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A B S T R A C T   

A microstructural model is presented to assess pit-to-crack transition and corrosion fatigue strength in pitted 
components in different environments. The model is first validated using available experimental data in the 
literature for pitting corrosion fatigue strength and S-N curves for both carbon and stainless steels. The value of 
the method proposed and its applicability is then shown by the development of fatigue knock down factor maps 
to the in-air S-N curve. Finally, the influence of pit local topology on pit-to-crack transition damage tolerance and 
the links to the NDE methods quantitative resolution necessary to account for defect shape or acuity in structural 
integrity assessments are discussed.   

1. Introduction 

Unlike general corrosion, where the rate of material removal is 
typically uniform, slow, and readily detected, pitting corrosion attack is 
by its nature localised, of rapid growth and represents a major challenge 
for state-of-the-art of non-destructive inspection techniques [1–3]. 
Localised corrosion affects most predominantly metals and alloys that 
have passive films, such as stainless steels and high strength aluminium 
alloys [4]. In carbon-steels, however, pitting can arise where there is a 
semi-protective film such as mill scale (formed during processing or 
welding), or due to microbiologically influenced corrosion (MIC) [5]. 

Under the influence of load, either monotonic or cyclic, pits may act 
as sites for crack initiation [6,7], potentially leading to significantly 
shorter service lives [8,9]. Understanding the life limiting role of pitting 
in crack initiation and propagation is therefore relevant to a range of 
industries for (i) design; (ii) inspection and (iii) structural integrity 
assessment of components and structures operating in aggressive envi-
ronments [7]. 

The design of components operating in harsh environments for very 
long durations is traditionally based on design codes. The traditional 
fatigue design approach uses environment-specific S-N curves or envi-
ronmental penalty factors – knock down factors (KDF) or design fatigue 
factors (DFF) – to apply to the air/inert curve. Industry specific design 
codes and procedures have been developed to account for typical en-
vironments found in service. To name a few, BS EN ISO 19902 [10] and 

DNVGL-RP-C203 [11] are used in Oil and Gas (O&G) and Wind Offshore 
industries, EN13103 [12], EN13104 [13] or BS EN13261 [14] in the 
design of axles in railway industry and NUREG/CR-6909 [15] or ASME 
BPVC Section 3.2 [16] are used for designing in light water nuclear 
reactor and power generation environments. There remain uncertainty 
however on the origins of the penalty factors in relation to whether all 
factors contributing to the damaging mechanism (localised corrosion, 
pit-to-crack transition and propagation) have been fully considered 
[17]. Evidence shows that we as a community have not yet addressed 
corrosion fatigue properly. For example, cracks originating and propa-
gating from corrosion pits may have been the main reason behind the 
failures in railway axles recently [18,19] 

From an inspection viewpoint, one of the main challenges for NDE 
methods is to distinguish between sharp (e.g. fatigue) cracks and non- 
sharp defects and to discriminate those defects that are more severe 
[20] and to produce accurate descriptions. Recent NDE developments 
show promising opportunities for characterising defect acuity/shape. 
For instance, the concept of Full Matrix Capture (FMC) for ultrasonic 
applications [21], the application of data-fusion through modern ul-
trasonic array imaging techniques [22,23] and parametric-manifold 
mapping [24], among others. In any case, the detection of the earliest 
stages of pitting and cracking will remain challenging for state-of-the art 
NDE techniques applied, where a tradeoff between the ease of imple-
mentation and resolution is typically observed [25]. 

For structural integrity assessments, procedures like ASME B31G 

* Corresponding author. 
E-mail address: nicolas.larrosa@bristol.ac.uk (N.O. Larrosa).  

Contents lists available at ScienceDirect 

Corrosion Science 

journal homepage: www.elsevier.com/locate/corsci 

https://doi.org/10.1016/j.corsci.2020.109171 
Received 7 June 2020; Received in revised form 16 November 2020; Accepted 24 November 2020   

mailto:nicolas.larrosa@bristol.ac.uk
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2020.109171
https://doi.org/10.1016/j.corsci.2020.109171
https://doi.org/10.1016/j.corsci.2020.109171
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2020.109171&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Corrosion Science 180 (2021) 109171

2

[26], API 579 [27] or DNV-RP-F101 [28] are used to evaluate the 
remaining strength of corroded components and structures. In API 579, 
pitting corrosion (Part 6) is dealt as local thinning and the standard 
recommends detailed analysis when there is insufficient toughness or if 
there is cyclic loading but gives little guidance on such analysis. When 
defects fail the geometry check, damage tolerance arguments (fracture 
mechanics) are then necessary and corrosion pits are assumed as 
crack-like defects. Methodologies using the pit size as an initial flaw size 
in LEFM calculations were also reviewed in [7] with some posterior 
contributions by other researchers [29,30]. It is also accepted that these 
methodologies are highly conservative in most cases. 

Through pitting corrosion [31] and short crack initiation [32,33] and 
growth [34,35] modelling, mechanistic insight could be gained on the 
relative importance of pit morphologies, environmental conditions and 
material microstructure in fatigue behaviour. This can be used to sup-
port design and integrity assessments as well as NDE methodologies, for 
the development of more realistic lifetime estimates and defect tolerance 
arguments. 

Microstructure-sensitive models are undoubtedly a necessary 
pathway for mechanistic pit-to-crack transition analysis and the envi-
ronmentally affected microstructure will play a fundamental role in the 
propagating (or non-propagating) behaviour of short fatigue cracks. 
These approaches can provide sufficient level of detail about the in-
teractions of the many variables driving crack nucleation from localised 
corrosion. Within these approaches, crystal plasticity (CP) models are a 
well established computational tool for incorporating such microstruc-
ture attributes (grain size and morphology, texture, distribution of dis-
continuities, constituent particles, etc.) into a modelling framework and 
to determine the likelihood of short crack initiation that can eventually 
become propagating. The complexity of the experiments required (e.g. 
EBSD, X-CT, SEM) to develop CP models, the expertise required to 
calibrate, implement, post-process and analyse results make this type of 
approaches unattainable and impractical for most engineering applica-
tions at present, and only accessible to material scientists. Microstruc-
tural Fracture Mechanics (MFM) models, of significant less calibration, 
implementation and analyses complexity, have been proposed and used 
by several researchers since late 1980s [34,35]. These models have been 
applied extensively to explain short crack growth 
microstructure-dependence and to analyse engineering problems in 
which LEFM and EPFM concepts are inapplicable (e.g. the scale of cyclic 
plasticity and the crack tip process zone are of the size of the crack 
length and span a few microstructural barriers). For example, MFM has 
been used for analysing different variables on fatigue behaviour, such as 
grain size effect [36], shot peening effect [37], notch [38,39] and size 
effects [40], contact and residual stress fields effect [41], among other 
applications [42,43]. The methodology has been also used to analyse 
environment-assisted short fatigue crack growth and lifetime [44,45]. In 
this work, the significance of corrosion pits on the performance of en-
gineering alloys will be assessed by means of the Navarro and de los Rios 
microstructural model [34] (NR model hereto). The micromechanical 
approach is integrated into a numerical framework that models the pit 
geometry, the crack and the microstructural barriers by means of 
distributed dislocations [46] and uses de Kitagawa-Takahashi diagram 
[47] to account for the effect of the environment on the material’s 
microstructure resistance for short and long crack propagation. The 
methodology has been applied for evaluating the fatigue strength of 
pitted specimens and developing S-N curves for corrosion pits immersed 
in aggressive environments. The paper discusses the role of the pit global 
dimensions and geometry on fatigue strength and makes an effort to link 
this with the effective NDE resolution required to benefit from this type 
of advanced tools. 

2. Environmentally assisted microstructural short-crack growth 
model 

Although presented elsewhere [38,40], the microstructural model 

developed by Navarro and de los Rios is briefly explained in this section. 
The model describes the interaction between growing short cracks and 
grain boundaries [34,48,49] and assumes that there is no initiation 
period, i.e. the fatigue life of the material is consumed in the propaga-
tion of a short crack of the dimensions of one grain until failure. 

The model accounts for the effectiveness of microstructural barriers 
to arrest cracks, defines the resistance of a material to fatigue loading as 
the minimum applied load to overcome all barriers and assumes that 
grains are of the same size and equally oriented. The crack driving force, 
that is the stress exerted at the grain boundary varies with stress level 
and crack length. Therefore, in the absence of stress raisers, once the 
crack overcomes the first microstructural barrier, the driving force is 
enough to propagate until failure. When the cracks arises from a stress 
concentration feature, there is a competing effect between stress and 
crack length. In this case, at the early stages of propagation, short cracks 
are subjected to high stress levels that become less severe as the crack 
grows. It is therefore possible that the local stress level at the crack tip 
surroundings is not enough to overcome a specific microstructural 
barrier. 

2.1. Short crack growth micromechanical model 

The NR model relies on the Distributed Dislocation Technique (DDT) 
to perform the representation of the problem of a short crack growing 
through the microstructure of the material [46,50]. The dislocations 
represent the strain nuclei necessary to evaluate the equilibrium equa-
tions that help to analyze the interactions of the crack with the micro-
structural barriers [51]. Fig. 1 shows the case of a crack growing in Mode 
I in an infinite plate and subjected to a cyclic stress amplitude σ. It is 
supposed the crack has spanned several grains through the plastic zone 
and reached the grain boundaries. The length of the crack is 2a, and is 
expressed in terms of the average grain size D, a = iD/2. The variable i 
represents the number of grains spanned by the crack and takes values 
i = 1, 3, 5, …. The microstructural barrier is modelled as a small region 
on length r0 ≪ D, which might be the typical size of the grain boundary. 
The total length of the crack and the barrier is 2c, where n = a/c is the 
normalised crack length. The crack and the barriers are modelled by 
means of a continuous distribution of dislocations with Burgers vector by 
perpendicular to the crack line. 

An existence condition can be used to calculate the stress σi
3 at the 

grain boundaries as a function of the remote applied stress σ. The details 
of how this is implemented in the scheme developed for the numerical 

Fig. 1. Crack growing through the microstructure of the material in Mode I and 
modelled with distributed dislocations. 
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integration of the dislocations equilibrium equation can be found in 
previous work [52,38,40]. For the problem of a crack in a semi-infinite 
medium (See Fig. 2) studied in this case, the existence condition can be 
solved and the maximum value of the stress at the barrier σi

3 is obtained 
as: 

σi
3 =

1.12
arccos(n)

π
2

σ (1) 

According to the NR model, the fatigue strength of the material, σFS, 
is then defined as the minimum external cyclic stress needed to over-
come the first microstructural barrier, as other authors also noted [35, 
53]. By introducing σFS in Eq. (1), the strength of the first barrier σ1∗

3 , 
namely the critical value of the stress at which plastic slip is activated in 
the second grain, is obtained. Eq. (2) correlates the minimum applied 
remote stress σLi necessary to overcome the ith barrier. As described in 
our previous work [38,40], σLi is essentially the fatigue strength of the 
material as a function of crack length, i.e. the KT diagram of the material 
[47] in microstructural terms. 

σi∗
3 =

1.12
arccos(n)

π
2

σLi (2) 

In case the KT diagram of the material under analysis is not available, 
some approximation can be used. Among others [54,55], Vallellano 
et al. [56] proposed an equation to approximate the KT diagram of the 
material: 

σLi = σFS

̅̅̅̅̅a0
√

[
(iD/2)j

+ aj
0 − (D/2)j]1

2j
(3) 

Where the parameter a0 = 1
π

(
ΔKth
ΔσFS

)2 

is the El Haddad parameter [54] 

and ΔKth is the long crack stress threshold intensity factor range. The 
exponent j = 2.5 is valid for a wide range of materials [56]. 

2.2. Application of the NR model to pitted components 

Fatigue cracks are initiated at corrosion pits, hence the analysis 
needs to include the pit geomtry effect. The ‘far boundaries’ of the 
component are considered to be relatively far away from the crack and 
the pit itself (‘near boundaries’), thus their influence is neglected. The 
case of a crack near a free surface (semi-infinite case represented in 
Fig. 2) modeled by DDT has a known solution. For this reason, the 
procedure performed in this work consists on translating this case to that 
of a crack arising from a corrosion pit, that is, to make the geometry of 
the corrosion pit to be the free-surface, so that both the pit and the crack 
can be modeled by means of distributed dislocations. This makes 
possible to assess the short crack growth process taking into account the 
effect of the corrosion pit geometry through dislocations modelling and 
the agressive environment through the KT diagram. 

The NR model is applied to analyse components having pitting 
corrosion defects. To do this, the following assumptions are made:  

• The corrosion pit is assumed to be a two-dimensional smooth defect. 
Bidimensional theories for the solution of fatigue and fracture me-
chanics problems are popular because of their simplicity in com-
parison with their three-dimensional counterparts. These solutions 
involve the assumption of plane stress or plane strain states allowing 
a more tractable mathematical treatment of the problem. The effect 
of the surface roughness of the pit is implicitly considered by using 
the KT diagram of the material in the same environment.  

• The pit acts as a stress concentrator, which means that the remote 
applied stress σ produces a elastic stress gradient over the crack line, 
σy(x), as shown in Fig. 3. The pit semi-width is b and the pit depth is 
α.  

• The crack will initiate and grow from the bottom of the pit. 
• The strength of the ith microstructural barriers (e.g. grain bound-

aries), σi∗
3 , is the same for the pitted and the plain component, and it 

just depends on the material-environment system. 

Fig. 2. Crack in semi-infinite medium growing through the microstructure of 
the material in Mode I and modelled with distributed dislocations. Fig. 3. Pit profile and crack modeled by DDT.  
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The methodology developed here builds on that established by 
Chaves et al. [39] to model notched geometries, where an explicit 
fundamental solution is not required and the solution for the dislocation 
in semi-infinite space can be used. The limitation of the approach pro-
posed by Chaves et al. is that it needs an explicit mathematical 
description of the geometry. The numerical approach proposed by Lar-
rosa [57,58] is used in this work to generate the geometry of 
arbitrarily-shaped pits in order to easily build a wide range of parametric 
models and the numerical implementation of the equilibrium of dislo-
cations allows the calculation of the resistance to dislocation movement 
(σi∗,P

3 ) at every microstructural barrier ahead of an arbitrarily shaped pit. 
The computation of the minimum applied external stress σP

Li needed to 
overcome those barriers is explained next. 

2.3. Fatigue strength estimation for a pitted component 

An expression relating the micromechanical parameter σi∗,P
3 to the 

macromechanical parameter σP
Li is needed. Eq. (2) express this rela-

tionship for the semi-infinite plain case. For the pitted specimen, the 
resistance to dislocation movement can be expressed in general terms as 
a function of the minimum applied external stress as: 

σi∗,P
3 = Ψi σP

Li (4)  

where Ψi is the solution given by the numerical method. Thus, as 
explained, by assuming that σi∗,P

3 = σi∗
3 : 

σP
Li =

1.12
arccos(n)

π
2

σLi

Ψi (5) 

If we approximate arccosn ≈ [2(1 − n)]
1
2 ≈ 2(r0/iD)

1
2, then the 

following relationship is obtained for Eq. (5): 

σP
Li = 1.12

π
4

̅̅̅̅̅̅
iD
r0

√
σLi

Ψi (6) 

As shown in Eq. (5), the proposed methodology allows the prediction 
of the critical stress range for crack extension from localised defects, i.e. 
a pit-modified KT diagram accounting for the pit profile effect in a given 
environment. This approach enables pit-to-crack transition behaviour to 
be readily assessed. The pit-modified KT diagram is associated to the KT 
diagram of the material (σLi) for the specific environment, microstruc-
ture (iD/r0) and geometry dependent variables (Ψi). 

Finally, the fatigue strength for a pitted specimen or component, σP
FS, 

can be defined as the minimum external stress that is needed for the 
crack to overcome all the successive barriers, that is the maximum value 
of σP

Li calculated for all the successive crack lengths (a = iD/2): 

σP
FS = max

{
σP

Li

}
i = 1, 3, 5,… (7)  

2.4. Algorithmic modelling of arbitrary shape pits 

Algorithmic modelling was used in this case to create the different pit 
geometries and generate the necessary input data for solving the DDT 
problem of the crack growing from the pit. The geometry of the pit is 
then parameterised making it possible to describe a wide range of pit 
designs. Thanks to the use of generative algorithms, all the parameters 
necessary to perform the numerical resolution of the equilibrium of 
dislocations [38,40] are instantly obtained. 

3. Results 

3.1. Model validation 

Here, pit-to-crack transition estimations using the proposed 
approach are reported and validated using experimental results pro-
vided in a report released by an EPRI-funded R&D programme [59] 

associated with corrosion-fatigue of 12 % Cr and 17-4PH stainless steels 
steam turbine blades. These results were also analysed by Härkegård 
[60] and Schönbauer et al. [61] and comparisons with their predictions 
have also been performed. For the application of the model, spheroidal 
pitted specimens tested under ultrasonic fatigue conditions reported in 
[59] were analysed as semi-ellipsoids. The KT diagram of the material is 
approximated by means of Eq. (3), where the stress intensity factor 
thresholds and endurance limits used were those reported in [59]. The 
pit-modified KT diagrams for the different loading and environment 
conditions are presented in what follows. 

First, fatigue strength estimations of spheroidal corrosion pits with 
those reported by Härkegård using a so-called modified El Haddad short- 
crack model are presented. The relevant 12% Cr stainless steel proper-
ties in air at 90 ◦C are shown in Table 1 for stress ratios R = 0.05, 0.5, 
0.8. The ultimate tensile strength are 767 and 723 MPa and hardness 
HV250 and HV235 for the two batchs of stainless steel tested, respec-
tively. The reported average grain size for this material is 6 μm. For all 
pits considered, the semi-width-to-depth ratio is 0.5. In this case, 37 
different pit geometries were analysed using the proposed approach. 

Fig. 4 shows comparisons of the predictions made by Härkegård 
(dashed line) and the micromechanical model presented in this work 
(continuous line) with the experimental results reported in [59]. It is 
observed that the micromechanical model estimations captures the pit 
size, in terms of semi-width b (see Fig. 3), and stress ratio effects and that 
results are in good agreement with experimental results. The predictions 
of the micromechanical model are higher than those obtained with the 
modified El Haddad short-crack model. Estimations for R = 0.5 and 
R = 0.8 are in better accordance with laboratory tests than predictions 
for R = 0.05. The differences between the experimental and the esti-
mated values are shown in Fig. 5, where it can be seen that all failures 
are within ±20% error band. It is worth mentioning that estimations for 
R = 0.5 and R = 0.8 are within ±10% error. 

Schönbauer et al. performed ultrasonic fatigue tests (20 kHz) using 
specimens made of 17-4PH stainless steel under two different stress ratio 
(R = 0.05 and R = 0.4) at 90 ◦C air and aerated 10,000 ppm Cl− solution. 
The ultimate tensile strength is 1034 MPa and the hardness is 335 HB 
and 339 HB at room temperature, as reported by the authors. This 
allowed these researchers to study crack growth in the threshold regime 
which for >109 cycles is extremely time-consuming. For this study, 
single corrosion pits with controlled depth were generated in the gauge 
length of fatigue specimens using a droplet cell technique [62]. The 
created pit depth was 100 μm and 250 μm with an approximate 
semi-width-to-depth ratio of 0.8. In this case, 30 different pit geometries 
were analysed using the proposed approach. The material properties are 
shown in Table 2 and the reported average grain size is 6 μm. 

Fatigue strength estimations as a function of the pit depth are 
compared in Fig. 6 with those reported by Schönbauer et al. using El- 
Haddad approach (dashed lines) and experimental results. It can be 
seen that estimations are very close to experimental tests and that in all 
cases estimations are conservative. The predicted curves also captures 
the differences in ‘failures’ and ‘run-outs’, where ‘failures’ should lay in 
or above the predicted lines and run-out points should sit below this line. 
Fig. 7 shows the difference between estimations and experimental fa-
tigue strength results. With different levels of accuracy, the graph shows 
that estimations are conservative in all cases (only ‘failures’ considered), 
where most cases are within the +20% error band. 

Please note that all the fatigue strength predictions obtained for the 
comparisons with the works of Härkegård and Schönbauer are expressed 

Table 1 
12% Cr stainless steel (90 ◦C air) properties for different stress ratios assessed by 
Härkegård [60].  

Stress ratio R 0.05 0.5 0.8 
Fatigue strength range, ΔσFS (MPa) 640 370 150 
ΔKth (MPa

̅̅̅̅
m

√
)  3.8 2.7 2.2  
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as ranges (in text, figures and tables), as given by the authors in each 
independent work. 

3.2. Estimation of S-N curves and knock-down factors 

In the previous section, the proposed method was used to evaluate 
pit-to-crack transition for corrosion pits in stainless steel for two 
different environments by means of a parametric analysis, where a wide 
range of defect geometries was considered. 

There is uncertainty about the shape of defects that are detected 
using NDE techniques and its effect on load bearing capacity. Limited 
information is obtained from NDE data and in the most optimistic sce-
nario, three orthogonal dimensions (depth, width, length)can be used 

Fig. 4. Fatigue tests results of 12 % Cr stainless steel specimens analysed by 
Härkegård [60]. Estimations with present method. 

Fig. 5. Comparison between experimental and estimated fatigue strength 
related to fatigue tests of 12 % Cr stainless steel specimens analysed by 
Härkegård [60]. 

Table 2 
17-4PH stainless steel properties for different stress ratios and environments 
evaluated by Schönbauer [61].  

Stress ratio R 0.05 0.4 0.4 
Environment 90 ◦C air 10,000 ppm Cl− 90 ◦C air 
Fatigue strength range, ΔσFS (MPa) 760 431 589 
ΔKth (MPa

̅̅̅̅
m

√
)  3.28 1.61 2.60  

Fig. 6. Fatigue tests results of 17-4PH stainless steel specimens analysed by 
Schönbauer et al. [61]. Estimations with present method. 

Fig. 7. Comparison between experimental and estimated fatigue strength 
related to fatigue tests of 17-4PH stainless steel specimens analysed by 
Schönbauer et al. [61]. 

Fig. 8. Sketch of three different shapes of superficial defects.  
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for characterising the severity of detected anomalies. 
To show the value of the proposed approach, we will evaluate the 

effect of the pit shape on pit-to-crack transition by performing a large- 
scale parametric analysis. The fatigue strength for each case was eval-
uated and expressed in the form of knock-down factors (KDF), i.e. the 
ratio between the fatigue strength of the pitted specimen and the fatigue 
strength of plain specimen for the specific environment. The method was 
applied to three different pit geometries and validated with experi-
mental data for a carbon steel and for the 17-4PH stainless steel analysed 
in the previous section. Please note that the microstructural model used 
in this work only considers the presence of a single pit and a single crack. 
In reality, it might be the case that more than one corrosion pit could 
develop in a mechanical component [63]. Several cracks may be able to 
initiate from each pit as well. Some of these cracks may be arrested at 
microstructural barriers. Some other cracks may grow and coalesce and 
the rest of the cracks may initiate and grow independently, especially 
early in the growth process where multiple short cracks may be in 
competition with each other on different planes. We postulate that there 
will be only one crack leading to failure. 

The material properties used for the carbon steel were those pub-
lished by Li and Akid [64] in air and artificial seawater (R = − 1). The 
maximum tensile strength for this carbon steel is 610 MPa. The authors 
reported the experimental KT diagram in both environments. The 
average grain size of the material is 10 μm and the relevant material 
properties are detailed in Table 3. 

Estimations of the influence of the pit geometry and the environment 
on the fatigue strength have been carried out using the micromechanical 
model. The pit depth α and the semi-width b have been used to describe 
the corrosion pit geometries, as shown in Fig. 8. Three types of super-
ficial pit geometry have been studied, namely V-shaped, U-shaped and 
semi-elliptical pits.  

• V-shaped pits. This type of geometry is different from the rest 
because the pit radius, r, is independent of the rest of the geometrical 
parameters and also needs to be defined. Therefore, the proposed 
geometry called V1-shaped is defined by a pit radius r which is, in 
relation to pit semi-width b, equivalent to 25%.  

• U-shaped pits. In the case of U-notch, only the semi-width-to-depth 
ratio b/α is studied from 0.1 to 1, since if the notch is wider than 
deep it loses the geometrical condition of being a U and would 
become a type of ellipse. That is the reason why it is shown only half 
plot in U-shaped estimations.  

• Semi-elliptical pits. The construction of the ellipse is interesting 
because both parameters, α and b are related around the pit radius, 
which is done automatically by algorithmic modelling. 

In this case, 460 different pit geometries were analysed, with pit 
depth α values varying from 0.05 mm to 2 mm and pit semi-width-to- 
depth ratio b/α from 0.1 to 2. By doing this, we are able to model de-
fects with varying acuity. The analysis has been focused on the shape of 
the defect, that is, the role of the pit depth and the pit semi-width, since 
they are the representative variables typically obtained from NDE in-
spections of engineering components and structures [65]. 

Fig. 9–11 show estimations for the different pit geometries and the 
different environments considered as colour maps. This kind of repre-
sentation is helpful for readily analysing the influence of corrosion pits 
on fatigue strength and comparing different environments. The colour 
map shows the KDF which is defined as the relation between the fatigue 

strength estimation in the presence of a pit, σP
FS, and the plain fatigue 

strength of the material in a non-aggressive environment, σFS. The res-
olution of the colour code scale is 0.025. Average values of each range of 
the colour code scale are included in the plots for the sake of clarity. 

Each single plot can be seen as a map in which the pitted fatigue 
strength of the component can be evaluated based on the defect di-
mensions, assuming an specific shape, and environment conditions. By 
applying the corresponding KDF of the environment of interest to the 
plain fatigue strength of the material (in the non-aggressive environ-
ment), the evaluation of the fatigue strength of the material for such 
environment can be obtained. 

Several observations may be made from the figures. First, there exists 
a depth − controlled (D) zone that spans the whole aspect-ratio range of 
values for relatively small pits (<0.2 mm) and reduces with pit-depth to 
only small pit aspect-ratios. In this zone, the influence of the pit aspect 
ratio is negligible and the fatigue strength is mainly controlled by the pit 
depth. There is a transition zone of mix − dependency (M), where both 
parameters have a shared effect on fatigue strength. Finally, an aspect- 
ratio controlled (A) zone can be distinguished, where the fatigue strength 
is weakly dependant on the pit depth and mainly controlled by the 
aspect-ratio of the defect. This area extends the most for higher aspect- 
ratio values (i.e. blunt defects). An example of the location of these three 

Table 3 
Material properties (R = − 1) for carbon steel in different environments. Tests 
done by Shu-Xin Li and Akid [64].  

Fatigue environment ΔKth (MPa 
̅̅̅̅
m

√
)  Fatigue strength amplitude, σFS (MPa) 

Air 5.94 279 
Artificial seawater 4.56 126  

Fig. 9. Knock down fatigue factor for V1-shaped pits as a function of pit depth 
(α) and pit aspect ratio (α/b) in log-log scale. Material: carbon steel in different 
environments [64]. (For interpretation of the references to colour in the text, 
the reader is referred to the web version of this article.) 
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zones is shown in Fig. 10a. For the sake of clarity, the simple way to 
proceed with the approximate division of the graph in the three different 
zones is based, qualitatively, on the change in the slope of the line that 
divides between two different coloured regions. In this way, two black 
dashed lines have been drawn, one corresponding to the points where 
the practically vertical slope is lost and the other corresponding to the 
points where the lines begin to present a slightly horizontal slope. 

Defect acuity is implicitly considered in these graphs and affects the 
level of stresses/strains and the extension of the defect area of influence. 
Hence, it has a strong impact on the fatigue performance of the material. 
Instead of focusing on the defect tip acuity, the approach proposed in 
this work use the global geometry dimensions, α and b/α, to evaluate 
fatigue performance as these are typically obtained during NDE in-
spections. It is important to note that a defect shape needs to be 
assumed. Crack sizing in pitting corrosion cases is a difficult task, so the 
worst and best case scenario could be accounted for in terms of the non- 
propagating crack length. The maximum value of stress σN

Li defines the 
largest non-propagating crack that the pitted component could tolerate. 
For this reason, an example of the evolution of stresses σN

Li as a function 
of crack length is shown where several pit geometry ratios, b/α, have 
been analysed in Fig. 12 for a 1 mm depth semi-elliptical deffect. The 
black curve shows the increase of the maximum non-propagating crack 

Fig. 10. Knock down fatigue factor for semi-elliptical pits as a function of pit 
depth (α) and pit aspect ratio (α/b) in log-log scale. Material: carbon steel in 
different environments [64]. (For interpretation of the references to colour in 
the text, the reader is referred to the web version of this article.) 

Fig. 11. Knock down fatigue factor for U-shaped pits as a function of pit depth 
(α) and pit aspect ratio (α/b) in log-log scale. Material: carbon steel in different 
environments [64]. (For interpretation of the references to colour in the text, 
the reader is referred to the web version of this article.) 

Fig. 12. σP
Li stress amplitude values as a function of crack length. Material: 

carbon steel in aggressive environment [64]. 
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length with decreasing defect acuity. The range of crack lengths 
(<0.17 mm) represented by the black curve are outside the resolution of 
any available NDE technique. A conservative assumption for fatigue 
assessments would be to consider cracks of 0.17 mm or larger as this 
would give lower bound endurance limit values. For the case under 
analysis, the longest non-propagating crack lengths (0.17 mm) are found 
for b/α ≤ 0.5. For shallow pits (b/α > 1.0), crack initiation from the pit 
bottom is more difficult to occur as reported by Turnbull et al. [66] and 
Larrosa [7,67]. 

In addition to the three geometries described above, two more V- 
shaped geometries have been analysed, labelled as V2 and V3. The pit 
radius for V2 and V3 is 50% and 75% of the pit semi-width b, respec-
tively. Comparisons of the relative effect of the defect shape on the KDF 
value for fixed depth are shown in Fig. 13, where the effect of the 
environment can be appreciated. As pointed out previously, the effect of 
the aspect ratio on the KDF is small for small values of b/α for all the 
cases under analysis. In particular for V1, with the smallest tip radius, 
the KDF value remains almost constant for the whole range of aspect 
ratios analysed - about σP

FS/σFS = 0.32 for air and σP
FS/σFS = 0.15 for the 

aggressive environment. 
As shown in Fig. 13, for sharp pits (low b/α) the KDF value coincides 

for all the different cases. V-shaped pits provide lower-bound KDF es-
timates where, as expected, the pit tip acuity dominates the fatigue 
behaviour. As expected, blunter pits, i.e. of higher pit tip radius, the KDF 
increases. On the contrary, estimations for the semi-elliptical pit result in 
upper-bound KDF values. To show the influence of the geometrical pa-
rameters of the analysed pit geometries, the Kt factor of each case has 
been calculated using the solution of the stress concentration factor of an 
elliptical hole in an infinite plate, Kt = 1+ 2

̅̅̅̅̅̅̅
α/r

√
, based on the pit 

depth α and pit radius r of the different geometries. Fig. 14 shows the 
evolution of the KDF as a function of Kt factor for two specific pit depths. 
The most relevant feature that can be extracted from this graph is that it 
is effectively corroborated that the most determining parameters for 
evaluating fatigue strength are the pit depth and the pit radius as 
confirmed from the small difference between the three pit shapes. The 
figure also shows that the equation for the Kt for the elliptical hole can 
also be used to describe the Kt of V-notches and U-notches (which are 
ultimately a special case of V-notches). Furthermore, the figure confirms 
that both the Kt and the defect depth are necessary to account for the 
effect of the pit on fatigue strength. 

Additionally, Fig. 15 shows the pitted fatigue strength (for a given pit 
depth) as a function of the stress concentration factor, Kt, calculated by 
means of the finite elements method. Results are shown for a carbon 
steel for both inert and aggressive environments [64]. It is observed that 
the crack-like behaviour in the corrosive environment spans to lower values of Kt, in comparison to common air, i.e. the curves in the corro-

sive environment flattens. 
To gain more insight on the V-shaped pits, a parametric analysis has 

been performed to understand the joint effect of pit depth, pit aspect- 
ratio and pit tip acuity. Fig. 16 shows the KDF estimations as a func-
tion of the dimensionless pit radius (r/b), for a range of pit radii that 
spans from 5% to 75% of the pit semi-width b and 3 different pit depths 
and 4 aspect-ratios. 

The vertical dotted line represents a general estimation of the pit 
radius value below which the fatigue endurance is almost insensitive to 
pit tip acuity (r/b<0.2). Larger differences are observed for deeper, 
blunt pits (max. difference is 9.78% for α = 2 mm and b/α = 1). There-
fore, lower bound fatigue strength estimations are obtained for r/b<0.2 
for specific pit global dimensions (α and b). In other words, the pit 
severity is almost identical to that of the sharp V-shaped pit (r/b = 0). 
The effect of the pit tip radius becomes more significant for higher 
values of pit radii (r/b>0.2). To benefit from this in structural integrity 
assessments, accurate NDE characterisation of pits acuity is crucial. 

We can estimate the minimum NDE resolution that is necessary to 
support structural integrity arguments based on pit acuity. For example, 
let us assume that pits of varying aspect ratios (b/α = 0.25–1) are found Fig. 13. Knock down factor values for pit depth α = 0.6 mm. Material: carbon 

steel [64]. 

Fig. 14. In-air knock down factor as a function of rationalised Kt. Material: 
carbon steel specimens [64]. 

Fig. 15. V1-shaped fatigue strength amplitude as a function of the stress con-
centration factor. Material: carbon steel inside inert and aggressive environ-
ments [64]. 
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in a structure operating in an aggressive environment, where the 
maximum pit depth is 2 mm. Conservatively, from Fig. 16 it can be 
argued that the values of r/b that will make a difference in pitting fatigue 
strength for b/α = 0.25 and b/α = 1 are r/b ≥0.5 (r ≥ 0.0625 mm) and r/ 
b ≥0.1 (r ≥ 0.20 mm), respectively. Unfortunately, values of pit radius 
r ≤ 1.0 mm are typically outside the resolution of most current in-field 
state-of the-art NDE techniques. However, resolving defects with 
r>1.0 mm will allow benefit to be accounted for in fatigue assessments 
where the sharp tip assumption may be excessively conservative. As 
shown in Fig. 17, the value of KDF for pit radii below 0.2 mm could be 
approximated to 0.34, 0.25 and 0.18 for pit depths 0.5, 1.0 and 2.0 mm, 
respectively. 

Finally, the proposed approach has been sued to generate 
environment-specific S-N curves estimates. The process consists on 

obtaining a pitting fatigue strength value at a certain number of cycles 
based on the experimental plain fatigue resistance for the same number 
of cycles. This procedure has been applied to the fatigue results pre-
sented in [64], where the in-air S-N curve of carbon steel plain and pitted 
specimens are included. Thus, Fig. 18 shows the laboratory test results 
for plain and pitted specimens and the estimated S-N curve made with 
present method. 

In the same way, S-N curves for plain and pitted 12% Cr steel spec-
imens, as presented by Schönbauer [61], were used to evaluate the 
ability of the proposed technique to estimate S-N curves for pitted 
specimens (typical pit depths were 100 μm). Results are shown in 
Fig. 19. 

As shown in Figs. 18 and 19, the estimated S-N curves fit very well 
with the experimental pitting corrosion fatigue S-N data and provide 
conservative estimations for the whole high and very high cycle fatigue 
range (106–109 cycles). 

4. Discussion 

The present work simplifies the geometry of a 3D pit into a 2D pit. 
Although significant differences can arise when comparing Kt for such 
cases, these differences are known to be smaller compared to the usual 
re-characterisation of the pit into a sharp crack, a common approach at 
the time of assessing fatigue life in the presence of corrosion pits [7]. 
This re-characterisation allows the application of linear elastic fracture 
mechanics (LEFM) tools for damage tolerance analysis, neglecting the 
crack initiation and short crack propagation stages and assuming the pit 
as a long crack. LEFM methods, although useful in a variety of appli-
cation, are invalid for assessing the conditions for short crack propa-
gation, which are extremely relevant to the characterisation of 
pit-to-crack transition and fatigue life from pits. Another important 
aspect is that this simplification yields into conservative estimations, e.g. 
the stress gradients of the 2D semi-ellipse is always higher than that of 
the 3D semi-ellipsoid. 

In addition, the fatigue strength of components with stress raisers is 
Kt-dependent for relatively low values of Kt and therefore the Kt needs to 
be accurately calculated. On the other hand, the fatigue strength and life 
of components with severe stress concentration features is known to be 
unaffected by the Kt and is highly affected by the pit depth [61], which 
was well captured by our model in Figs. 6, 14 and 15. 

For sharp pits (low b/α in Figs. 12 and 13, with Kt>4 in Fig. 14), on 

Fig. 16. In-air knock down factor as a function of dimensionless pit radius for 
V-shaped pitted carbon steel specimens [64]. 

Fig. 17. In-air knock down factor as a function of pit radius for V-shaped pitted 
carbon steel specimens [64]. 

Fig. 18. Estimated S-N curve for carbon steel pitted specimens inside inert 
environment [64]. 
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the other hand, where a crack-like behaviour is expected, the fatigue 
strength breaks down reaching a minimum value and becoming nearly 
Kt-independent. In such cases, it is well known that the cracks that may 
initiate and propagate can albeit be arrested after reaching a certain 
length, giving rise to so-called non-propagating cracks [68]. That is why 
notch fatigue models are based on the concept of the ‘process zone’, 
where the general idea is that the plain specimen fatigue limit must be 
exceeded not only at the hot spot but also within some region ahead of 
the notch or critical volume. In practice, this is usually simplified to a 
critical distance [69] ahead of the stress concentration feature (e.g. 
notch, corrosion pit, weld pore, metallurgical inclusion, etc.). Thus, the 
analysis typically entails an elastic finite elements analysis for the 
evaluation of the stress at a distance L/2 from the notch tip, where L is 
the critical distance and is a material property. Typical values of 
L/2 = 0.1–0.15 mm in metallic materials. Using the critical distance 
method, it is straightforward to calculate the 2D and 3D stresses at L/2 
and evaluate the resistance to crack propagation for each case. 

Differences between 2D and 3D stress levels ahead of the notch tip 
are significantly lower. For example, for a notch with α/b = 5, the dif-
ferences between these stresses are small, within 15%. Similar trends 
would be obtained if other aspect ratio α/b are analysed. This similarity 
in stress at distance L/2 could be used to justify the use of the 2D model 
proposed in this work and to understand why the 2D model predicts 
reasonably well the fatigue failure of the real three-dimensional solid. 

These two different behaviours are clearly shown in the classical 
Frost diagram [70] (Figs. 14 and 15). Therefore, from a fatigue strength 
and life estimation viewpoint, the stress concentration factor is only 
relevant for pits with low Kt values. The cases analysed in Section 3.1 
(Model validation) are for aspect ratios α/b = 1.25 [61] and α/b = 2 
[60], which according to our finite element models, have a Kt = 3.8 (2D) 
and Kt = 2.2 (3D) and Kt = 5.3 (2D) and Kt = 2.46 (3D), respectively, 
therefore with relative high stress concentration factors, where our 
methodology was able to provide results with acceptable accuracy. 

5. Conclusions 

In this work, the ability of short fatigue cracks to propagate from 
corrosion pits (i.e. pit-to-crack transition) has been studied through a 
micromechanical model for the first time. The pit geometry, crack and 
microstructural barriers are modelled with distributed dislocations. The 

model allows the effect of local pit shape to be accounted for and con-
siders the effect of the environment on short and long crack growth by 
means of the Kitagawa-Takahashi diagram of the material in the specific 
environment. 

The application of the model to pitting corrosion fatigue is first 
validated using available experimental data in the literature. Pitting 
corrosion fatigue strength and, subsequently, S-N curves were esti-
mated. Carbon and stainless steels in different environments were ana-
lysed and the S-N curves of the material were estimated, with reasonable 
agreement (typical differences between experimental results and simu-
lations within 20% with maximum differences around 30%). Although 
further validation is required for extensive industrial applications, this 
tool proves to be useful for studying the influence of pit geometry, 
material and environmental variables in fatigue design curves. 

The minimum NDE resolution that is necessary for damage tolerance 
arguments based on defect acuity has also been discussed. The proposed 
tool shows to be valuable to assess the impact of resolving defect shape 
and acuity in fatigue calculations and reduce the excessive conservatism 
inherent in approaches based on fracture mechanics. 
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