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Influence of microstructural deformation mechanisms and shear strain 
localisations on small fatigue crack growth in ferritic stainless steel 
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Aalto University, Department of Mechanical Engineering, Otakaari 4, 02150 Espoo, Finland   
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A B S T R A C T   

Microstructurally small fatigue crack growth (FCG) rate in body-centred cubic (BCC) ferritic stainless steel is 
investigated by using a novel domain misorientation approach for EBSD microstructural deformation analyses, in 
conjunction with in situ digital imaging correlation (DIC). The DIC analyses revealed that shear strain local-
isations occur ahead of the crack tip during propagation and correlate well with the FCG rate retardations. Grain 
boundaries can be found at both peaks and valleys of the FCG rate curve and alter the interaction between crack 
growth and shear strain localisations. At the microstructural level, the deformation is associated with the 
dislocation-mediated plastic deformation process, showing increased formation of grain sub-structures in the 
regions of the strain localisation. Consequently, material experiences local hardening causing the FCG retarda-
tion events. If the crack avoids the hardened material region through a macroscopic cross-slip mechanism, 
retardation is minor. On the contrary, if the crack penetrates the hardened region, retardation is significant.   

1. Introduction 

The majority of classical concepts and numerical methods for the 
fatigue assessment of engineering components made of steel were 
originally developed by considering macro-scale aspects and cracks that 
are relatively large compared to the microstructural scale. The micro-
structural effect was then averaged by appropriate constitutive laws, or 
the crack growth modelling did not interact at all with the microstruc-
ture. Recent literature suggests that in many applications, such as ships 
and bridges, where the employment of high-strength materials and very 
thin plates is increasing in order to achieve weight reduction, cracks 
spend most of their lifetimes at the microstructural level and may be 
heavily influenced by the microstructure or local imperfections [1–4]. 
Thus, investigation and understanding of crack growth from the smallest 
size until final failure may be useful in characterising the development of 
fatigue damage in those complex structures [5], where classic empirical 
models fail. Small-scale defects are often referred to as “small cracks” or 
“short cracks”, and it is not uncommon to see these terms used as syn-
onyms. For the sake of clarity, in the present work we prefer to distin-
guish among these two terms as [6]:  

• small crack: when all its dimensions are similar to or smaller than the 
largest microstructural feature; 

• short crack: only one dimension is large compared to the micro-
structural features. 

Additionally, several definitions and classifications of small cracks 
can be found in the literature [7]. In the present work, the focus is on 
microstructurally small cracks: fatigue cracks that are small compared to 
the scale of the microstructural dimension, e.g. grain size [7]. 

Small cracks have been shown to behave in a profoundly different 
way from long cracks [8,9]. Early works suggested that these differences 
were due to a complex interaction of several factors ahead of (primary 
events) and behind (secondary events) the crack tip [10,11]. In the past 
few decades, many researchers have focused on the behaviour of small 
cracks, providing copious experimental data and insights, and proposing 
a variety of engineering models [12–15]. Computational frameworks for 
small crack propagation have also seen interesting new developments by 
proposing a completely new level of integration [16], and going so far as 
to rely on machine learning and data-driven approaches [17]. Unsur-
prisingly, sometimes experimental evidence shows opposite and con-
trasting effects on the fatigue threshold and the growth kinetics [18], 
causing challenges in the simulation of small crack behaviour using 
fracture mechanics [19]. 

Until recently, the lack of in situ experimental tools to extract 
adequate full-field and microstructural information in the proximity of 
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the crack tip had been the main obstacle to further significant de-
velopments. In the past few years, high-resolution full-field measure-
ment tools such as digital image correlation (DIC) have become reliable 
and widely available. These new tools finally provide the possibility of 
investigating in situ local deformation and the crack driving force under 
cyclic loading at a microstructural level [20–22]. The microstructural 
evolution ahead of a small crack, that has been shown to often dominate 
the early propagation stage [23], can also be studied in detail with the 
measurement of plastic strain accumulation and microstructural 
changes through Electron Backscatter Diffraction (EBSD) techniques 
[24–26]. Significant effort has been devoted to understanding the nature 
and origins of the deformation heterogeneities at the microstructural 
level. In polycrystalline materials the grain boundaries both restrict the 
rotation of the crystal lattice and inhibit the motion of dislocations 
[27,28]. The pile-up of dislocations at grain boundaries [29] is a 
fundamental strengthening mechanism for many engineering materials, 
known as the Hall-Petch relationship [30,31]. Thus, the dislocation 
density increases inside the grains, causing material hardening [32]. For 
polycrystalline BCC materials the dislocations typically re-arrange, 
forming dense dislocation walls and dislocation cells, which evolve 
into sub-grains and new grains as deformation progresses [33]. Size of 
these microstructural deformation patterns typically ranges from several 
micrometres to the sub-micrometre regime, with size being inversely 
proportional to the plastic strain accumulation [34,35]. 

The importance of plastic strain accumulation and localisation on 
fatigue crack growth is reported in several recent works. Carroll et al. 
[36,37] investigated the interactions between plastic strain accumula-
tion, microstructure, and fatigue crack behaviour at the sub-grain level. 
The mapped plastic strain accumulation was found to be quite inho-
mogeneous at the microstructural level, and strain localisation was 
associated with slip bands within grains and at twin grain boundaries. 
The local crack path and fatigue crack growth (FCG) rate were shown to 
depend on the microstructure and a favourable orientation to slip, but 
also on strain accumulation. Jiang et al. [38] presented a characterisa-
tion of strain localisation at the grain level during fatigue crack initiation 
(and early propagation) by combining SEM and DIC analyses in an 
advanced Ni-based superalloy. The results showed that cracks prefer-
entially initiate from slip/strain bands adjacent and parallel to twin 
boundaries, and then propagate along the slip/strain bands; crack 
propagation was closely related to strain accumulation ahead of the 
crack tip. Some recent studies show that a microstructurally sensitive 
stored energy density can be used as mechanistic driver for small, short 
crack growth and crack initiation. The stored energy density also 
enabled the determination of a critical crack length for microstructural 
sensitivity [39–41]. Furthermore, Malitckii et al. [42] showed the 
importance of strain localisation for microstructurally small FCG. By 
means of in situ DIC measurements, the variation in the FCG rate was 
found to correlate better with the shear strain localisation than the grain 
boundaries. 

Although these recent works have brought significant new under-
standing of microstructurally small fatigue crack, we still have limited 
knowledge about the mutual relation between the microstructural 
deformation mechanisms, formation of grain sub-structures, shear strain 
localizations and crack growth behavior. To fill this gap, the current 
work focuses on microstructurally small FCG by considering local fea-
tures, i.e. grain boundaries, microstructural deformation patterns, and 
local mechanisms such as strain localisation. The target is to provide a 
better understanding of the mechanisms behind interaction of strain 
localisation, microstructural features and FCG, and to discuss FCG rate 
retardations in light of those mechanisms. Important information on 
strain localisation and crack growth is obtained by means of DIC 
improved by an optimised speckle pattern for higher resolution, while 
the evolution of microstructural deformation patterns are revealed by 
the novel adaptive domain misorientation approach for EBSD mea-
surements recently proposed by Lehto [24]. Through the microstruc-
tural analyses, we aim to bridge FCG rate variations to the formation of 

grain sub-structures induced by shear strain localisations. The focus is on 
crack growth in the first few grains to deepen understanding of early 
interaction with microstructure. 

2. Experimental methods 

2.1. Material and fatigue test 

A double-edge notch sample made of ferritic stainless steel ASTM 
UNS S43940 with 18% chromium [42] was realised by electrical 
discharge machining (EDM) from an annealed plate (1 h at 1200 ◦C in 
nitrogen atmosphere, quenched in water). The final average grain size of 
the plate, because of the thermal treatment, was increased to 349 μm 
without extensive formation of chromium carbides. Both surfaces of the 
specimen were polished to EBSD quality prior to the experiments. The 
sample geometry is depicted schematically in Fig. 1. The notch has an 
opening angle of 90◦, a notch depth of 0.44 mm, and a notch root radius 
of 0.2 mm. This configuration results in a stress concentration factor of 
2.96. It should be noted that the presence of the notch could affect the 
sample stress field leading to local yielding and influence the FCG pro-
cess around the notch region. For this reason, the notch is designed to 
limit the stress concentration effect (inevitably present) to a very small 
region close to the notch root (i.e. very steep stress gradient in com-
parison to grain size). As will be illustrated later, findings from EBSD and 
deformation analyses confirmed indeed that the notch effect did not 
have significant influence on FCG process. Before pre-cracking, the 
sample has a net section of 2.62 mm. After pre-cracking, a through-crack 
a is obtained at one of the two notches, consisting of the notch depth and 
the physical crack l stemming from the original notch root. The thickness 
of the sample was 1 mm. According to the tensile test reported in [42], 
the Young’s modulus E is equal to 210 GPa, with a yield strength, σys, 
and ultimate strength, σUTS, of approximately 370 MPa and 490 MPa, 
respectively. 

For the realisation of the pre-crack, the sample is subjected to uni-
axial cyclic loading at a loading ratio R = − 0.16, with σmax = 300 MPa 
on the net cross-sectional area and a test frequency of 10 Hz. The 
negative loading ratio permits to increase the stress range without 
increasing the σmax and to obtain the pre-crack in a reasonable time. 
Indeed, σmax must be kept smaller than the value used in the subsequent 
fatigue tests after pre-cracking to avoid possible monotonic loading 
induced plasticity effect at the notch root. During the pre-cracking 
procedure, the initial crack length is checked at intervals of approxi-
mately 2000–3000 cycles by means of an optical microscope until 
through pre-crack detection. This procedure generated a physical 
through-crack l (stemming from the notch; see Fig. 1) of about 20 μm in 
length, i.e. 6% of the average grain size, after about 10,000 cycles. This 
pre-crack length assures that there is negligible influence of the 
damaged layer left by the EDM along the thickness direction at the notch 
root. This is also later confirmed by the deformation analyses (see Fig. 8) 
showing that the damaged layer is indeed smaller than the pre-crack 
obtained. 

The basic principle of DIC is to compare two digital images of the 
specimen surface before and after deformation. Usually, a random 
speckle pattern is sprayed on the surface so that small regions of the 
specimen can be tracked and compared in different images [20]. For 
large samples or components, this procedure generates very good re-
sults. However, when the sample size is reduced or when phenomena on 
a local small scale are considered, the sprayed random speckle pattern 
may not provide appropriate resolution. For this reason, an optimised 
speckle pattern for higher resolution is employed instead. An example of 
the pattern is provided in Fig. 1, while the theoretical background on 
this novel class of strain sensor patterns can be found in the given ref-
erences [43,44]. The characteristic size of the speckle pattern required 
for DIC calculations is approximately 10 µm [43]. The speckles are 
applied to the sample surface by using a silicon stamp and checked by 
using an optical microscope [45]. 
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After application of the pattern, a load-controlled fatigue test is 
conducted at a loading ratio R = 0.1, with σmax = 350 MPa on the net 
cross-sectional area and a test frequency of 10 Hz. The sample is 
monitored during the test by an optical microscope with a 16 × precision 
zoom lens equipped with a digital camera with a resolution of 2048 ×
1536 pixels and a field of view of 3600 × 2700 µm2, resulting in spatial 
resolution of approximately 1.76 µm/pixel. Pictures are taken at in-
tervals of 500 cycles during temporary stops of 10 s at an average load of 
approximately 210 MPa. The frame captured after the first 500 cycles 
was chosen to be the reference frame and thus only the increment of 
plastic deformation due to cyclic loading was analysed. The DIC analysis 
was performed using the commercial LaVision software (DaVis 8.3.1). 
The raw images were processed using a Least-Square Matching (LSM) 
algorithm with a subset (i.e. facet) and a step size of 17 × 17 pixels2 and 
5 pixels, respectively. 

2.2. Analyses of fatigue crack growth (FCG) rate 

The DIC images generated as explained in the previous section were 
carefully analysed to obtain a robust data set for microstructural level 
analysis. Particular attention was paid to the determination of the crack 
tip location. In total, ten series of crack length measurements were 
realised. For each series, the crack length was detected every 2500 cy-
cles, which is found to provide a reasonably appreciable crack growth, 
especially at an early stage. The largest and smallest individual crack 
lengths are then excluded from the measurements series and the arith-
metic mean is used to obtain the final crack length. 

The analysis of the crack lengths to obtain the FCG rate also requires 
special considerations. Indeed, to capture local microstructural effects, 
the minimum interval between successive crack size measurements Δa is 
kept very small compared to traditional long crack growth tests. When 
Δa decreases, the relative contribution of the measurement error to the 
calculation of da/dN increases. For these reasons, instead of the tradi-
tional direct secant method, the incremental polynomial regression is 
used to evaluate the FCG rate, as recommended in [46]. The method 
consists of fitting a second-order polynomial to (2n + 1) successive data 
points, where n is equal to four in the current study, that is, nine suc-
cessive data points. In other words, the data is locally smoothened 
before calculation of FCG rate. The form of the equation for the local fit 
is: 

âi = b0 + b1

(
Ni − C1

C2

)

+ b2

(
Ni − C1

C2

)2

(1) 

where. 

− 1 ≤

(
Ni − C1

C2

)

≤ + 1 (2) 

and b0, b1, and b2 are the regression parameters determined by the 
least square method over the crack range ai-n ≤ a ≤ ai+n; âi is the fitted 
crack length at the number of cycles Ni; C1=(Ni-n +Ni+n)/2 and C2=(Ni+n 
– Ni-n)/2 are parameters used to scale the data to avoid numerical dif-
ficulties. The FCG rate at Ni is then obtained by the derivative of the 
above parabola. The method and all calculations are implemented in the 
MATLAB® software [47]. As in most of the commercial software for data 
analyses, the data scaling for numerical optimisation is managed auto-
matically (e.g. see the MATLAB® Curve Fitting Toolbox [48]) and the 
parameters C1 and C2 can therefore be omitted. It should be noted that 
other methods are available for removing variability from the data, such 
as that suggested in [49,50]. 

2.3. Microstructure and damage analyses 

The average grain size of the sample is 349 µm. The grain size 
analysis was carried out with the intercept length methods [51,52], 
available as open source in [53,54]. The DIC monitored surface was 
characterized using EBSD in three stages: 1) Before the fatigue test, 2) 
After the fatigue test was interrupted at the crack length of approxi-
mately 0.7 mm, and 3) After final failure and complete separation of the 
cross-section ligament. The EBSD datasets before and after the fatigue 
tests are used to characterise the initial microstructure and the 
deformation-induced changes. The high resolution EBSD datasets after 
final failure are used instead to study the microstructural deformation 
process in detail. To enhance the quality of the near crack edge analyses, 
the specimen was coated with an electroless nickel plating process [55] 
after final failure. The nickel-plated material section was polished ac-
cording to standard procedures and finalised by colloidal silica polishing 
in a vibratory polisher to minimise the deformation induced by the 
sample preparation process. For the sake of brevity, a detailed descrip-
tion of polishing and subsequent EBSD measurements is presented in 
Appendix A. 

Fig. 1. Not-to-scale sketch of the fatigue test sample and example of the optimised high-resolution speckle pattern used for the investigation of a microstructurally 
small fatigue crack by DIC; a small fatigue crack l is stemming from the notch root. 
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Microstructural deformation patterns were analysed using the 
adaptive domain misorientation approach of Lehto [24], available as 
open source in [24,56]. This novel method can resolve sub-grains and 
dislocation cells using conventional EBSD by employing measurement 
domains that are grown radially until a specified misorientation 
threshold Δθ has been reached. In the current study, the dislocation cells 
are measured with the criterion Δθ = 0.5◦, while Δθ = 2◦ was used to 
measure the sub-grain size and the general extent of deformation; for 
further details refer to [24]. The used initial kernel size was up to 240 
nearest neighbours (481 × 481 = 231361 data points). 

The crack growth directions were analysed to find correspondence 
with the crystallographic directions. Several researchers have shown that 
the slow-moving screw dislocations control the deformation process for 
ferritic BCC steel at room temperature, see e.g. [57]. For a screw dislo-
cation with a [111]-type slip direction, the screw dislocation can propagate 
in any of the three {110} and three {211} planes of the [111] zone axis 
[58], shown in Fig. 2. The crack is assumed to propagate in the direction of 
dislocation motion, with cross-slip between neighbouring slip planes 
enabling direction changes, as shown schematically in Fig. 2a. The vectors 
for direction of dislocation motion lie in the {111}-type plane; see Fig. 2c. 
For example, in the (101)[111] slip system the direction of the dislocation 
motion is either [121] or [121]; see Fig. 2b,c. In total, there are four possible 

combinations of six slip systems for the screw dislocation to propagate in 
BCC materials. The activation of a slip system is determined by the di-
rection of stress, expressed as the maximum resolved shear stress plane 
(MRSSP) [58]. The active slip systems are determined by assessing the 
Schmid factors of the four 〈111〉 slip directions and visually comparing the 
crack growth directions to the directions of dislocation motion. Because 
the Schmid factor is strictly valid only for single crystalline FCC materials 
[59], it is used here qualitatively to assess how favourably a specific slip 
system is aligned to the MRSSP and to determine the slip direction that 
offers multiple favourably oriented slip planes for a screw dislocation. We 
assume that the MRSSP is aligned with the tensile axis and that it is a 
suitable simplification for Stage I crack growth; linear-elastic 2D finite 
element analyses (FEA) showed that the principal stress direction is within 

± 5◦ of the tensile axis for the investigated crack length range. The esti-
mation of 3D elastic-plastic stress fields at the crack tip are beyond the 
scope of the current work. 

The crack growth directions are characterised in two ways: 1) as 
macroscopic crack growth directions (neglecting the microscopic 
changes), 2) as microscopic crack growth directions that can be matched 
with the individual directions of dislocation motion. These analyses are 
realised through high-resolution and high-magnification secondary 

Fig. 2. Direction of dislocation motion (purple arrows) and cross-slip for a screw dislocation (a); dislocation motion directions for two selected orthogonal slip planes 
that share the [111] slip direction (b), and the same represented for the crystal lattice, including rotations of the material around the slip direction and the specific slip 
plane normal (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Adapted from [57]. 
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electron (SE) images. To analyse the crystallographic slip directions, the 
reference orientation of each grain is obtained using the clustering- 
based algorithm by Lehto [55], which detects the reference orienta-
tion by finding the most densely populated location in the orientation 
space for each grain. This is a good estimation since the orientation data 
is less dense in deformed regions because of the lattice curvature 
introduced by deformation. 

3. Results 

3.1. Fractography 

Fracture surface analysis summarised in Fig. 3 focuses on pre-crack 
and crack front, while other fracture surface features (e.g. striation, 
persistent slip bands) are addressed in detail in [42]. The pre-crack zone 
highlighted in Fig. 3 differs clearly from the FCG zone. This is due to the 
different loading conditions between pre-cracking and fatigue test. The 
pre-crack zone shows a clear flat-like surface. Even though the pre-crack 
front is not strictly linear through the thickness, the picture confirms 
that a through pre-crack was achieved. 

The fracture surface also does not show any evident sign of the so- 
called tunneling, i.e. when crack grows faster at the center of the sam-
ple, due to high stress triaxiality, and produces shear lips near the sur-
face, usually at 45◦ from the maximum principal stress. These shear lips 
are driven by quasistatic damage modes and present the cup and cone 
feature, while the growing crack at the center produces deformation 
bands that nucleate voids in small particles. Crack tunneling would 
clearly affect both observations from DIC and FCG rate analyses. Fig. 3 
clearly shows that these features are not identified on the fracture 
surface. 

It is not uncommon, for the considered configuration, that different 
crack lengths would be detected on the two surfaces of the specimen due 
to unavoidable local microstructural differences [60]. However, despite 
asymmetries of the crack front, formation of faceted fracture surfaces 
close to the observed surface and as well as in the interior of the spec-
imen are visible in the zone considered for the FCG rate analysis (i.e., 

until ≈0.4 mm). The fatigue crack propagates through the material 
forming a river pattern morphology, in the direction of microscopic 
crack path. Many parallel straight lines forming normal to the river 
pattern direction are observed on the fracture surface in the zone of 
interest as shown also in [42]. Based on Fig. 3 and on these observations, 
it is reasonable to assume that the behaviour of the fatigue crack prop-
agation presented in later sections characterizes the near-surface and 
reasonably approximates the interior of the sample. In addition, the 
microstructure of the ferritic stainless steel considered here was exten-
sively studied by the current authors in [42,45,61], which revealed that 
non-metallic inclusions (NMI) and plasticity induced crack closure did 
not play role in the following FCG rate observations. 

3.2. Small crack behaviour and micromechanisms 

Fig. 4 shows the FCG path, the grain boundaries (GB) and the 
accumulated shear strain localisation point (LP) detected by the DIC 
through the fatigue test. Further detailed analyses of the maximum shear 
strain localisation profile by DIC supported by the study of the fracture 
surface were presented in [42]. It was shown that the shear strain 
localisation is an area where shear deformation suddenly starts to in-
crease steeply (i.e. “start of shear localisation”), and accumulates until a 
maximum value is reached; then it slows down (i.e. “stop of shear 
localisation”), and a subsequent localisation event takes place. This 
phase of a steep increment between the start and stop is called the 
“transitional stage”. The phenomena, therefore, happen at subsequent 
intervals of numbers of cycles, following each other. Outside this tran-
sitional stage of a steep increment, the accumulation of shear strain 
occurs at a lower rate, and it is mainly due to the crack opening. For the 
sake of clarity, the shear strain magnitude in Fig. 4b is the accumulated 
value detected at the end of the fatigue test, i.e. it includes all the 
accumulated shear strain induced by material cyclic deformation and 
crack opening. The shear strain magnitude at the end of the transitional 
stage (i.e. excluding the contribution due to crack opening) is reported 
in Table 1 for each LP. A total of five LPs were detected, located both 
inside the grains (LP 1, 2, 3, and 5) and at GB (LP 4). It should be noted 

Fig. 3. Fracture surface of the considered sample, top view (a) and DIC side view (b); higher magnification of the pre-crack surface and FCG region near it (c); higher 
magnification of the faceted fracture surface of the interior of the specimen (d). 
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that the strain localisation in between LP 1 and LP 2 is an extension of LP 
2. Macroscopically, at an early stage the crack seems to propagate 
perpendicular to the direction of the applied load, while at the micro 
level clear alterations of the crack path are visible, as expected. A 
remarkable deviation of about 45◦ is shown towards the end of the test 
at N ≈ 162,500 (where N = 175,000 is the total number of cycles before 
interruption of the test) when the crack crosses the last grain boundary 
of interest (GB 3). It must be emphasized that subsequent analyses and 
discussion are based on the crack growth data before this clear deviation 
occurs. During the propagation, the crack crosses three grain bound-
aries, in what seems mainly a transgranular-driven fracture. 

The DIC analyses revealed several shear strain localisation events 
(LP) with an average maximum diameter of about 20–50 µm, i.e. the 
shear strain is highly localised at the grain level, while the macroscopic 
deformation is still small. The size and shape of the LP are an approxi-
mative estimation since precise quantification is not yet possible from 
DIC analyses. These events occurred along the path of the crack but 
always ahead of it. This aspect is better underlined in Fig. 5, where the 
crack stemming from the notch, l, and the distance of the LP from the 
notch root, d, are plotted as a function of the number of cycles, N. The 
start of the strain localisation events, marked as blue cross, always takes 
place ahead of the crack tip at the distance Δ. 

Still referring to Fig. 5, the local data variation of the experimental 
small fatigue crack lengths l is smoothed by the incremental polynomial 
regression. At the crack lengths of 0.16 mm, 0.26 mm, and 0.41 mm the 
crack crosses the grain boundaries, while at 0.41 mm it makes a clear 
deviation of 45◦ from its original path. As mentioned before, strain 
localisation analyses consider the crack growth data before this clear 

deviation occurs. The shear strain localisation always starts ahead of the 
crack tip. During the transitional stage, i.e. the steep increment of shear 
deformation inside the LP [42], the crack advances towards the local-
isation. When the crack tip reaches the LP, the transitional stage stops, 
and a new and subsequent localisation event takes place ahead of the 
crack tip, repeating the same process. The distance Δ between the crack 
tip and LP therefore has a maximum value at the start of the shear 
localisation, and a minimum value when the shear localisation stops. 
This distance is different for each LP, but always in the range of 0–90 µm 
(see Table 1). It should be noted that strain localisation may start in the 
subsequent grain while the crack tip is still behind the grain boundary. 
By referring to Fig. 5, this is the case for LP 3, for example, which starts 
after GB 1, in the second grain, when the crack tip has not yet crossed GB 
1 and is still propagating in the first grain. The same observation applies 
to LP 5. For the sake of clarity, the values of Δ, d, and the corresponding 
cycles N at the start and stop of the shear localisation are summarised in 
Table 1, together with approximate values of the shear strain local-
isation when the process stops (see also [42]). 

Fig. 4. SEM picture of the fatigue crack (a), summary of the max shear strain localisation point (LP) (b), and linear deformations Exx and Eyy (c); note that the shear 
strain magnitude in (b) is the accumulated maximum value at the end of the fatigue test (i.e. because of the LP and crack opening), while the magnitude reached at 
the end of the transitional stage (stop) of the LP is reported in Table 1. 

Table 1 
Approximated values of the location of the shear localisation d (distance from 
notch root), distance Δ between the shear localisation and crack tip, corre-
sponding number of cycles N at the start and stop of the shear localisation 
(transitional stage), and qualitative LP shear strain magnitude at the end of the 
transitional stage; see also insert in Fig. 5.  

Strain 
localisation 

d (mm) Nstart Nstop Δstart 

(µm) 
Δstop 

(µm) 
Shear 
strain % 

LP 1  0.077 32,001 45,007 13 ≈0 3.5 
LP 2  0.125 52,732 64,497 34 12 5.7 
LP 3  0.183 68,808 90,802 65 18 9.3 
LP 4  0.259 95,614 119,143 81 24 11.8 
LP 5  0.308 121,413 143,153 69 24 14  

Fig. 5. Small fatigue crack length l (stemming from the notch) and location d of 
the shear localisation point (LP, start and stop), versus the number of cycles N; 
for a given LP, its distance from the crack tip is reported as Δ; until GB 3, the 
crack is growing macroscopically perpendicular to the direction of applied load. 
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Fig. 6 shows the small FCG rate evaluated using the crack lengths 
generated by the local polynomial regression of Eq. (1) and, only for 
comparison, the FCG from direct secant calculation. Since n = 4 in the 
local polynomial regression, the first and last four crack lengths l of 
Fig. 5 do not have a corresponding FCG rate value in Fig. 6. For the sake 
of consistency, these first and last four points have also been excluded 
from the plot of the direct secant calculation. The incremental poly-
nomial regression reveals the oscillatory behaviour of the FCG rate, 
composed of several peaks and valleys, while the direct secant calcula-
tion does not permit to reveal such trend due to the small crack incre-
ment related measurement limitations mentioned in Section 2.2. For the 
sake of clarity, further considerations and analyses always consider the 
FCG rate evaluated by the incremental polynomial regression. The same 
figure also shows when a grain boundary is crossed, or a shear strain 
localisation occurs in relation to those peaks and valleys. Before further 
discussion, it should be noted that Fig. 6a shows how the FCG rate be-
haves with highlights on when an LP transitional stage occurs, but 
without explicit information on the relative location of LP. Therefore, 
one should not seek to directly reflect Figs. 6a and 4b in the spatial 
domain. Let us consider an example: LP 5 is clearly located in the middle 
of grain 3, in between GB 2 and GB 3, as correctly depicted in Fig. 4b. 
However, Fig. 6a shows that LP 5 starts when the crack tip has yet to 
cross GB 2, and then stops when the crack tip is in proximity to LP 5, 
after crossing GB 2. Fig. 6a highlights exactly this period of time during 
which an LP is developing, and the related FCG rate is enclosed in the 
shaded areas. To this regard, an explanatory video is provided in the 
supplementary material (see Appendix B) to better illustrate crack 
growth evolution and the relation between these figures. The proper 
location of LP, and therefore how the FCG rate behaves when the crack 
tip is physically crossing the LP location, is depicted in Fig. 6b. By 
keeping these considerations in mind, Fig. 6 shows that, interestingly, 
grain boundaries can be found both at peaks and in valleys, with no 
evident direct correlation with the FCG rate. However, they seem to 
affect how the FCG rate and strain localisation interact. At first glance, 
crack retardation seems to be correlated with strain localisation events 
since an evident alteration of the FCG rate mainly occurs during the 
strain accumulation process (shaded area in Fig. 6a) or when the crack 
physically crosses an LP (Fig. 6b). In the discussion section, the FCG rate 
and each LP will be further addressed and reflected on holistically in the 
light of microstructural deformation and damage analyses. It will be 
revealed: 1) why LP 3 and LP 4 in Fig. 6a do not show a clear FCG rate 
alteration during the strain accumulation process, 2) why the FCG rate 

retardations in Fig. 6b occur when the crack crosses an LP, and 3) why 
the retardations have different magnitudes. 

Concluding, some differences in the FCG rate curve are found be-
tween Fig. 6 and our earlier study in [42], mainly because of the higher 
number of data points in the present work and the constant interval at 
which these are evaluated. This highlights the importance of a high 
sample rate when the polynomial regression-based FCG rate calculation 
is used. 

3.3. Microstructural analysis 

3.3.1. Grain structure and deformation caused by cyclic loading 
The mechanisms of crack growth are studied through a detailed 

EBSD deformation analysis. Fig. 7 compares the area monitored by DIC 
before (a, d) and after (b, e) the fatigue test, and the nickel-plated sub- 
surface section (c, f). The top row shows the as-measured orientation 
maps (IPF-X) and the grain reference orientation unit cells overlaid on 
SE images. The crack growth analysis was realised within the first three 
grains which are visible in all cross-sections of Fig. 7a-c. For further 
reference, the grains are referred to as g1, g2 and g3, correspondingly. 
While there are apparent morphological differences in the grain struc-
ture, 24 out of 29 grains in the nickel-plated dataset (Fig. 7c) can be 
identified with grains visible in the other datasets (Fig. 7a,b). The plane 
of observation for the nickel-plated specimen is approximately 56 ± 7 
µm below the original specimen surface. This value is determined by 
comparing the size of the grains in the nickel-plated dataset to the size 
measured before the fatigue test. To this end, a spherical grain shape is 
assumed, and the Pythagorean theorem is applied to the measured circle 
equivalent radiuses. 

The domain misorientation analysis in Fig. 7d reveals a degree of 
deformation on the sample surface prior to the fatigue testing, in the 
form of near-horizontal lines. However, the magnitude is quite small, 
and the domain misorientation in Fig. 7d shows a relatively even 
deformation state. After the fatigue test, considerable deformation is 
visible within the grains; see Fig. 7e. In the early phases of crack growth 
within the first two grains g1 and g2 the changes are quite small, with 
progressively larger deformation observed as the crack length increases. 
In the third grain g3 there is already considerable deformation, and the 
black dashed lines show the approximate area of deformation over the 
entire fatigue crack. Fig. 7c shows that the crack morphology in the 
nickel-plated section partially differs from the surface section, while the 
general directions agree with those depicted in Fig. 7b. The domain 

Fig. 6. Comparison of the fatigue crack growth rate of a microstructurally small fatigue crack evaluated by the incremental polynomial regression and the direct 
secant calculation of the raw experimental crack lengths; (a) FCG during the transitional stage (i.e. start-stop) of the LP and (b) FCG at the physical location of the LP; 
the pictures also report when a grain boundary (GB) is crossed; log-log scale; until GB 3, the crack is growing macroscopically perpendicular to the direction of 
applied load; see also supplementary material (Appendix B). 
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misorientation analysis in Fig. 7f shows that deformation increases 
progressively through grains g1, g2 and g3. A similar outline of defor-
mation can be identified, although the magnitude of deformation seems 
to be higher compared to Fig. 7e. Next, more detailed analyses will be 
carried out to characterize the size of the deformation induced grain sub- 
structures along the fatigue crack. 

3.3.2. Spatial size distribution of grain sub-structures 
The heterogeneity of microstructural deformation is studied through 

the spatial size distribution of dislocation cells and sub-grains in Fig. 8. 
In general, the surface section in Fig. 8a,c shows less sub-structures near 
the crack face compared to the sub-surface section in Fig. 8b,d. The sub- 
structures on the surface section may be partially hidden by the defor-
mation observed on the sample surface (Fig. 7d). Still, the dislocation 
cell size in Fig. 8a shows an intermittent appearance especially within 
grains g1 and g2. For the sub-surface section in Fig. 8b, the size of the 
dislocation cell decreases as the crack length increases, and the extent to 
which they cover the grains also increases. The exception is the crack 
initiation location, where dislocation cells smaller than 5 µm cover the 
top part of grain g1. Next to the crack face this zone extends to 25 µm 
from the notch, with the elliptical shape extending up to 50 µm below 
the notch. This is likely caused by a secondary crack (see following 
analysis), and by the stress concentration effect of the notch. Similarly 
sized small dislocation cells have also formed in grain g3 near the crack 
face. The deformation layer induced by EDM is also found to be negli-
gible, with an observed thickness of approximately 10 µm. The dislo-
cation cell size contours in Fig. 8b indicate a higher amount of 
dislocation cell formation towards the lower half of the grains, especially 
in grains g2 and g3. Sub-grain formation appears to be limited to the 
vicinity of the crack face for both sections of observation; see Fig. 8c,d. 
For the sub-surface section, a refined sub-grain structure has also formed 
near the notch. Along the path of the fatigue crack an intermittent 

appearance of the sub-grain size is observed in the lower half of grain g2 
and in the entire grain g3. Next, the microstructural deformation pat-
terns and crack growth directions will be investigated in detail. 

3.3.3. Deformation pattern and crack growth direction analysis 
The fine dislocation cell structure and analysis of the macroscopic 

crack growth direction are shown in Fig. 9. The high-resolution SE image 
(Fig. 9b) reveals that a secondary crack 12 µm in length was arrested in 
grain g1. This explains the deformation field and large number of fine 
dislocation cells at the top of grain g1, indicating the plastic deformation 
zone at the tip of the secondary crack. This result, supported by the 
comments on Fig. 8, suggests that the plastic contribution due to the 
notch effect fades quickly and it is limited to the very top end of g1. 
Given the size of the pre-crack (≈20 µm), the FCG rate analysis begins 
from a crack length of ≈48–50 µm which is already outside the highly 
deformed zone of g1. Thus, the notch effect is negligible. 

In terms of microstructural deformation patterns, the size of the 
dislocation cells is similar on both sides of the grain boundary GB 1, but 
the heavily deformed region is approximately three times wider in g1 
(Fig. 9a). At GB 2 such behaviour is not observed, with the size of the 
dislocation cells and deformation zone being similar in grains g2 and g3. 
The gradient of the dislocation cell size is strongest in grain g3, with the 
smallest sizes being observed at the bottom of the grain adjacent to GB 3, 
and extending much further along the GB in the horizontal direction 
(x+) compared to grains g1 and g2. In general, lattice curvature is also 
observed, shown as grayscale gradients without distinct deformation 
patterns. 

The macroscopic crack growth directions are analysed in Fig. 9b to 
find correspondence with the expected dislocation motion directions for 
screw dislocations. Here, the 〈111〉 slip direction with the following 
criteria is displayed: 1) highest or near-highest individual Schmid factor, 
and 2) multiple slip planes with high Schmid factors. The cyan-magenta 

Fig. 7. As-measured orientation maps (IPF-X) and grain reference orientation unit cells overlaid on secondary electron images for the samples before testing (a), after 
fatigue test (b), and for the nickel-plated section (c); domain median misorientation (DMM, Δθ = 2◦, kernel size 150 × 150 µm within step size accuracy) for the three 
samples showing the general extent of deformation in the samples (d-f). 
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colour scale indicates the Schmid factor of each slip system, while the 
directions for dislocation motion on {110} and {211} slip planes are 
indicated by purple and green segments, respectively. The macroscopic 
crack growth direction is quite constant in grain g1, with the change in 
direction at any given point being subtle. In comparison, the macro-
scopic crack growth direction has multiple sharp deflections in grains g2 
and g3, with the deflection angle sometimes exceeding 90◦. 

While the dominant macroscopic crack growth directions follow the 
{211} slip planes, it is possible that on a microscopic scale deformation is 
taking place in the {110} slip planes. For this reason, the crack growth 
directions are analysed in more detail for grain g3 showing the above- 
mentioned characteristic. As shown in Fig. 10a, the majority of macro-
scopic crack growth directions between segments 1–9 show good corre-
spondence with the dislocation motion directions of the (112)[111] slip 
system, with agreement observed to other {211}[111] and {110}[111] 
slip systems of Fig. 10c as well. On closer inspection, the microscopic crack 
growth directions shown in Fig. 10b show agreement with multiple {211} 
and {110} slip planes. 

4. Discussion 

The interaction among the crack tip and surrounding local phe-
nomena is clearly very intricate. The current work brought out two 
factors in particular: the shear strain localisation (occurring ahead of the 
crack tip) and microstructural features (e.g. grain boundaries, micro-
structural deformation). Fig. 6 shows that proximity to an LP results in a 
FCG rate retardation [37,62], followed by acceleration once the LP is 
crossed. Two phenomena have influence, namely 1) the transitional 
stage (Fig. 6a), and 2) the physical location of the LP (Fig. 6b). The latter 
acts as a physical barrier that must be bypassed by the crack tip to enable 
further crack growth, and all FCG rate retardations are clearly located at 
LPs, though of different magnitudes, as will be discussed later. With 
respect to Fig. 6a, i.e. with a focus on the role played by the transitional 
stage, the crack retardation seems to begin when the LP starts to form at 
the distance Δ from the crack tip. While this observation is clear for LP 1, 
LP 2, and LP 5, which all have a valley (i.e. a low FCG rate value) located 
in the shaded area depicted in Fig. 6a, some exceptions occur for LP 3 
and LP 4. This can be explained by the fact that when LP 3 starts to form, 
the crack tip is in the first grain, while LP 3 is in the second grain (see 

Fig. 8. Spatial size distribution for dislocation cells (a, b) and sub-grains (c, d). The white contours with µm values in (b) indicate the dislocation cell size. The 
analysis is shown for the specimen after fatigue, step size = 2 µm (a, c), and the nickel-plated specimen, step size = 0.5 µm (b, d). (DMM, Δθ = 0.5◦/Δθ = 2◦, kernel 
size 150 × 150 µm within step size accuracy). 
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Fig. 5 for relative location) at a relatively large distance Δ from the crack 
tip (Table 1). GB 1 seems to act as a shield (obstacle to dislocation 
motion [37]) for crack tip - LP interaction, and indeed, a small reduction 
in the FCG rate can only be observed right after crossing GB 1, which 
until that moment did not directly affect the crack growth. Fig. 6b shows 
that this small reduction of the FCG rate occurs when the crack tip 
physically penetrates LP 3. At this stage, LP 4 takes place. At the 
beginning, the crack tip does not have a clear obstacle to grow through, 
given that LP 4 is located approximately at GB 2, at the largest distance 
Δ from the crack tip (Table 1, Fig. 5 for proper relative location). The 
FCG rate increases slightly, and then starts to decrease only when the 
crack tip is relatively close to LP 4. It can be inferred that the shielding of 
the crack tip - LP interaction is only partial in this case, because of the 

slightly more favourable location compared to LP 3. When the crack tip 
has propagated beyond the physical location of LP 4, the FCG rate starts 
to continuously increase, and GB 2 does not seem to act as a physical 
barrier. However, given that LP 4 is located approximately at GB 2, it is 
difficult in this case to definitively exclude any role of the grain 
boundary. The subsequent reduction of the FCG rate occurs only when 
the crack tip is penetrating LP 5 (see Fig. 6b), while GB 3 does not have 
any further influence. However, our findings do not mean that the GBs 
do not play any role at all, but rather that in some cases they do not act as 
physical barriers. Strain localisation, indeed, is still a consequence of 
local inhomogeneous microstructure, including GBs. Lastly, it should be 
noted that neither the shape nor the size of the LP can be accurately 
quantified and therefore considered in Fig. 6b. This would most 

Fig. 9. Dislocation sub-structure and crack growth analysis for grains g1-g3. Adaptive domain misorientation showing the fine dislocation cells, step size 0.1 µm, Δθ 
= 0.5◦, kernel size 24.1 × 24.1 µm (a); image combined from several high-magnification SE images (flat position), and the directions of dislocation motion for the slip 
direction with the highest Schmid factors for each grain, with traces showing agreement with the macroscopic crack growth directions (c); trace colours: purple- 
{110} planes, green-{211} planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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probably further improve the correlation between the physical location 
of LPs and the lowest FCG rate zones, allowing for a proper positioning 
of the former. 

These features, despite being distinctive, are also in line with the 
observations of other authors. Rovinelli at al. [17] performed a sophis-
ticated analysis of small crack propagation by combining in situ high- 
resolution 4D experiments, machine learning, and crystal plasticity 
simulations. The authors revealed a strong correlation between the 
maximum accumulated plastic shear strain, crack length, and crack 
growth rate, while grain boundaries showed a very low correlation. A 
clear retardation effect resulting from strain localisation was also re-
ported by Matsushita et al. [23]. Our observations also agree well with 
the results of Newman [63], and the early works of Pearson [64] and 
Lankford [65], which do not exhibit a physical barrier effect at the grain 
boundary for the growth rate of small fatigue cracks. Other studies in the 
recent literature have instead shown how GBs may directly affect the 
crack growth (see e.g. [66–69]). Most notable the model proposed by 
Zhai et al. [68] based on slip geometry explains how misorientation 
affects the propagation of cracks across the GBs. On the other hand, 
Hansson et al. [70] demonstrated that high-angle grain boundaries do 
not affect directly the FCG rate, while low-angle boundaries can result in 
both retardations and accelerations of FCG rate, or have no effect at all. 
Discrete dislocation mechanism, however, does not consider the possible 
formation (and role) of strain localisations. Moreover, fluctuations in the 
FCG rate have been observed in single crystal materials [71]. Analyses of 
grain boundary misorientation and resistance plotted in Fig. 11 show 
that misorientation angles do not correlate with strain localisations and 
retardations in current study. The factor m’ represents the co-planarity 
of incoming and outgoing slip-systems, with 1-m’ indicating the resis-
tance of the GB for slip transmission [72]. The highest resistance is found 

Fig. 10. Crack growth direction analysis for the nickel-plated dataset and grain g3. The macroscopic crack growth direction changes between segments 1 and 9 (a); 
comparison of macroscopic and microscopic crack growth directions between segments 1 and 6, the traces are shifted only in the horizontal direction (b); directions 
of dislocation motion and Schmid factors for the [111] slip direction (c). 

Fig. 11. Grain boundary misorientations and GB resistances based on co- 
planarity of slip systems, with 1-m’ ranging from 0 (transparent GB) to 1 
(impenetrable GB). The {110}[111] slip system with the highest Schmid factor 
(Fig. 9) is utilized for the crack growth area, while elsewhere the {110} 〈111〉
slip system with highest individual Schmid factor is assumed. 
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for GB 3, which instead shows the most negligible influence on the FCG 
rate. The GB 2 has the lowest resistance and misorientation angle, but 
interestingly LP 4 and the largest FCG rate retardation occur in its 
proximity (see Fig. 6b). It can be concluded that the major part of 
retardation events can be associated with the shear strain localisation, 
which is still a consequence of local inhomogeneous microstructure. 
Therefore, investigation of microstructural deformation mechanisms is 
needed to deepen the understanding of the interaction between crack 
growth and microstructural features. Analysis of microstructural 
deformation mechanisms is also necessary to clarify why the re-
tardations occur at LPs and are of different magnitude. 

With respect to the role played by the physical location of LP (see 
Fig. 6b), the reduction in the FCG rate when the crack tip is crossing LP 3 
or LP 5 is relatively small if compared with other strain localisation 
events. The macroscopic crack growth direction analyses revealed that 

intense macroscopic cross-slip occurred in the grains (see grains g2 and 
g3 in Fig. 9 and Fig. 10). Both grains g2 (LP 3) and g3 (LP 5) have many 
slip systems with similar high Schmid factors. This mechanism most 
probably facilitates the crack in avoiding and going around the strain 
localisation damaged zone [73], and therefore the retardation effect on 
the FCG rate is minimised. For the LP where FCG rate retardation is more 
pronounced, the crack tip penetrates the local LP zone to some extent. 
Carroll et al. [37] also observed that while strain accumulation may 
have contributed to retardation, strains associated with crystallographic 
slip may have created conditions favourable to faster crack growth and, 
more importantly, may have affected the crack path. 

The hypothesis is further confirmed in Fig. 12, where the maximum 
shear strain during the fatigue test is overlaid on the SE image, and the 
size of grain sub-structures is shown. The crack propagates macroscop-
ically in approximately the same direction until LP 1; at this point the 

Fig. 12. Maximum shear strain during crack growth overlaid onto a secondary electron image taken in the EBSD configuration (a); secondary electron image (b); 
dislocation cell size (Δθ = 0.5◦) (c); sub-grain size (Δθ = 2◦). For all images high-angle grain boundaries are overlaid with the colour black, and the zones with the 
most pronounced macroscopic cross-slip (LP 3 and LP 5) are highlighted by notation. Step size 2 µm, kernel size 150 × 150 µm within step size accuracy. 
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crack growth direction has only a few small alterations, after which it 
settles into a new direction. The influence of LP 2 and LP 4 is even less 
pronounced, with only a minor deviation in growth direction taking 
place. The crack seems therefore to penetrate through LP 1, LP 2, and LP 
4. The retardation of FCG rate is the most pronounced at LP 4, and this 
location shows the largest area of small dislocation cell and sub-grain 
sizes; see Fig. 12c,d. Areas of small dislocation cell size are also 
observed for LP 1 and LP 2, albeit the degree of refinement is smaller, 
and covers a smaller area. The formation of small grain sub-structures 
indicates accommodation of plastic strain at the microstructural level, 
which leads to local hardening of the material [24,34]. 

Significant disturbances in the macroscopic crack growth direction 
are observed at LP 3 and LP 5. The locations where the crack growth 
direction changes occur also exhibit intermittent areas of small dislo-
cation cell and sub-grain in grains g2 and g3, as shown in Fig. 12c,d. A 
detailed analysis of grain g3 (i.e. LP 5) is shown in Fig. 13. Intermittent 
microstructural deformation patterns are located where the direction of 
the crack changes. In these cases, the crack seems to go around and 
partially avoid the physical location of the LPs, and thus the influence on 
the FCG rate is relatively small despite the microstructural deformation 
and the consequent material hardening. Next, we discuss the changes in 
crack growth direction from the perspective of microstructural defor-
mation mechanisms. 

Overall, the most pronounced macroscopic cross-slip steps are 
observed in grain g3, both on the surface of the specimen (Fig. 13a), and 
sub-surface (Fig. 10). The macroscopic growth directions for the sub- 
surface section are overlaid on the microstructural deformation patterns 
in Fig. 14. The heterogeneous deformation patterns are evident from the 
dislocation cell size (Fig. 14a) and especially the sub-grain size (Fig. 14b). 
Particularly at segments 4 and 5 it seems that the crack has gone around 
the hardened material regions. The crack path tightly wraps the semi- 
circular deformation patterns, and the direction changes occur when 
entering the next semi-circular feature. Microscopically the crack growth 
directions were shown in Fig. 9 and Fig. 10 to be mostly aligned with the 
slip plane that has the highest resolved shear stress according to the 
Schmid factor, either with the {110} or {211} slip planes. While 
macroscopically a large part of the crack growth could be identified with a 
{211} type slip plane in grain g3, closer inspection in Fig. 10 shows that 
cross-slip is taking place mostly in the {110} slip systems. Even on a 
microscopic scale, some segments were still aligned with the {211} slip 
plane directions, indicating elementary cross-slip in the neighbouring 
{110} planes. These observations are consistent with the work of Marichal 
et al. [57], who reported that {110} slip in equal elementary steps pro-
duces macroscopic {211} traces, or an arbitrary direction when the steps 

are non-equal. In our study some segments could not be associated with a 
crystallographic direction, which can possibly be explained by cross-slip in 
non-equal steps in the neighbouring {110} slip planes. 

The main findings of the current experimental investigation reveal 
some fundamental aspects that should be carefully reflected in analyt-
ical models. The results show that the role of microstructure in the 
propagation of small fatigue cracks cannot be reduced only to the GB 
effects. This finding is particularly relevant since several modifications 
of LEFM have been proposed to consider the microstructural effects, 
such as grain orientation and microstructural barriers; see e.g. 
[12,74–78]. Usually, the microstructural length for modelling is defined 
on the basis of microstructural features observed only before the fatigue 
process, such as grain boundaries and metallurgical obstacles. However, 
it is clear from the results that the microstructural evolution is also 
important. Crystal plasticity models could describe the grain behaviour 
and the effect of grain interaction, but significant development is still 
needed to model the hundreds of thousands of load cycles (high cycle 
fatigue regime) required to create a physical accumulated shear strain 
localisation and grain sub-structures. Alternative approaches could 
make use of non-local damage models to describe the averaged FCG rate 
within a microstructure-related continuum unit [77,79,80]. However, 
the definition of the microstructure-related homogenisation unit and 
formulation of non-local damage models, especially for micro-
structurally small fatigue cracks in a high-cycle fatigue regime, still 
require future work. The main challenge is how to incorporate these 
microstructural factors into a realistic fatigue model suitable also for 
large and complex engineering structures and components. In general, 
once the most important local phenomena involved in small FCG and 
their correlations are revealed, the identification of a relevant small 
fatigue crack driving force should be possible (see e.g. [81]). This 
driving force could then be generalised towards a parameter represen-
tative of microstructural features, and finally incorporated into fatigue 
models of engineering relevance, e.g. microstructure and strain-based 
fatigue life approach. 

5. Conclusions 

From the current work, it emerges that for microstructurally small 
fatigue cracks, it is not a single factor that influences the FCG rate and 
the crack path, but rather the interaction of several elements developing 
during the fatigue process across multiple length scales, such as the 
accumulated local shear strain, microstructural deformation patterns, 
and crack path and length. The results show that shear strain local-
isations occurring ahead of the crack tip affect the FCG rate in coarse- 

Fig. 13. Close-up of the macroscopic slip steps in g3 (a); spatial variation of dislocation cell size (Δθ = 0.5◦) (b); spatial variation of sub-grain size (Δθ = 2◦) (c). The 
crack path from (a) is overlaid with the blue lines in (b) and (c); the dash-dotted circles show the strain localisations LP 4 and LP 5 from DIC analyses. Step size 2 µm, 
kernel size 150 × 150 µm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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grained BCC ferritic stainless steel. Depending on the interaction of the 
crack and the microstructure, these accumulated shear strain local-
isations take place inside the grains or at the grain boundaries, leading to 
the formation of grain sub-structures and consequent material 
hardening. 

The main conclusions can be summarised as follows:  

• FCG rate retardations correlate well with shear strain localisations, 
while the grain boundaries can be found both at peaks and valleys of 
the FCG rate curve; 

• interaction between crack growth and shear strain localisations de-
pends on their relative distance; if the shear strain localisation and 
the crack tip are in the same grain, retardation begins when the shear 
strain localisation starts to form; conversely, if they are in different 
grains, the GB has a shielding effect and retardation occurs only 
when the crack tip physically reaches the shear strain localisation;  

• at the microstructural level, the shear strain localisation leads to the 
formation of grain sub-structures, i.e. dislocation cells and sub- 
grains; the sub-structures are local material hardened zones, and 
act as a local obstacle to crack growth;  

• if the crack penetrates through the locally hardened material zone, 
the FCG rate has a significant retardation; instead, if the crack avoids 
the hardened material zone by macroscopic cross slip, the retarda-
tion is only minor;  

• the macroscopic cross-slip directions were in agreement with the 
directions of dislocation motion for screw dislocations, with the 
growth directions showing agreement to both {110} and {211} slip 
planes. 

Despite the enormous effort and contribution from the scientific 
community to tackle and model small and short crack propagation 
mechanisms, there are still many challenges and questions to be 
addressed. The present study focused on the FCG rate variation and the 

formation of grain sub-structures induced by shear strain localisations, 
and to establish the main mechanisms. The stochastic aspects of inter-
action between e.g., the crack tip, strain localisations and crystallo-
graphic orientation still need to be considered both experimentally and 
numerically, and it is left for future work. 

The integration of new or improved technologies (e.g. high- 
resolution DIC, in situ small-scale testing, machine learning, advanced 
microstructural analyses) in this field of research is probably the key 
factor for enabling the next breakthrough. 
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Fig 14. Close-up of the microstructural deformation patterns for the grain g3 for in the nickel-plated section, with macroscopic slip directions overlaid from Fig. 10; 
spatial variation of dislocation cell size (Δθ = 0.5◦) (a); spatial variation of sub-grain size (Δθ = 2◦) (b). Step size 0.2 µm, kernel size 96.2 × 96.2 µm. 
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Appendix A. Details of microstructural analyses 

A.1 Polishing process 

The nickel-plated material section was mounted in an electrically 
conductive resin and ground using P320-P2000 grit abrasive papers, 
followed by polishing with 9 µm, 3 µm and 1 µm diamond paste. Fine 
polishing was carried out with 0.25 µm diamond paste, followed pol-
ished according to standard procedures and finalised by colloidal silica 
polishing in a vibratory polisher to minimise the deformation induced by 
the sample preparation process. 

A.2 EBSD analyses 

A Zeiss Ultra 55 field emission SEM equipped with a Nordlys F +
EBSD detector and the Channel 5 software from Oxford Instruments 
were used for the measurements. The EBSD measurements were per-
formed with a step size of 0.1–2 µm. The acceleration voltage was 20 kV 
and the working distance approximately 20.0 mm. A 120 µm aperture 
was used in conjunction with 4 × 4 detector binning to shorten the 
acquisition time of the patterns and reduce drift during the measure-
ment. The patterns were acquired using an 8 ms exposure time, and the 
Hough resolution was set at 100. The number of bands for indexing was 
set from five to eight. The measurement noise of the EBSD datasets was 
estimated using the methodology proposed by Kamaya [82], imple-
mented using MTEX [83,84] and available in [56]. The measurement 
noise level was quantified as approximately 0.35◦ for the datasets taken 
before and after the fatigue test, mapped at a 2 µm step size [42], and 
approximately 0.15◦ for the nickel-plated datasets, mapped at step sizes 
of 0.5 µm, 0.2 µm, and 0.1 µm. The EBSD analysis was carried out using 
MATLAB® [47] and MTEX version 5.6 [83,84]. Prior to the analyses the 
EBSD data was post-processed with the Half-Quadratic de-noising 
approach in MTEX according to the parameters presented in [24]. 

Appendix B. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijfatigue.2022.107024. 
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