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Stress corrosion cracking in light water reactor is one of the most important
factors threatening the safe operation of nuclear power plants. Due to the
6 September 2019 severity, generality and various safety and economic problems caused by this

phenomenon, it is necessary to establish a model for predicting the stress
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large number of experimental test data mining. They are convenient and rel-
atively accurate in predicting, but require extensive, time-consuming and
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influencing parameters by studying the stress corrosion cracking mechanism.
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ment method based on fracture mechanics and multiscale method based on
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corrosion cracking and bridge the quantitative mechanism or model, but no
specific stress corrosion cracking growth rate model is formed. The article
concludes with the prospect, aim and direction for stress corrosion cracking
mechanism and prediction model.
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Introduction

The long-term operation experience of advanced
nuclear power countries in the world indicates that
stress corrosion cracking (SCC), as a representative of
environmentally assisted cracking (EAC), has become
one of the main reasons for the failure of light water
reactor (LWR) components [1, 2]. SCC often causes
long-term and costly shutdowns and repairs and
even safety problems such as nuclear radiation
leakage, which has become one of the main problems
affecting the economic and safety of the entire system
operation. Therefore, it is particularly important to
study the mechanism of SCC, especially to predict the
SCC growth rates [3-5].

Therefore, scientists all over the world are striving
to establish a model that can accurately predict the
SCC growth rates for key structural materials of
nuclear power plant [6-10]. However, SCC is an
extremely complex phenomenon, and there are more
than 20 known factors, which makes it very difficult
to establish this model. When predicting phenomena
in physics or engineering, there are usually two basic
philosophical perspectives: empirical and determin-
istic. Empirical means that to know something, one
must experience it first, while the deterministic view
holds that the basis of the past (such as some laws of
nature) can be used to predict the form of the future.
But no matter which viewpoint is based on, in order
to predict future corrosion evolution based on the
current stress corrosion state, it is necessary to clarify
the important role of independent variables (such as
temperature, stress intensity, conductivity) in pre-
dicting variables (such as crack growth rate (CGR)).

At present, the general models for predicting SCC
growth rates in the world are roughly divided into
three categories: one is an empirical prediction model
based on a large number of experimental data and
field data, the other is a deterministic prediction
model based on various SCC mechanisms and the
third is a prediction model combining calculation and
simulation with SCC mechanism. The establishment
of relevant prediction models can guarantee the safe,
efficient and economical operation of nuclear power
plants, and the accurate CGR calculation model can
provide theoretical guidance for the maintenance and
replacement of related components of nuclear power
plants, minimizing the interruption of power gener-
ation caused by accidents, and can reduce the
occurrence of leakage accidents due to crack damage,
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which are the significance and practical application of
establishing a SCC growth rates prediction model
[11, 12].

Empirical prediction models based on data
mining

The empirical prediction model is a prediction model
based on laboratory data and field data. At present,
there are many types of prediction methods, from
classical statistical analysis to current gray prediction,
expert system and fuzzy mathematics, and even the
emerging neural networks method. SCC has been
proven to be a highly complicated process in which
materials, environment and stress work together. By
screening and identifying various influencing factors
as input variables and taking the objects to be studied
as output variables, the empirical prediction models
will provide a new approach for the study of SCC
growth rates.

Materials Reliability Program model

The Materials Reliability Program (MRP) model
refers to the CGR curves obtained by the Electric
Power Research Institute (EPRI) based on a statistical
analysis of the worldwide set of available laboratory
test data. In the report MRP-55 [13], MRP proposed a
CGR disposition curve for primary water stress cor-
rosion cracking (PWSCC) of thick-wall alloy 600
material, which was also reported by White et al. [14].
The CGR model proposed by MRP-55 is mainly car-
ried out in two steps. The first step in establishing the
CGR curve of alloy 600 is to determine the form of
CGR dependence on stress intensity factor (SIF). The
second step is to consider the variability of CGR due
to the differences in thermomechanical material
processing and microstructure. MRP also proposed a
CGR disposition curve for PWSCC of alloy 182/132
and 82 welds in the report MRP-115 [15], which was
also reported by White et al. [16]. The MRP-115 curve
contains the effects of SIF, temperature and thermal
activation energy as well as welds orientation [17].
With the extensive application of alloy 690 and its
welding metals in new pressurized water reactor
(PWR), MRP recently proposed CGR models for
PWSCC of alloy 690 and alloys 52, 152, and variants
welds in the report MRP-386 [18]. EPRI has compiled
databases of more than 500 alloy 690 CGR data points
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and 130 alloy 52/152 CGR data points by using thick-
walled compact tensile (CT) specimens from seven
research laboratories. The data quality is scored and
evaluated to determine the effects of temperature,
yield strength, crack tip SIF and crack orientation.
MRP updated the CGR model for PWSCC of alloy
600 in the report MRP-420 and explained the
threshold of SIF [19].

For the continued safe operation of nuclear power
plants, Scott first established a CGR model for
PWSCC of alloy 600 materials as a function of SIF,
which was derived from published laboratory data
[20]:
da
i
where K is the SIF, in which the threshold value is
9 MPa m? C is the correction coefficient, and the
value of C corresponds to different temperatures. da/
dt is the CGR, which can also be denoted by 4.

The CGR model proposed by MRP-55 adopts the
SIF dependence form of Scott equation and also uses
Scott’s value for the exponent f; (1.16) rather than
letting the exponent be determined by the statistics.
Moreover, the effect of different temperatures on the
CGR is explained by introducing Arrhenius equation
for thermally controlled processes. The general for-
mal equation obtained from MRP-55 is as follows:
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where Q. is the thermal activation energy for crack
growth (130 kJ/mol), R is the universal gas constant
(8.314 x 1072 k] mol ™' K), T is the absolute operat-
ing temperature at location of crack, Tief is the ref-
erence temperature corresponding to the normalized
data (598.15K), o; is the power-law constant
(1 = 2.67 x 107'% at 325 °C), Ky, is the threshold
crack tip SIF, f; is the power-law exponent, and the
value is 1.16.

The statistical method for establishing the CGR
equation by MRP115 is similar to that proposed for
the alloy 600 wrought material in MRP-55, but
includes a linearized multiple regression model to
determine a best fit SIF exponent f, while still pro-
cessing data heat-by-heat. The MRP database indi-
cates that the CGR for alloy 82 is on average 2.6 times
lower than that for alloy 182/132, so the MRP-115
curve for alloy 82 is 2.6 times lower than the curve for

C-(K—9)H (1)

alloy 182/132 [15]. The general form of the MRP-115
equation for alloy 182/132 and alloy 82 is as follows:

da _  [-Qg(1 1 b
a = exp [ R (T - m)] OCZfalloyfonean (3)

where faoy = 1.0 for alloy 182 or 132 and
1/2.6 = 0.385 for alloy 82, forient = 1.0 except 0.5 for
crack propagation that is clearly perpendicular to the
dendrite solidification direction, o5 is the power-law
constant (#, = 1.5 x 1072 at 325 °C), P is the power-
law exponent, and the value is 1.6.

The basic form of the alloy 690 and alloy 52/152
models is similar to the MRP-55 and MRP-115 dis-
position equations for alloy 600 and alloy 82/182,
respectively. Several new terms have been added to
alloy 690 model (such as hydrogen concentration,
yield strength and receiving heat treatment state) to
better reflect more testing materials and environ-
ments and to improve understanding of the effects of
these variables [21]. The general form of alloy 690
CGR model is as follows, and each parameter is
explained:

da

a = o3 'fK 'fT 'sz 'fYS 'fHT 'foriem ‘fproductform : fARcond
(4)

fK = Kﬁ3 (5)

where o3 is the power-law constant (a3 = 4.5 x 1077
at 325 °C), fx is the factor accounting for crack tip
stress intensity factor in MPa m?, fi; is the power-law
exponent, and the value is 2.5, fr is the factor
adjusting CGR to a common reference temperature
in °C, fuy, is the factor accounting for dissolved
hydrogen concentration in relation to the Ni/NiO
transition in cc/kg H, at STP, fys is the factor
adjusting CGR to a common yield strength in MPa,
fur is the factor accounting for heat treatment of
laboratory application, forient is the factor explaining
the difference in CGR caused by crack growth in
certain direction, fproductform 1S the factor explaining
the difference in CGR produced by samples pro-
cessed from different product forms and farcond is the
factor explaining the CGR difference caused by the
material state obtained by mill annealed or thermally
treated.

EPRI has done a lot of test data collection and
evaluation work for the service safety of nuclear
power structural materials that can be directly
applied to crack assessment calculations for plant
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components and continuously updates and improves
the CGR model, which plays a crucial role in the safe
operation of nuclear power plant. The CGR curve
proposed by MRP can be regarded as the average
value of the upper half part of the discrete distribu-
tion of different CGR data corresponding to different
grades of material. Therefore, the MRP curve
addresses the concern that heats that are more sus-
ceptible than average to crack initiation tend to have
higher CGRs. Cracking detected in the operating
nuclear power plants would tend to be located in
components fabricated from such susceptible heats.
However, the MRP model is based on the fitting of
laboratory data, which requires a large number of
time-consuming and expensive tests for different
service environments and specific nuclear power
materials. It only considers input and output, but has
nothing to do with process mechanism.

Artificial neural network model

Artificial neural networks (ANNSs) are nonlinear sci-
ence that imitate the structure and intelligence of
human brain. With their unique self-organization,
self-learning, fast processing, high fault tolerance and
strong nonlinear function approximation ability,
ANNSs have become a powerful tool for dealing with
nonlinear systems. The trained neural network can
simulate the relationship between variables of com-
plex system and then help people to analyze the
intrinsic mechanism of complex system. ANNs have
been successfully applied by a number of researchers
in the field of corrosion prediction. Smets and
Bogaerts [22] successfully applied ANNs to SCC risk
prediction of austenitic stainless steels and analyzed
the combined effects of temperature, chloride con-
centration and oxygen content on the occurrence of
SCC in high-temperature water. Lu et al. [23] first
applied ANNSs to predict SCC growth rate, in which
they applied ANNSs to study the intergranular stress
corrosion cracking (IGSCC) in sensitized 304 stainless
steel in high-temperature aqueous solutions. Kam-
runnahar and Urquidi-Macdonald [24, 25] used
ANNSs as data mining tools to predict the corrosion
behavior of metal alloys, which was helpful to clas-
sify and sort some parameters, and to understand the
synergistic effects of parameters and variables on
electrochemical potential and corrosion rate. Shi et al.
[26, 27] established the database of CGR of 304
stainless steel and alloy 600 IGSCC in LWR
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environment and the corresponding ANN model,
which indicated that the ANN model could predict
the effect of various variables on CGR. Halama et al.
[28], Li et al. [29] and Hu et al. [30] used ANN model
to study the corrosion phenomenon of metal alloys in
different environments, respectively. Therefore, for
complex systems that are difficult to accurately pre-
dict by mathematical models, ANNs provide a new
solution which can make accurate predictions by
learning from existing data.

ANNSs can be divided into many different types
according to the difference of neural network struc-
ture and learning algorithm, among which the back-
propagation feed-forward neural network (BPNN)
learning is the most widely used [31-33]. A typical
three-layer neural network structure is shown in
Fig. 1a; the first layer (also known as input layer)
receives input signals from the external environment
and transmits them to the neurons connected to the
next layer. The last layer (called the output layer) is
used to output the results we need. The layer
between the input layer and the output layer is called
the hidden layer, which is the internal processing
layer of the neural network. For complex nonlinear
system simulation, using more hidden layers can
make the system more stable [34]. Each layer contains
one or more neurons, and the model is shown in
Fig. 1b. It has three basic elements: a set of connec-
tions (corresponding to synapses of biological neu-
rons), and the connection strength is represented by
the weights on each of the connections, which are
positive for activation and negative for inhibition; a
summation unit > which is used to calculate the
weighted sum of each input signals; and an activation
function f, which is used for mapping, and the output
amplitude of neurons is limited to a certain range.

Mathematically, the output of the kth neuron in the
Ith layer receiving a n-dimensional input vector is
[35]:

1 1 & n_(
=W+ Sl ©
i=1

where y; is the response of the kth neuron to an input
vector x = (x1, X, ... X,;) and x; represents the input
parameters. wy; are the weights that are used to scale
the respective input value to the neuron. by is called
the bias that is used to account for the contribution of
the unknown but influential parameters that have
been left out.
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Figure 1 Topology of backpropagation neural network model. a A schematic of a three-layer neural network; b schematic of each neuron

in the network.

Shi et al. [27] collected a total of 163 alloy 600 CGR
data under PWSCC by searching and consulting lit-
erature from various channels. All the data collected
are derived from the constant load SCC experiments.
The training data of various experimental data
recorded in the literature are highly dispersed, and
the information reflected is inconsistent. Generally,
the data in the literature contain the following five
basic variables: T (temperature), K; (SIF), degree of
cold working and the content of B and Li in solution.
In order to unify the experimental data from different
experiments, three other variables that have an
important influence on PWSCC are determined based
on the known five variables: corrosion potential, PH
and conductivity of the solution. Table 1 shows the
main input parameters for training ANN model and
the importance of each input parameter on CGR
based on fuzzy curves analysis. The fuzzy curves
method is a method proposed by Lin and Cunning-
ham [36] to establish the relationship between input
variables and output variables by using fuzzy logic.
In other words, the importance of different input

Table 1 Inputs selected for the artificial neural network [27]

Inputs Range Importance
Temperature 290-360 °C 1.7983

K; 4.6-101 MPa,/m 1.4733

PH 5.52-9.19 1.4026
Conductivity 1.7-1116 uS/cm 1.3683
ECP — 1.096 Ve to — 0.61 Ve 1.362
Yield strength 211-500 MPa 1.1577
B(OH); 0-1800 ppm 0.7379
LiOH 0-10 ppm 0.386

parameters can be determined by the range of their
respective fuzzy curves.

Before training the neural network, it is necessary
to normalize the input data in order to prevent an
input parameter with larger values from becoming
the dominant parameter. Meanwhile, since the sig-
moid function is usually used as the activation
function in the neural network, Eq. (7) is adopted to
normalize the input variable to the range of 0-1:
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where x; is the original data and x; is the normalized
data. The preprocessed data will be randomly divi-
ded into three categories: training data and validation
data for training neural networks, and test data for
testing neural networks after network training.

When the weights and deviations of the neural
network are initialized, the Levenberg-Marquardt
backpropagation (LMBP) algorithm [37] can be used
for training [26, 27, 35, 38]. The training process is
carried out in a circular manner. In each cycle, the
neural network’s response to the training data is
evaluated by the mean variance formula, as shown in
Eq. (8). According to the evaluation result, the weight
will be updated in the next cycle, and the updated
weight will reduce the mean variance, and this pro-
cess will be repeated until the minimum variance is
reached or a termination condition is met:

I o, 1¢ )
mes = NZ (e)" = NZ (ti —vi) (8)
p i=1

where mes is the mean variance, N is the total
number of samples, y; is the prediction result of the
neural network and ¢; is the target result.
Temperature is an important factor affecting CGR
of alloy 600 in PWSCC in dilute solution. Figure 2

shows the relationship between CGR and
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Figure 2 Effect of temperature on crack growth rate in alloy 600
in PWR primary coolant as a function of stress intensity factor
[27].
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temperature under different stress intensity factors
predicted by ANNs model. The result shows that the
activation energy of CGR decreases with the increase
in SIF. At higher stress intensities, the strain and
strain region at the crack tip increase, and the
vacancy gap is independent of temperature, which
makes nucleation of the vacancy easier. However, at
lower stress intensities, the plastic deformation and
deformation region at the crack tip will become
smaller, which makes it difficult to nucleate the
vacancies.

As a purely mathematical empirical model, ANNs
are often criticized for their “black box” characteris-
tics, because they do not reveal the intrinsic mecha-
nism of the research system [39]. However, if the
structure design of the ANNSs is reasonable and the
input and output variables are strictly screened, the
well-trained and fitted ANNSs can still provide help
for the elaboration of the intrinsic mechanism of the
research object [40]. Additionally, the fuzzy curve
analysis has been employed widely and has proven
to be effective in identifying the contributions of the
independent variables to the dependent variables
[29, 41]. Generally speaking, there is still some
incompleteness in exploring the mechanism of SCC
by ANNs model at present, but ANNs provide a
solution to complex SCC systems that are difficult to
predict with mathematical models. They can make
accurate predictions by learning existing data.
Another advantage of ANNSs is that the range of
prediction can exceed the range covered by experi-
mental data, and the prediction results can enable
people to study a complex SCC problem more
deeply.

Deterministic prediction model based
on SCC mechanism

It has been shown that the SCC process of austenitic
stainless steel and nickel-based alloy in high-tem-
perature water environment of nuclear reactor is a
slow and stable crack propagation process caused by
three factors: corrosion medium at crack tip, material
properties and mechanical state. Due to the com-
plexity of this process and the importance of quan-
titatively predicting SCC growth rates, many scholars
have proposed different mechanisms or models to
explain the phenomenon of SCC scientifically. Some
of these mechanisms or models are quantitative
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formulas, and others are qualitative explanations. No
mechanism or model has been proved to be able to
explain or predict the effect of all influencing factors
on SCC. The following section mainly introduces
some of more important mechanisms and corre-
sponding models.

Slip-oxidation model

The slip-oxidation model is a commonly accepted
and adopted model developed by Peter Ford and
Peter Andresen [42, 43], also known as the film rup-
ture slip dissolution model or Ford—Andresen model.
The term slip-oxidation model in SCC is generally
understood as the oldest and simplest film rupture
mechanism [44], and the mechanism of SCC is shown
in Fig. 3 [45]. Scully [46], Vermilyea [47] and Parkins
[48, 49] have done a lot of theoretical and experi-
mental works on the oxide film rupture mechanism
of SCC. The oxide film formed on the bare metal
surface ruptures under the action of strain, and the
matrix metal dissolves to make the crack advance.
Subsequently, the oxide film at the crack tip is
gradually reformed, resulting in repassivation and
crack propagation stops. However, under the action
of the crack tip strain, the oxide film ruptures again
and the above process is repeated. The crack propa-
gates by way of advancing, stopping and readvanc-
ing, leaving a crack arrest line on the fracture, but the
crack continues to propagate forward under the
combined action of stress and environment, which is
the initial film rupture mechanism. Ford believes that
it is more accurate to call it “slip oxidation” because
crack growth is the result of the combined oxidation
reaction of M/M" and M/MO [50]. Ford and
Andresen have carried out a large number of exper-
imental studies and concluded that most SCC of
metals or alloys in high-temperature water environ-
ments can be explained by slip-oxidation mechanism
of anodic dissolution [51-54].

Quantitative prediction of CGR by slip-oxidation
model is based on Faraday’s law between the oxi-
dation charge density Q on the surface and the
transformation of metallic state to oxide state (e.g.,
MO or M;:;) [50]. Therefore, for a specific material and
crack tip environment, the CGR is primarily deter-
mined by the change of transient oxidation current
density with time and the film rupture rate under the
strain state at the crack tip.

According to Faraday’s law, the CGR of the slip-
oxidation model can be expressed as.

- ().

where M is the atomic mass of the dissolved metal, p
is the metal density, F is the Faraday constant
(96500 C/mol), z is the number of electrons lost in the
oxidation reaction, t; is the period of mechanical
rupture of the oxide film and Q; is oxidation charge
density within a film rupture cycle ¢,.

The transient oxidation current density at the crack
tip changes with time during the slip-oxidation
model as shown in Fig. 4. When the crack tip is a
completely bare metal, the crack tip has the highest
oxidation current density iy, but this process has a
shorter time t; then, the crack tip is affected by the
surface passivation film (or deposit) and the oxida-
tion current density begins to decay exponentially
and reaches a steady passive state at t,, where the
current density is i,:

i) =io - (%) B (10)

ta
= i(t)d
Qu /0 i(t)dt (11)
Qs = Q1+ Qu + Qm (12)
Qi=ip-to (13)
ty
— [ ind
Qn /to i(t)dt (14)
Qui = ip - (ta — tp) (15)

where iy and £, are constants related to the oxidation
of fresh metal surfaces in the environment, i(t) is the
relationship of oxidation current density with time,
m is the oxidation rate decay curve, Qr is the oxida-
tion charge during fast steady oxidation, Qy is the
oxidation charge during the recovery period of the
protective oxide film, Qyy is the oxidation charge in
the steady passive state, t, is the time to reach the
steady passive state and i, is the current density
reaching the steady passive state.

It can be seen from the above-mentioned film
rupture mechanism that SCC is the result of compe-
tition between the film rupture rate and the repassi-
vation rate, and the stress corrosion sensitivity is
related to the crack tip strain rate. In addition,
assuming that the crack tip strain rate is the oxide
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Figure 3 Schematic diagram of film rupture mechanism for SCC
[45]. a The metal or alloy forms a layer of oxide film in the
corrosive medium, and stress causes dislocations (represented by
the L symbol) on the slip surface to start. b The dislocation slips
out of the surface to create a slipping step, which ruptures the film
and exposes the virgin surface. ¢ The virgin surface is the anode
relative to the passivation film site, which will dissolve locally, and
corrosion products will appear in the outer layer. d The surface of

film rupture strain rate, therefore, the oxide film
rupture period t; can be expressed as

(16)
where ¢, is the threshold strain for the rupture of the
oxide film and &y is the crack tip strain rate, which
can be written as de./dt.

When the metal at the crack tip is exposed
(e4/éx <tp), the maximum CGR corresponds to

da (MY
~ \pz£) "

amax
However, under the LWR nuclear power plant
environment, nuclear power structural materials are

tg = Sd/éct

(17)
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the dissolved notch will be repassivated in the solution, and the
dissolution will stop after the passivation film is formed again.
e There is stress concentration at the top of the dissolved area
(such as the crack tip or the bottom of the pit), so the repassivation
film at this point will rupture through dislocation motion and local
dissolution will occur. f This cyclical rupture of the film, metal
dissolution and repassivation process lead to initiation and
propagation of the SCC.

generally in a constant load or displacement state, in
which case the period of film rupture (¢;/é. > to). At
this time, the metal at the crack tip will no longer be
exposed. The second stage in Fig. 4 is the main pro-
cess of stress corrosion crack growth [55], so it can be
considered that

Qi = Qu (18)

For slip-oxidation model, the CGR prediction for-
mula has been proposed by Ford-Andresen, which is
the combination of Egs. (9-12), (14), (16) and (18):
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It can also be expressed as

da _
dr

()

where k, is the oxidation rate constant, which is
determined by the electrochemical environment and
material properties near the crack tip. m is the pas-
sivation rate parameter that is controlled by the crack
tip environment (such as pH, corrosion potential,
anion concentration) and the material (such as degree
of grain-boundary sensitization). In order to have a
quantitative description of m, it is considered as a
function of testable system variables, such as the
measurable value of bulk coolant conductivity (k),
corrosion potential at the crack tip (p.) and the
degree of grain-boundary sensitization as quantified
by electrochemical potentiokinetic reactivation (EPR)
parameter [50]:

ka(c)™ (20)

(22)

B Eﬂk) h(EPR)
- ef(k) + eg(%)

where f, g, ¢’ are functional constants.

The slip-oxidation model has obtained a prominent
position in the nuclear reactor industry and has been
successfully applied to the SCC life prediction of
structural materials in nuclear power plants with
appropriate on-site practical testing technology.
However, the model has also been criticized by some
scholars in the application process. Macdonald [56]
believes that the model advanced by Ford and
Andresen does not conform to charge conservation
law. Rebak and Szklarska-Smialowska [6], on the
other hand, point out that the slip-oxidation model
appears to be simplistic and does not explicitly
address variables such as temperature, PH, presence
of carbides at the grain boundaries and CW. Gutman
[57] considers that the mechanochemical effect was
neglected in the process of dissolution acceleration.
Hall [58] shows that there are conceptual and math-
ematical problems with the model development.
However, as the most commonly accepted model and
a mechanism-based model interpretation, the slip-
oxidation model plays a pioneering role in the cal-
culation of CGR. Although the slip-oxidation model
cannot fully explain the SCC problem, the CGR
model based on the slip-oxidation mechanism is
better applied in the service safety design of nuclear
power materials. In the future, with the diversifica-
tion of analytical methods and the further explana-
tion of SCC, slip-oxidation model will be more
perfect and play a greater role.

Crack tip strain rate model

The crack tip strain rate plays an important role in
determining the SCC growth rate because it controls
the rupture rate of passivation film at the crack tip.
Therefore, it is especially important to find a method
to accurately predict the crack tip strain rate when
establishing a deterministic model of SCC prediction.
Many attempts have been made to quantify the crack
tip strain rate using numerical and analytical meth-
ods. Ford [59] proposed a semiempirical formulation
of crack tip strain rate, which was not based on the
plastic deformation theory of the crack tip or other
fracture mechanisms. The crack tip strain rate is
given by

b =41 x 107 #K™ (23)
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The calculated results of CGR by Eq. (23) are in
good agreement with the observed values. However,
an important disadvantage of this formula is that it
cannot perfectly reflect the effect of stress intensity on
CGR.

Congleton et al. [60] expression for the crack tip
strain rate is based on linear elastic fracture
mechanics and hence has a good theoretical basis
[61, 62], especially for brittle solids:

i = 63,6530 _:) + ﬁ(%) In (?)} (24)

r Oy

where r is the distance of the opening displacement
from the crack tip, v is the Poisson’s ratio, o, is the
yield strength, E is the elastic modulus, « and f are
the material constants, and R is the scale factor of the
plastic zone at the crack tip.

However, Eq. (24) cannot be applied to work-
hardening materials and the critical SIF cannot be
predicted.

Shoji et al. from the Fracture Research Institute
(FRI) proposed a crack tip strain rate model
[55, 63, 64] based on the theory of crack tip strain
gradient and strain redistribution theory of the
extended crack front, which is also known as FRI
model or Shoji model in the field of international
EAC research. Figure 5 is a schematic diagram of the
electrochemical environment, material and mechani-
cal state at the crack tip of nuclear power structure
materials in a high-temperature water environment.

Hutchinson-Rice-Rosengren (HRR) field [65, 66],
Gao-Hwang (GH) field [67] and Gao-Zhang-Hwang
(GZH) field [68] can well fit the crack tip strain

CRACK TIP
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Stress/Strain field n °X'| e Hm

Strain Localization

Diffusion along GB or through
the oxide film Vacancy injection
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Potential gradient (BWR)
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distribution of strain-hardening materials according
to different descriptions of asymptotic field at the
crack tip [69-71]. In this paper, Gao-Hwang's
description of the asymptotic field at the crack tip is
used to calculate the plastic strain rate at the crack
tip.

For strain-hardening materials, the stress—strain
curve is expressed by Gao-Hwang's definition as
follows:

o

= for o <oy
e=1 & (25)
N +C(6 — a9)" for ¢ > ay

where ¢ and ¢ are the true stress and the true strain,
respectively, oy is the initial yield strength, C is the
offset coefficient and ngy is the strain-hardening
exponent in the stress—strain relationship of Gao-
Hwang.

Gao-Hwang takes into account the plastic strain in
the whole range, so it is often used to describe the
crack tip asymptotic field of nuclear structural
materials with strong strain-hardening ability. Under
the condition of plane strain, the plastic strain ¢, can
be expressed as

R TIGH1

= B2 | (22 ) [

sp_ﬁ(E){ln<r>] (26)
The plastic zone size R, is

R, = /I(K)z (27)
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Figure 5 Schematic of electrochemical environment, material and mechanical state at the crack tip of nuclear power structural materials in

high-temperature water environment.
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where 7 is the distance from a growing crack tip and /4
is the constraint factor and a dimensionless constant.

The plastic strain ¢, is proposed to substitute the
plastic strain & at a characteristic distance 7, in front
of the crack tip:

Eot = &plr=ry (28)

Shoiji et al. [63] put forward a crack tip strain rate
model based on the theory of strain gradient at the
crack tip and strain redistribution as the crack
advances, Egs. (29) and (30). In the case where the
stress intensity factor K is constant, the first term of
formula (30) is negligible:

deey  (dey da

dt — (da) ' (E) (29)
deg N Otey  Ogg

(da) T or (30)

Combining the theory of crack tip strain gradient

with the theory of Gao-Hwang crack tip asymptotic
field, i.e., Eqs. (26-30), the crack tip strain rate model

can be expressed as
de. o n i (K\? E
= () (e 1>{h‘ =) }
GH 0 y (31)
where K (or dK/dt) is the change rate of stress

2\ 1Y (da
@) G
intensity factor. When the crack grows under con-

stant load conditions, that is, when K = 0, the for-
mula is

) <1<)2 T

1o O'y (32)

deg % NGH
dt - ﬁ(f) (nGH — 1> {ln
(1) (&
To dt
The CGR growth rate can be calculated by substi-
tuting Egs. (32) into (19):

da_ k;<ﬂ(%) =) {m -

where

(G 6

Based on the theory of slip dissolution/oxidation,
the model is calculated by Faraday’s law of electro-
chemistry and strain-stress field of strain-hardening
material. The electrochemical environment, material
and mechanical factors of crack tip are organically
combined in formula (33), which can quantitatively
predict the SCC growth rate of nuclear power struc-
tural materials in high-temperature water environ-
ment and analyze the influence of crack tip corrosion
environment, material and mechanical parameters on
CGR. At present, it has become the basic theoretical
model in the field of EAC research of nuclear power
structural materials in Japan’s high-temperature
water environment and has also been adopted by
many relevant laboratories and researchers in the
world [72].

However, the obtained formula of crack tip strain
rate model is very complex, so it is difficult to analyze
and calculate. Moreover, the formula contains a large
number of parameters, and the physical meaning
represented by the combination is not clear enough,
and the quantized precision is difficult to guarantee.
Therefore, it is far from the actual engineering
application.

Coupled environment fracture model

The coupled environment fracture model (CEFM)
was proposed by Macdonald et al. [73], which was
originally used to predict the SCC growth rate of
sensitized 304 stainless steel in the LWR environ-
ment. Crack advance is assumed to occur via the slip-
oxidation/dissolution mechanism, but the model
emphasized that the coupling between internal and
external environment and charge conservation are
the key factors to determine the CGR [56]. Macdonald
et al. continued to improve the model, calculated the
potential distribution inside and outside the crack
according to the Laplace equation and the Butler-
Volmer equation and gradually calculated the CGR
using a more accurate crack tip strain rate model, and
then the influence of temperature on the strain rate at
the crack tip is taken into account by the Arrhenius
formula, which allows the CEFM model to predict
the stress corrosion damage at the start and end of the
boiling water reactor (BWR) because the electro-
chemical properties of the coolant change with
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temperature during these two phases, and the effect
of sulfuric acid on the crack growth rate is also con-
sidered in the model [74, 75]. At present, the scope of
application of this model has gradually broadened,
its applicable system extends from high-temperature
high-pressure water environment to room-tempera-
ture solution [76], the material extends from stainless
steel to carbon steel [77, 78], aluminum-magnesium
alloy [76] and nickel-based alloy [79], the corrosion
type extends from SCC to corrosion fatigue [80],
pitting corrosion [81], crevice corrosion [82, 83] and
hydrogen-induced cracking (HIC) [10] and the pre-
dicted form also extends from initial CGR to crack
shape evolution [84].

The physico-electrochemical basis of the CEFM is
the differential aeration hypothesis (DAH). Accord-
ing to the theoretical assumption, the local corrosion
is caused by the spatial separation of the local anode
and the local cathode, as shown in Fig. 6. Local anode
exists inside the crack, while local cathode exists on
the exposed surface. The positive current flows from
the inside of the crack to the outer surface of the crack
through the solution, and the negative current flows
from the crack to the outer surface of the crack

Figure 6 Coupling of crack
internal and external
environments [79].

through the metal. The two currents are neutralized
by the charge transfer reaction on the outer surface of
the crack, which is also referred to as the coupling
current. One of the main characteristics of the CFEM
model based on DAH is that the sum of the reaction
currents inside and outside the crack is zero. The
corresponding expressions are as follows:

Z'crackAcraLclomouth + / Ilc\rds =0 (35)

S

or equivalently
/ iNds' =0 (36)
Bl

where iy,q is the net (positive) current density
flowing from the crack mouth, Acrack - mouth is the crack
mouth area, iN Cis the net (cathode) current density
due to charge transfer reaction on the external sur-
face, iN is the net current density, ds and ds’ are the
area increments of the outer surface and the entire
area, respectively, and the subscript “s” on the inte-
gral indicates integration over the entire outer
surface.

The calculation of SCC growth rate by CEFM is
divided into two steps. Firstly, the electrochemical
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corrosion potential (ECP or E.,,) at the outer surface
of the crack is calculated, and then the crack growth
rate is estimated.

It is assumed that the potential ¢ relatively far
from the crack position does not change with the
existence of the crack, because the value is equal to
ECP and the potential sign is opposite. The ECP is
calculated by the mixed potential model (MPM) [85],
which considers that the hydrogen electrode reaction
(HER)(H; +20H™ < H,O +2e7), the oxygen elec-
trode reaction (OER) (4O0OH™ < O, +2H,0 +4e™),
the hydrogen peroxide electrode reaction
(HPER)(20OH™ < H,0; + 2e7) and dissolution of the
outer surface oxide film depend on the environmen-
tal composition [79]. Therefore, the net (cathode)
current of the surface is given by the following
formula:

iN = i(H,) +i(02) + i(H02) + igiss (37)

where i(H), i(O,) and i(H,O,) are partial current
densities of the HER, OER and HPER, respectively,
with the sign of the current depending on the sign of
the ECP relative to the equilibrium potential Ee O/R,
and j is the reaction index [(j = 1 for the HER, j = 2
for the OER, and j = 3 for the HPER], and i4jss is the
dissolved current density of metal alloy oxide film.
The current density for the oxidation or reduction of
the electroactive substance X on the outer surface is
expressed by the generalized Butler-Volmer equation
(GBVE):

E’Tj/ba,/ _ eﬂj/baj

io/Rj =
/R 1 e”f/b’” B E—nl/b”

0 ; -
1o/r 1fj Urj

(38)

where 5; = E — Ef, i ; is the overpotential for reaction
J» i)g; is the exchange current density of reaction j,

iif; is the mass transfer limit current density of for-
ward oxidation reaction, ij,; is the corresponding
quantity of the reverse reduction reaction and the
parameters b,; and b.; are the forward and reverse
Tafel constants.

In order to solve the current emanating from the
crack mouth, it is necessary to calculate the potential
distribution at the interface according to the distance
between the crack mouth and the outer surface. This
is achieved by solving Laplace’s equation [74]:

Vip, =0 (39)

Obtain ¢y so that the electrical neutrality outside
the crack is satisfied at all points. When ¢y is
known, the potential ¢ at the crack opening can be
calculated and the potential distribution equation
under the crack can be solved.

The electrochemical dissolution reaction occurring
at the crack tip from oxidation of the alloy is descri-
bed in terms of Tafel equation, so as to obtain the
average current in the slip-oxidation/dissolution/
repassivation cycle:

Iy = 22 fo) 5
0 = 2ipAc 7 e b (40)
f

where 7 is the standard exchange current density,
AL is the average area of the activated crack tip, ¢% is
the potential in the solution near the crack tip, ¢2 is
the crack tip (negative) standard potential ¢}, b, is
Tafel constant, I; is the total current of the crack exit,
t is the crack cycle time of the crack tip passivation
film and ¢, is the constant determined by the repas-
sivation transient.

Once ¢? and @Y, are known, the potential distri-
bution along the crack (passing distance x) in the
crack environment can be estimated by solving the
Laplace equation. However, since ¢2 and ¢% depend
on I, the above calculation must be repeated until the
convergence of the total current is obtained [74]. The
CGR is calculated using Faraday’s law:

di _ Ml (41)
dt  zpFAg

CEFM model is widely used in various corrosion
damage prediction programs developed by Mac-
donald (such as DAMAGE-PREDICTOR, ALERT,
REMAIN, FOCUES, etc.) to predict the SCC failure of
the main cooling circuit in boiling water reactor
environment. So far, the DAMAGE-PREDICTOR
program has simulated 14 boiling water reactor
nuclear power plants worldwide, and the field test
data fully verify the accuracy of the prediction data of
the model. Figure 7 shows the flow of CEFM model
calculation. The program based on CFEM model can
effectively predict the SCC growth rate.

There is also some controversy about the CEFM in
academia. For example, Andresen and Ford, who
proposed the slip-oxidation model, argued that
CEFM could not explain the different effects of dif-
ferent impurity anions on SCC under the same con-
ductivity [86]. Macdonald believed that the effects of
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Figure 7 Flowchart of the
CEFM for calculating CGRs.
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different ions could be reflected in the process of
conductivity calculation and charge transfer reaction
from the model [87]. Andresen and Ford also argued
that it was not safe to rely solely on the potential
gradient for particle transport inside the crack in the
CEFM model, but this opinion was also denied by
Macdonald. Rebak and Szklarska-Smialowska
believed that CEFM could not predict the cracking of
alloy 600 under open circuit potential and external
cathodic potential in high-temperature water [6]. The
most significant difference between the CEFM model
and other SCC growth rate models is that the model
considers that the positive current is consumed at the
outer surface of the crack by the reduction reaction of
the cathode depolarizer (such as oxygen reduction
reaction or hydrogen evolution reaction), which also
means strong electrochemical coupling between the
inside and the outside. The outer surface of the
material is a part of any local corrosion deterministic
model that cannot be ignored. However, the CEFM

@ Springer
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model is the only deterministic model that considers
this factor.

Surface mobility mechanism

The SCC surface mobility mechanism (SMM) was
first introduced by Galvele in 1986 [88] and was fully
formulated in 1987 [89] which was mainly derived
from the publications made on surface self-diffusion
of metals. This mechanism can predict the specificity
of SCC, as well as the effect of temperature on SCC,
and the increase in crack velocity by hydrogen. An
improved version given in 1993 [90] shows that the
role of the environment is not only to change the
surface self-diffusivity of the metal or alloy, but also
to supply the metal surface with the vacancies con-
sumed by the crack propagation process. The atoms
at the crack tip move from the high-stress region to
the low-stress region inside the crack by surface dif-
fusion, so that the crack grows an atom-gap distance.
Crack propagation occurs when the stressed lattice at
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Figure 8 A schematic description of surface mobility cracking
mechanism [89].

the tip of the crack captures the vacancies according
to the schematic description of Fig. 8. Surface
mobility could be acting in systems where the pres-
ence of specific metal cations in the solution is
essential. Galvele [91] also concluded that the SCC
SMM is a very promising tool for predicting the SCC
sensitivity of metals and alloys, especially in the
nuclear power industry.

The CGR based on SMM is given by the following
equation [92]:

3

% = % {exp (7:,}) - l} (42)
where Dg is the surface self-diffusion coefficient, L is
the diffusion distance of the vacancies (typically
1078 m), a is the atomic diameter, ¢ is the elastic
surface stress at the crack tip and k is the Boltzmann
constant.

The value of Dg is not readily measurable but can
be roughly estimated by two Arrhenius factors, each

of which depends on the ratio of the melting tem-
perature T, to the ambient temperature T:

_ 30T,
Ds =74 x 10 2exp( — RT +1.4
13T,
10°° - 43
o exp< RT) (43)

To account for the effect of hydrogen on the CGR,
the following equation was suggested: [93]

da _ DS 0'113 + OCEb

where Ej, is the binding energy of H-single vacancy,
and o is a dimensionless function, which is used to
measure the difference between the hydrogen satu-
ration degree of vacancy in the stress region and that
in the no-stress region.

The SCC SMM has succeeded in explaining
numerous SCC situations, in which deleterious films
are formed on the metal surface. However, Sieradzki
and Friedersdor [94] stated that the SMM overesti-
mated the CGR by 14 orders of magnitude for ductile
fcc metals. Galvele [95] argued that they erroneously
calculated the surface vacancy concentrations with
equations developed for metals in the absence of a
corrosive environment. Gutman [96] commented that
the CGR calculated by SMM is only the creep
deformation rate of Nabarro-Herring and can never
be numerically equal to the CGR. Galvele [93] con-
cluded that they never used an equation for creep to
calculate the CGR. SMM proposes a universal
mechanism, which can interpret SCC not only under
constant load, but also under constant strain rate test.
SMM based on the concept of stress self-diffusion
mass transfer plays an important role in the study of
SCC, but unfortunately some assumptions are not
perfect. Moreover, there are not enough experiments
to confirm this problem, but we hope the model can
be more perfect. One of the most promising charac-
teristics of SCC SMM is that it allows the prediction
of crack velocity at any temperature if the crack
velocity at a given temperature is known.

Prediction model combining calculation
and simulation with SCC mechanism

In recent years, material calculation and simulation
have been rapidly developed, which have made
breakthroughs in the study of corrosion mechanism
and has a positive guiding role in the design and use
of materials. At present, the most widely used com-
putational methods in the field of corrosion include
first-principles and molecular dynamics methods
based on density functional theory (DFT), molecular
dynamics (MD) calculations based on Newtonian
mechanics, thermodynamic and kinetic calculations
based on electrochemistry and finite element method
(FEM) based on fracture mechanics. Calculation and
simulation have become the third way to discover
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new concepts and mechanisms after experiments and
theories [97].

FEM based on fracture mechanics

With the rapid development of computer technology,
the application of FEM in SCC growth simulation is
more and more extensive, which mainly focuses on
two aspects: determining a single parameter in the
SCC growth rate prediction model based on fracture
mechanics and simulation analysis of SCC growth
based on slip-oxidation/dissolution theory.

Most SCC growth rate prediction models need to
obtain the crack tip strain rate first, and the change
rate of SIF is the primary condition for determining
the crack tip strain rate. Satoh et al. [98] adopted the
finite element crack propagation simulation method
of nodal force release technique and slow strain rate
tensile test to obtain dK/dt by calculating the SIF
values at different moments and further obtained the
crack tip strain rate. The theoretical model and finite
element simulation are compared from the angle of
film rupture strain. Xue and Shoji [99, 100] solved the
tensile plastic strain rate de,/da at the characteristic
distance ry based on the elastic—plastic finite element
method (EPFEM) and combined with the crack tip
strain rate model to obtain the SCC growth rate. With
the deepening of research, Xue et al. studied the
mechanism of SCC growth rate of stainless steel or
nickel-based alloy in LWR environment with single
tensile overload [101], SIF [102], crack tip oxide film
[103], mechanical properties [104] and scratches [105]
based on EPFEM.

According to Egs. (20), (28), (29), the SCC growth
rate of nuclear power structural materials in LWR
environment is obtained:

da 1 (dey T

== () (45)
It can also be expressed as

da , (de,\™"

dr ke (da ) (46)

where the relationship between k, and k' a is
expressed by Eq.(34). It can be obtained from
Eq. (46) that the plastic strain rate of the crack tip is
intrinsically consistent with the crack growth rate for
the electrochemical environment in which the crack
tip of a material is fixed.

@ Springer

The 4a and 4e, of the steady-state extended crack
front are shown in Fig. 9a. When the crack length
increases from 4; to 4,1, the tensile plastic strains &,
and ¢y can be calculated by FEM, and the corre-
sponding dey/da can be obtained by
dey, N Aey gy — ey

= 47
da Ao ajq —a (47)

where the crack lengths are a; and a;11, ¢p1 and e,
correspond to the tensile plastic strain at 7y,
respectively.

The 4r and 4e, of the static crack front are shown
in Fig. 9b. At the characteristic distance r, of the
crack, when the crack length increases 4r, the tensile
plastic strains &,; and &, can be calculated by finite
element method. When Ar is very small, the
approximation is

de, N de,  ep — ép
W T A )

When the crack length increases Ar, the tensile
plastic strain rate & at the characteristic distance rg is
easily determined from the tensile plastic strains ép;
and &, at the crack tip.

According to Eq. (45), the strain rate é. at the stress
corrosion crack tip is replaced by the strain gradient
of the crack front. The physical meaning is clear and
the SCC growth rate is easy to obtain, which is con-
venient for engineering application.

Jivkov proposed a boundary moving method based
on FEM to simulate the corrosion phenomenon of
materials caused by chemical action and established a
strain-driven SCC growth model, in which the
selection problem of crack growth criterion and path
criterion was not required. In this model, the nucle-
ation and growth of corrosion cracks were studied
[106-108]. Each crack growth process was divided
into the “rupture-dissolution—passivation” process of
the oxide film, and the process of crack growth was
continuous. It was found that the initiation and
growth of cracks were independent of the initial
defect size. The crack growth process is divided into
two stages: slow crack growth and stable growth, and
the CGR of the stable growth phase is independent of
the initial defect size [109]. Based on this, Jivkov et al.
[110, 111] attempted to use 2D and 3D FEM to sim-
ulate the mechanical model of IGSCC. As shown in
Fig. 10a, the grain boundary on the mesoscale is
simulated by hexagonal beam elements in the 2D
model, and the failure strain of the grain boundary is
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Figure 9 Theoretical basis for (a)
quantitatively estimating SCC
growth. a Relation between Aa
and Ae, of the growing crack
tip; b relation between Ar and
Ag, of the stationary crack tip

[99].

Normal plastic stramn, &,

455

(b)

Ty
Growing crack tip

(@) (b)

Loading
direction

T

o
_ Agp _g" _ Agp
Aa a2 Ar
o
=
R
=¥
S
g
8
Z
LA
Distance from crack tip, r T'o Distance from crack tip, r
Stationary crack tip

averaging
Straight :>
crack
" Crack tip
1 X
| I a
I
I
: Xi
R -

Figure 10 A two-dimensional mesoscale model for IGSCC growth. a Discrete model for the 2D hexagonal structure; b SIF calculation
for the bridge crack in the finite element model, compared to a straight edge crack [110].

assumed: For the grain boundary which is not resis-
tant to crack growth, the failure strain is considered
to be 0.1 times the yield strain, i.e., & = 0.1¢; for the
grain boundary capable of resisting crack growth, the
failure strain is considered to be ten times, i.e., & =
10¢y. According to this hypothesis, the crack growth
is predicted, and the calculation method of the SIF is
shown in Fig. 10b. The results show that grain
boundaries have retarding effect on crack growth,
and it is possible to simulate the corrosion process
containing chemical action by using the FEM.

The extended finite element method (XFEM) is a
numerical method for solving discontinuous
mechanics problems proposed by Belytschko and
Black in 1999 [112]. It inherits all the advantages of
the conventional finite element method (CFEM) and
is particularly effective in simulating discontinuities
such as interface and crack growth; as a result, XFEM
is quickly applied to SCC growth. LEE [113] devel-
oped a user subroutine based on the strain rate
damage model (SRDM) and applied XFEM to

evaluate the PWSCC growth rate of alloys 600 and
690. Kang and LEE [114, 115] applied the empirical
SRDM and XFEM to simulate the initiation and
propagation of PWSCC crack and proposed a repre-
sentative model for PWSCC initiation and propaga-
tion based on XFEM.

Although the crack propagation simulation tech-
nology based on FEM is a new research method of
SCC crack growth, there is little research on the
relationship between SCC crack growth and time and
it has not been used as an effective means to prevent
stress corrosion damage. Therefore, the SCC growth
rates simulation based on stress corrosion time cor-
relation is the focus of further research work.

Multiscale method based on quantum
mechanics

SCC is a process of nucleation and propagation of
microcracks under the coupling action of corrosion
and stress, and the nucleation of microcracks is
caused by the breakage of atomic bonds. Therefore,
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the SCC process spans atomic level (atomic bond
cleavage), nanolevel (nanoscale crack nucleation),
microlevel (nanoscale crack propagation into micro-
scale crack) and macroscale crack visible to the naked
eye [116-119]. The multiscale mechanical framework
model is shown in Fig. 11. Only by carrying out
multiscale correlation research and revealing the
mechanism of the generation and development of
material defects at different levels, the mechanism of
SCC of materials can be clarified, which is not only of
great theoretical significance, but also of great
importance to the design and development of mate-
rials. It is also very important to improve the safety
and reliability of materials service.

In recent years, multiscale methods have been
considered to be an important way to solve engi-
neering problems by scientific means and developed
rapidly. In fact, fracture physics research based on
MD and fracture mechanics research based on con-
tinuum mechanics have developed independently for
many years and a lot of research results have been
achieved. For simple structural fracture studies, the
direct combination of computational MD and FEM
has also achieved good results [120, 121], but the SCC
with multiple factors is relatively more complex. It is
necessary to study the different stages of SCC using
different scales of calculation methods and also to
explore the coupling relationship between different
scales.

Figure 11 Conceptual
framework of multiscale

Time

mechanics model [119].
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Das et al. [122] carried out a multiscale modeling
study on the crack tip initial stage oxidation of Ni-Cr
binary alloy for LWR structural material. SCC is
characterized by localized and accelerated oxidation,
and atomic methods based on quantum mechanics
should be combined with continuum mechanics.
Therefore, FEM analyses were applied to study the
stress intensity effect on the CT specimen crack tip,
and a 2-pm rectangular region was prepared for the
quasi-continuum (QC) model. The displacement load
calculated by FEM was applied to the upper and
lower boundaries of the QC model. Considering the
atomic position of the deformed crystal structure, the
water molecules were placed on the surface for
quantum chemical molecular dynamics (QCMD)
analysis, and the crack tip region from FEM to
QCMD is shown in Fig. 12. It is known from the
model that the early-stage surface oxidation process
can certainly be influenced by SIF. Das et al. [123-125]
also studied the crack tip early oxidation of Ni-Cr
binary alloy based on DFT and QCMD. Wei et al.
[126] studied the effect of hydrogen on intergranular
crack evolution using first-principles and multiscale
methods of viscous finite element and pointed out
that it is very effective for studying the evolution of
hydrogen-induced intergranular cracks.

The multiscale method provides a more systematic
explanation for the micromechanism of SCC, but it is
currently limited to the initial stage of oxidation and
the stage of crack initiation. The treatment of
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Figure 12 Illustration of the crack tip region from FEM to QCMD [116].
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temperature and timescales is not ideal, and a specific
SCC growth rate model has not yet been formed, but
it provides a powerful foundation and guidance.

Conclusion and prospect

The establishment of SCC growth rates model can
guarantee the safe, efficient and economic operation
of the nuclear power plant. This paper summarizes
the development of the three main methods for the
prediction of SCC growth rates, ie. empirical,
deterministic and calculation methods.

1.

Empirical models have evolved from traditional
statistical analytical method to current ANN
prediction method. At present, statistical analyt-
ical methods are gradually infiltrated with the
mechanism of SCC, and the influence variables of
CGR established by statistical analysis are grad-
ually increasing. Now, statistical analysis meth-
ods have integrated more than ten influence
variables, and the model has established rela-
tively accurate parameters, which have been

or
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applied to the actual service environment predic-
tion of nuclear power materials. The develop-
ment direction of MRP model will continuously
improve the quantity and accuracy of CGR
parameters. Currently, CGR empirical models
include traditional statistical analysis methods,
gray model and ANNSs, but in the future more
mathematical statistical methods will be applied
to nuclear power material prediction. With the
improvement and classification of the SCC exper-
imental database of nuclear power materials, the
empirical models are convenient and accurate
and will continue to develop into an indispens-
able prediction model. For the complex system of
SCC, empirical models can establish nonlinear
relationship between multiple parameters. Par-
ticularly for the ANN model of artificial intelli-
gence, it can make accurate prediction by
learning existing data and comprehensively pre-
dict the influence of each factor on SCC. Through
sensitivity analysis, the corresponding SCC
mechanism is further explored, and the predic-
tion range can exceed the scope covered by
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experimental data, and its prediction results can
enable people to study a complex problem more
deeply.

Deterministic models must be based on the SCC
mechanism, which includes how the various
variables in the model interact and restrict each
other, and the process of interaction and limita-
tion itself is the law of nature. SCC is a very
complicated process that involves a combination
of materials, environment and stress. Experimen-
tal evidence and theoretical basis show that a
single mechanism cannot explain the whole stress
corrosion process, and the generation of a new
mechanism is a process of continuous develop-
ment and rejection. Accurate deterministic SCC
growth rate model will continue to be the
direction of future exploration, as deterministic
prediction models are the embodiment of the
highest level of predictive science and technol-
ogy. The deterministic models based on SCC
mechanism, such as slip-oxidation model, crack
tip strain rate model, CEFM and SMM, developed
vigorously at the end of last century. In the past
ten years, it has been mainly improved on the
basis of previous models, with a wider range of
predictions. Of course, the revision and perfec-
tion will be a long-term process. However, the
current SCC growth rate quantitative models are
mainly based on the plane strain, and the future
SCC model in the actual three-dimensional
pipelines of nuclear power plants will be the
key breakthrough direction. In addition, the
critical SIF of SCC is also an important parameter
for the study of stress corrosion, which is of great
value for the establishment of relevant research
models. With the deepening of theoretical
research on HIC in recent years, more and more
researchers pay attention to the role of hydrogen
atoms in cracks and consider establishing CGR
model with HIC as the main line, which is also
the development direction of quantitative predic-
tion model in the future. However, the determin-
istic model of perfect design does not exist,
because all models are things we imagine fiction,
and this fictional process itself has our imperfec-
tions of perception and wisdom.

Under the interaction of cross-scale, cross-time
and multiple environmental factors, the related
theories and experimental methods of service
behavior and safety assessment of engineering

@ Springer

materials and structures are the key subjects at
present. Calculation and simulation models
achieve cross-scale computation from atomic
scale to macroscale by FEM method based on
fracture mechanics and multiscale method based
on quantum mechanics and reveal the mecha-
nism of crack initiation and propagation at
different scales. By combining the FEM model
based on fracture mechanics with the quantitative
model of SCC, some concrete calculation models
have been preliminarily formed. Multiscale
method based on quantum mechanics has made
great progress in the initial oxidation stage and
crack initiation stage, but no concrete crack
propagation model has been formed. It will be
the future direction of calculation and simulation
to establish the correlation between crack prop-
agation and time domain. Calculation and simu-
lation provide a new idea and tool for the study
of SCC mechanism in the future and lay a strong
foundation for the study of SCC growth rate,
which have become the third way to discover
new concepts and mechanisms after experiments
and theories.
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