks as CEFM is the mechanism that depends only on
physics, so far, an Electrochemical mechanism. However, there is an example for calculating the stress
corrosion cracking growth rate of 304SS with high accuracy (0.5 orders of magnitude) under the BWRs
conditions systematically by this mechanism where the calibration of the mechanism only needs one data
point to predict accurately the influence of all environmental variables and the mechanism becomes relatively
more worthy of recognition based on basic research evidence.

Calculation model of stress corrosion cracking crack propagation rate of nuclear power structural materials
Considering stress corrosion cracking a serious cause of failure in the materials of LWRs nuclear power plant
environment and the various safety and economic problems caused by it, it is necessary to establish a model
to predict the growth rate of stress corrosion cracking. The establishment of this model will provide theoretical
guidance for the maintenance of nuclear power plants because unnecessary frequent shutdown maintenance
will increase economic costs and untimely maintenance will cause serious leakage problems. To end or reduce
this, researchers around the world are working hard to build a model that can accurately predict the growth
rate of stress corrosion cracking in nuclear power plants. However, based on the fact that stress corrosion
cracking is an extremely complex phenomenon, more than 20 influencing factors are known[33] in stress
corrosion cracking which also makes the establishment of this model extremely difficult. At present, the
world's common models are roughly divided into two categories, one is a deterministic prediction model
based on various stress corrosion cracking mechanisms, and the other is an empirical prediction model based
on many experimental data and field data.

Deterministic models

Slip oxidation model

The slip oxidation model or the slip-dissolution/film rupture model, which is based on the stress proposed
by the slip oxidation mechanism. This model was proposed by Ford and Andresen, and at first this model
was only for quantitative prediction of stress corrosion cracking of stainless steel and low alloy steel in
different water environments below 115°C, but when the prediction data of this model was extrapolated from
low temperature (115°C) to high temperature (288°C), it also matched the experimental observations. The
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quantitative prediction of crack growth rate by slip oxidation model is based on the Faraday relationship
between the oxidation current density of the crack surface and the amount of metal atoms oxidized from the
metallic state to the oxidation state. Therefore, for a specific material and its crack tip environment, the crack
growth rate is mainly determined by the frequency of changing relationship of oxidation current density with
time and the film rupture in the crack tip strain state. The frequency of membrane rupture is mainly
determined by the strain and strain rate of the membrane. By introducing Faraday's law, the environmental
promotion stress corrosion cracking crack growth rate is related to the oxidation current density during
membrane rupture:

_ M Qf

Ve = 2pF ¢ Ect (10)
where M and p =the atomic weight and density of the crack tip metal
F =Faraday's constant
z = the number of electrons migrating during the oxidation of metal atoms.
Since the oxidation current density relationship with time is mainly determined by the material and
environmental composition, the Equations (10) can be expressed using the power relationship as follows:

Ve = A(Ec)" (11)
where A and n =constants related to the crack tip material and environmental composition, which are related
to a specific crack tip material, ambient oxidation reaction rate, or current density dependent.

When the crack tip metal is exposed, there is a peak current corresponding to the Iy, and the time of this
process is to, so when the oxide is formed, or a deposition reaction occurs, the oxidation current will be power-
decayed.

t -n
i =io || (12)
to
When the crack tip metal is exposed (e.g. & /€< to), this corresponds to the maximum crack propagation
rate.
_ M
Vinax = Zp_F lo (13)

However, in the LWR environment, the material is generally in a constant load or constant displacement
state. In this case, the period of membrane rupture & /€., will be much greater than t,. At this point, the
crack tip metal will no longer be in exposed state, integrate Equation (11) and by substituting the resulting
accumulated electricity Qs into Equation (10), the following expression can be obtained to calculate the crack
growth rate:

- M oty .,
T = S oF G (14)
In the case of constant load or constant displacement €, is the correlation with creep processes of
propagating cracks. In monotonic changes or under the systemic strain condition of cyclic change, & is
related to the applied strain rate. Therefore, the slip-oxidation model is not only suitable for stress corrosion,
but also for strain-induced cracks or corrosion fatigue [34].
With a deeper study and understanding of the basic reaction of the crack tip system, the parameters in
Equations (14) have been determined for stainless steel, and the expression of the crack growth rate can be
simplified to the following form:

da/dt = 7.8 x 1073 - n36 . (de/dt), (15)
where da/dt is measured in cm/s and n has a value of range 0.33-1.0, and its determinants are discussed
below. The unit of strain rate at the crack tip is /s. As mentioned above, n is a passivation rate parameter
controlled by the crack tip environment (e.g., pH, potential, cationic activity) and the material (e.g.,
percentage of chromium consumed at grain boundaries). To quantify n, think of it as a function of testable
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system variables, such as the conductivity of water (), the corrosion potential ((pc) determined by the content
of dissolved oxygen and hydrogen peroxide, and the electrochemical potential reactivation (EPR parameters)

associated with chromium at grain boundaries. The expression for n is as follows:
h(EPR)

of ()
n= {ef(K) n eg(¢c)} (16)

The strain rate de/dt at the crack tip is related to the stress (or strength). Under constant load conditions,

the relationship between the strain rate of the crack tip and the stress intensity factor is as follows:
(de/dt), = 8.8 x 10714 . K4 17)

where the unit of strain rate is /s and the stress intensity factor K has unit equal to MPa-m">.

FRI model

FRI Model stands for Fracture Research Institute Model, which was developed in Tokyu University in Japan

by Professor Tetsuo Shoji and his collaborators[23,35]. FRI model considers both electrochemical influences

and mechanical fractures. In the latest version of model, Ford extended it to changes in stress in the material.

The influence of strain characteristics and crack propagation rate on the crack tip was considered(35,36]. FRI

General expressions of the model, is represented below, see Equation (18).
L m

M ' N 2 ﬁ
f=— o (t—°> [—[’) Jo2nt ] (2 K 3) {m [(i) (i) ]} (18)
zpF(1—m)\\& JLE(n — 1) K 1 79/ \0g 2

where a = crack growth rate CGR (mm/s)
M = relative atomic mass (g/mol) and
iy = oxidation current density of the activated surface (A/mm?)
z= electron transfer number
p =mass density (g/mm’)
F =Faraday's constant (96500C/mol)
ty = current decay starts time (s)
& =breaking strain of the oxide film (mm/mm)
B, A = dimensionless constant
00, = yield strength (MPa)
E = Young's modulus (MPa)
n = strain hardening factor
K = stress intensity factor (MPa.m
1o = characteristic distance (mm) in the core region, region in which the crack propagates.

1/2)

CEFM model
Like the slip-oxidation model, the CEFM model calculates the crack propagation rate based on the periodic
rupture of the passivation film at the crack tip. The formula for calculating cracks is given by Faraday's law

dL MI,
dt ~ 2pnzFW§ (19
There p,, = density of the metal (g/cm3)
F = Faraday's constant
L = crack length (cm)
I,= the average current density of the crack tip
M = average atomic mass calculated according to the composition of each element of the alloy
z = the average number of electrons gained and lost in the dissolution oxidation reaction of the alloy at the
crack tip calculated according to the composition of each element of the alloy.
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Empirical models

PM Scott model

For the continued safe operation of nuclear power plants, Westinghouse USA, since 1992, have been
developing a reliable forecast for a model to calculate the crack growth rate of alloy 600 in nuclear power
plants. However, at that time there was not much crack growth rate data that could be used for the tip
protruding device, and there were only a few articles related to crack growth rate of alloy 600 materials. One
of the best described models for the rate of crack propagation is Peter model. According to the relevant

experimental data, Peter Scott [37] used the fitted equation below to predict alloy 600 crack propagation rate.

da
=0 (K=9)He (20)

where K is measured in MPa.m"?, and this equation also states that the threshold of the stress intensity factor
used is Kiasce=9 MPa.m"?. Here C is the correction coefficient, which corresponds to different temperatures,
and the value is different.

MRP-55 model
Material Reliability Program MRP-55 model [38,39]is associated with Electric Power Research institute (EPRI)
which is based on the experimental data. The stress corrosion cracking propagation rate of alloy 600 is mainly
measured by applying the curve caused by the main circuit of manufactured thick-walled components. The
piping of the steam generator is a thin-walled part, so it is not within the prediction range of this curve. The
relevant test data mainly came from Westinghouse in the United States and Sweden. Test materials include
22 Different grades of control rod drives (CRD), thick-walled pipes, rolled bars, forged bars and 4 Different
grades of plates. The relevant tests can accurately investigate the effects of applied load and temperature on
crack propagation rate. It is generally believed that the crack growth rate of material such as alloy 600 in the
PWR environment can be calculated by modeling the stress intensity factor. The influence of different
temperatures on the crack growth rate can be explained by introducing the Arrhenius formula, and the
corresponding expression is as follows:

1 1
a =exp|—— (— — >] a(K — Ke,)P (21)
T Tref
where a' (m/s) = crack growth rate at temperature T
Q, = crack growth rate temperature activation energy which is about 130k]/mol
R = constant with a size of 8.314x10°k]/mol.K
T(K) = absolute temperature corresponding to crack propagation
T..AK) = reference temperature corresponding to normalized data
a = amplitude of crack propagation rate at 325 °C, a=2.67x10", the corresponding units of @ are m/s, and
the unit of K is MPa.m"?
K (MPa.m"?) =crack tip stress intensity factor
K, (MPa.m"?) is the stress intensity factor threshold
B = exponent, and its value is 1.16.
The MRP prediction curve represents the average of the upper half of the discrete distribution of different
crack growth rate data for different grades of materials, so the MRP curve can be used to describe the crack
growth rate of sensitive materials that are faster than the average crack initiation rate. Because cracks detected
in operating nuclear power plants are generally located on components made of these sensitive materials.

Conclusion and Recommendations

So far, the models for predicting the growth rate of stress corrosion cracking in nuclear power structural
materials have been based on mechanical or electrochemical theories. However, a common feature of these
models is that they cannot fully predict the influence of every factor of stress corrosion cracking phenomenon
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on it because of the complexity of stress corrosion cracking.

Considering the complexity of the stress corrosion cracking mechanism into the models used for calculating
the stress corrosion cracking and rendering these models difficult to predict crack growth rate, artificial neural
networks provide a solution that can make accurate predictions by doing analysis from existing data. Another
advantage of artificial neural networks is that their predictions can go beyond the scope of experimental data,
and their predictions can allow people to study a complex problem more deeply.

For a modeling analysis with multiple input and output systems, the artificial neural network models can be
used. The input of the system is given to the neural network model, and the output of the system is taken as
the target output of the artificial neural network, and when the neural network undergoes a certain cyclic
learning period, it will establish the non-algebraic model corresponding to the system. Stress corrosion
cracking is a very complex process by materials, environment, and stress. through screening to find out various
influencing factors as input variables, and at the same time, there is a need to study objects (such as stress
corrosion cracking crack growth rate) as output variables, by exercising and prediction of the artificial neural
networks, will be able to provide a new way for the study of stress corrosion cracking.

Conflicts of Interests
The authors have no conflicts of interests.

4. REFERENCES

[1] E.P. Ford, Quantitative Prediction of Environmentally Assisted Cracking, CORROSION. 52 (1996)
375-395. https://doi.org/10.5006/1.3292125.

2] F.F.-E.NP-5064M, P. 2006-6 F. Report, undefined 1987, Corrosion-Assisted Cracking of Stainaless and
Low-Alloy Steels in LWR Environments, Cir.Nii.Ac.Jp. (n.d.).
https://cir.nii.ac.jp/crid/1571135649124933888 (accessed October 15, 2023).

[3] P.L. Andresen, F. Peter Ford, Life prediction by mechanistic modeling and system monitoring of
environmental cracking of iron and nickel alloys in aqueous systems, Materials Science and Engineering:
A. 103 (1988) 167-184. https://doi.org/10.1016,/0025-5416(88)90564-2.

[4] P.L. Andresen, Effects of Temperature on Crack Growth Rate in Sensitized Type 304 Stainless Steel
and Alloy 600K, Corrosion. 49 (1993).

[5] F.P. Ford, Quantitative Prediction of Environmentally Assisted Cracking, Corrosion. 52 (1996) 375-
395. https://doi.org/10.5006/1.3292125.

(6] D.F. TAYLOR, Crevice Corrosion of Alloy 600 in High Temperature Aqueous Environments,
CORROSION. 35 (1979) 550-559. https://doi.org/10.5006,/0010-9312-35.12.550.

[7] J. Congleton, R.N. Parkins, Stress Corrosion Cracking of Steel in High Temperature Water,
CORROSION. 44 (1988) 290-298. https://doi.org/10.5006,/1.3583940.

[8] W.E. Ruther, W.K. Soppet, T.F. Kassner, Effect of Temperature and lonic Impurities at Very Low
Concentrations on Stress Corrosion Cracking of AISI 304 Stainless Steel, CORROSION. 44 (1988)
791-799. https://doi.org/10.5006,1.3584950.

[9] D.D.Macdonald, Clarification of issues raised by P.L. Andresen and F.P. Ford in their response to “On
the modeling of stress corrosion cracking of iron and nickel base alloys in high temperature aqueous
environments,” Corros Sci. 39 (1997) 1487-1490. https://doi.org/10.1016,/S0010-938X(97)00042-5.

[10] R.W. Staehle, J.A. Gorman, A.R. Mcllree, NACE International., Electric Power Research Institute.,
Argonne National Laboratory., Stress corrosion cracking of alloy 600 in high temperature aqueous
solutions: Influencing factors, mechanisms and models, (1996) 800.

[11] A. Turnbull, Modelling of environment assisted cracking, Corros Sci. 34 (1993) 921-960.
https://doi.org/10.1016,/0010-938X(93)90072-O.

[12] JoséR. Galvele, A stress corrosion cracking mechanism based on surface mobility, Corros Sci. 27 (1987)

https://ijournalar.com | Nasir et al., 2026 | Page 341



INTERNATIONAL JOURNAL OF ADVANCED RESEARCH
ISSN: 3106-7980 : 3106-7972

Volume 3, Issue 2 [May, 2026]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

1-33. https://doi.org/10.1016,/0010-938X(87)90117-X.

K. Sieradzki, F.J. Friedersdorf, Notes on the surface mobility mechanism of stress-corrosion cracking,

Corros Sci. 36 (1994) 669-675. https://doi.org/10.1016/0010-938X(94)90072-8.

An Inconsistency in Surface Mobility Mechanism of Stress Corrosion Cracking, March 2005 |

Corrosion | OnePetro, (n.d.).
https://onepetro.org/corrosion/article-abstract/116590/An-Inconsistency-in-Surface-Mobility-

Mechanism-of (accessed October 17, 2023).

P.M. Scott, M. Le Calver, Some possible mechanisms of intergranular stress corrosion cracking of Alloy

600 in PWR primary water, Minerals, Metals ampersand Materials Society, United States, 1993.

http://inis.iaea.org/search/search.aspx’orig_q=RN:25067219.

R.W. Staehle, Z. Fang, Comments on a proposed mechanism of internal oxidation for alloy 600 as

applied to low potential SCC, Proceedings of the Ninth International Symposium on Environmental

Degradation of Materials in Nuclear Power Systems - Woater Reactors - (1999) 69-78.

https://doi.org/10.1002/9781118787618.CH?.

Z. Xia, W.-K. Lai, Z. Szklarska-Smialowska, Aftereffects Produced in Alloy 600 by Exposure to Lithiated

High-Temperature Water, CORROSION. 47 (1991) 173-176. https://doi.org/10.5006/1.3585239.

P.L. Andresen, T.M. Angeliu, Evaluation of The Role Of Hydrogen In Scc In Hot Water, (1997).

https://dx.doi.org/ (accessed October 17, 2023).

J.M. Olive, ]J. Cwiek, D. Desjardins, Quantification of the hydrogen produced during corrosion fatigue

crack propagation, Corros Sci. 41 (1999) 1067-1078. https://doi.org/10.1016/50010-938X(98)00151-

6.

C.H. Shen, P.G. Shewmon, A mechanism for hydrogen-induced intergranular stress corrosion cracking

in alloy 600, Metallurgical Transactions A. 21 (1990) 1261-1271.

https://doi.org/10.1007/BF02698254.

T.S.-Proc. 112°< th> Int.Conf.E.D. of, undefined 2003, Quantification of yield strength effects on

IGSCC of austenitic stainless steels in high temperature water, Cir.Nii.AcJp. (n.d.).

https://cir.nii.ac.jp/crid/1572543025580081024 (accessed October 17, 2023).

T. Shoji, S. Suzuki, R.G. Ballinger, Theoretical prediction of SCC growth behavior ~ Threshold and

plateau growth rate, in: n.d.

T. Shoji, Z. Lu, H. Murakami, Formulating stress corrosion cracking growth rates by combination of

crack tip mechanics and crack tip oxidation kinetics, Corros Sci. 52 (2010) 769-779.

https://doi.org/10.1016/j.corsci.2009.10.041.

P.L. Andresen, F. Peter Ford, Life prediction by mechanistic modeling and system monitoring of

environmental cracking of iron and nickel alloys in aqueous systems, Materials Science and Engineering:

A. 103 (1988) 167-184. https://doi.org/10.1016/0025-5416(88)90564-2.

N. Totsuka, Z. Szklarska-Smialowska, Effect of Electrode Potential on the Hydrogen-Induced IGSCC of

Alloy 600 in an Aqueous Solution at 350 C, CORROSION. 43 (1987) 734-738.

https://doi.org/10.5006,1.3583860.

Y.-C. Gao, K-C. Hwang, On the formulation of plane strain problems for elastic perfectly-plastic

medium, Int ] Eng Sci. 21 (1983) 765-780. https://doi.org/10.1016,/0020-7225(83)90060-5.

D.D. MacDonald, M. Urquidi-MacDonald, A coupled environment model for stress corrosion cracking

in sensitized type 304 stainless steel in LWR environments, Corros Sci. 32 (1991) 51-81.

https://doi.org/10.1016,/0010-938X(91)90063-U.

S.-K. Lee, P. Lv, D.D. Macdonald, Customization of the CEFM for predicting stress corrosion cracking

in lightly sensitized Al-Mg alloys in marine applications, Journal of Solid-State Electrochemistry. 17

(2013) 2319-2332. https://doi.org/10.1007/s10008-013-2111-6.

S. Liu, D.D. Macdonald, Fracture of AISI 4340 Steel in Concentrated Sodium Hydroxide Solution,

https://ijournalar.com | Nasir et al., 2026 | Page 342



INTERNATIONAL JOURNAL OF ADVANCED RESEARCH

ISSN: 3106-7980 : 3106-7972
Volume 3, Issue 2 [May, 2026]

CORROSION. 58 (2002) 835-845. https://doi.org/10.5006,/1.3287665.
[30] S. Lee, D.M.-E. Society, S. Francisco, undefined 2013, Stress Corrosion Cracking of Alloy 22,
Ecs.Confex.ComSK Lee, DD Macdonald224th ECS Meeting, The Electrochemical Society, San

Francisco, CA, 2013 # ecs.Confex.Com. (n.d.).
https://ecs.confex.com/ecs/224/webprogram/Abstract/Paper19778/D4-1781.pdf (accessed October
17, 2023).

[31] S.-K. Lee, D. Kramer, D.D. Macdonald, On the shape of stress corrosion cracks in sensitized Type 304
SS in Boiling Water Reactor primary coolant piping at 288 °C, Journal of Nuclear Materials. 454 (2014)
359-372. https://doi.org/10.1016/j.jnucmat.2014.08.022.

[32] P.L. Andresen, F.P. Ford, Response to “On the modeling of stress corrosion cracking of iron and nickel
base alloys in high temperature aqueous environments,” Corros Sci. 38 (1996) 1011-1016.
https://doi.org/10.1016/0010-938X(96)00055-8.

[33] D. Féron, Overview of nuclear materials and nuclear corrosion science and engineering, in: Nuclear
Corrosion Science and Engineering, Elsevier, 2012: pp- 31-56.
https://doi.org/10.1533/9780857095343.1.31.

[34] D. Féron, Overview of nuclear materials and nuclear corrosion science and engineering, in: Nuclear
Corrosion Science and Engineering, Elsevier, 2012: pp- 31-56.
https://doi.org/10.1533/9780857095343.1.31.

[35] H. Xue, Y. Sato, T. Shoji, Quantitative Estimation of the Growth of Environmentally Assisted Cracks
at Flaws in Light Water Reactor Components, ] Press Vessel Technol. 131 (2009).
https://doi.org/10.1115/1.3027458.

[36] F.Q. Yang, H. Xue, L.Y. Zhao, X.R. Fang, A quantitative prediction model of SCC rate for nuclear
structure materials in high temperature water based on crack tip creep strain rate, Nuclear Engineering
and Design. 278 (2014) 686-692. https://doi.org/10.1016/j.nucengdes.2014.08.012.

[37] P. Scott, An analysis of primary water stress corrosion cracking in PWR steam generators, (1991).
https://inis.iaea.org/search/search.aspx?orig_ q=RN:40033043 (accessed October 18, 2023).

[38] Materials  Reliability =~ Program  (MRP) Crack Growth... - Google Scholar, (n.d.).
https://scholar.google.com/scholar’hl=en&as_sdt=0%2C5& g=Materials+Reliability+Program+%28M
RP%29+Crack+Growth+Rates+for+Evaluating++Primary+Water+Stress+Corrosion+Cracking+%28P
WSCC%29+of+Thick-Wall+Alloy+600++Materials+%28MRP-
55%29+Revision+1%2C+EPRI%2C+Palo+Alto%2C+CA%2C+1006695+%282002%29&btnG=
(accessed October 18, 2023).

[39] A.R. Jenks, G.A. White, P. Crooker, Crack Growth Rates for Evaluating PWSCC of Thick-Wall Alloy
690 Material and Alloy 52, 152, and Variant Welds, in: Volume 6B: Materials and Fabrication,
American Society of Mechanical Engineers, 2017. https://doi.org/10.1115/PVP2017-65886.

https://ijournalar.com | Nasir et al., 2026 | Page 343




      V -  t =   M  z 𝜌 F     Q  f    𝜀  f   d   𝜀  c t / d t                                                                                                                               ( 1 )


    i  t =   i 0    (   t    t 0 )  − n                                                                                                                                                         ( 2 )


      V -  m a x =   M  z 𝜌 F   i 0                                                                                                                                                               ( 3 )


    d a  d t =     D  s  L  [ exp ⁡  (   𝜎   a 3  k T ) − 1 ]                                                                                                                           ( 4 )


  𝜎 =     K  I   𝜋 d  ( 0 . 34   d  a + 1 )                                                                                                                                         ( 5 )


    d a  d t =  [   81 k T   D 0  512   𝛾 3   a 2 ]    [   𝛿   N  s  6 𝜋 z ]  0 . 5   𝜎  p   K  I                                                                                                                                                 ( 6 )


  C G R = 2 . 6719 ×  10  − 11   K  l                                                                                                                                                                       ( 7 )


    d a  d t =  [   M  z 𝜌 F ⋅     i 0   t 0  m  ( 1 − m ) ] ⋅  1     (   𝜀  f )  m ⋅    (   d 𝜀  d t )  m                                                                                                         ( 8 )


    d 𝜀  d t = 𝛽     𝜎  y  E   n  n − 1  (  2  K   d K  d t +  1    r 0   d a  d t )    {  ln ⁡   (   𝜆    r 0    (   K    𝜎  y ) 2 ) }   1  n − 1                                                                     ( 9 )


      V -  t =   M  z 𝜌 F     Q  f    𝜀  f     𝜀 .  c t                                                                                                                                                                                                         ( 10 )


      V -  t = A    (     𝜀 .  c t )  n                                                                                                                                                                                           ( 11 )


    i  t =   i 0    [   t    t 0 ]  − n                                                                                                                                                                                                         ( 12 )


    𝜀  f /     𝜀 .  c t


      V -  m a x =   M  z 𝜌 F   i 0                                                                                                                                                                                                         ( 13 )


    𝜀  f /     𝜀 .  c t


      V -  t =   M  z 𝜌 F     i 0   t 0  n  ( 1 − n )   𝜀  f  n     𝜀 .  c t  n                                                                                                                                                                           ( 14 )


      𝜀 .  c t


      𝜀 .  c t  


  d a / d t = 7 . 8 ×  10  − 3 ⋅   n  3 . 6 ⋅ ( d 𝜀 / d t  )  c t  n                                                                                     ( 15 )


  n =    {     e  f ( 𝜅 )    e  f ( 𝜅 ) +   e  g  (   𝜙  c ) }  h ( E P R )                                                                                                                                                 ( 16 )


  ( d 𝜀 / d t  )  c t = 8 . 8 ×  10  − 14 ⋅   K 4                                                                                                                                                             ( 17 )


    a . =   M   i 0  z 𝜌 F ( 1 − m )    ⟨  (     t 0    𝜀  f )  [   𝛽   𝜎  0 . 2 n  E ( n − 1 ) ]  ( 2     K .  K +     a .    r 0 )    {  ln ⁡   [  (   𝜆    r 0 )    (   K    𝜎  0 . 2 ) 2 ] }   1  n − 1 ⟩  m                                     ( 18 )


    a .


    d L  d t =       M I ¯ 0  2   𝜌  m   z - F W 𝛿                                                                                                                                                                   ( 19 )


    d a  d t = C ⋅ ( K − 9  )  1 . 16                                                                                                                             ( 20 )


                a . =  exp ⁡   [ −     Q  g  R  (  1  T −  1    T  r e f ) ] 𝛼    ( K −   K  t h )  𝛽                                                                                                             ( 21 )


    a .


    a .

