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Abstract

The current work investigates the relationship between the crack growth rate

(CGR) and the cyclic crack-tip opening displacement (ΔCTOD) of microstruc-

turally small fatigue cracks by using high-resolution digital image correlation

(DIC). Load-controlled fatigue tests were conducted on small-scale specimens

of 18%Cr body-centered cubic ferritic stainless steel. Microstructurally small

fatigue crack growth was analyzed based on accurate high sample-rate mea-

surements, starting from a sub-grain crack length up to seven times the

volume-weighted grain size dv = 224 μm. Under these experimental condi-

tions, the high-resolution analyses reveal that variation from the otherwise lin-

ear relationship between CGR and ΔCTOD on double logarithmic scale is due

to the crack-tip bypassing an inhomogeneous shear strain localization zone. In

this zone, ΔCTOD is not able to characterize the behavior of microstructurally

small fatigue cracks. Outside the shear strain localization zone, ΔCTOD still is

a valid crack driving force parameter.

KEYWORD S

crack growth rate, crack tip opening displacement, ferritic stainless steel, small crack, strain
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Highlights

• Crack tip opening displacement range ΔCTOD and CGR show mostly linear

relationship.

• ΔCTOD and CGR relationship becomes non-linear if shear strain accumula-

tion is present.

• If the crack tip penetrates the hardened region, CGR decreases.

• Strain accumulation is influenced by grain orientation and grain size.
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1 | INTRODUCTION

Like other industrial fields, the maritime industry has
shown a clear trend of shifting towards cleaner and
greener technology by seeking solutions that can lower
emissions and improve the efficiency of the vessels. In
this regard, weight saving achieved through lightweight
designs could drastically increase fuel efficiency and
provide additional payload capacity. To achieve this tar-
get, the employment of high-strength steels and thin
plates is currently considered among the most promising
solutions.1–4 In this new class of resilient steel structures,
often coupled with modern manufacturing methods pro-
ducing components with high surface integrity, cracks
may spend most of their lifetime at the microstructural
level, interacting with local microstructural features.
Consequently, the importance of small crack analyses has
risen, since small crack propagation determines a signifi-
cant part of the fatigue life in those applications. These
recent new developments have brought a paradigm shift
in fatigue design. Indeed, in classic fatigue strength
assessment methods, the focus is mainly on cracks long
compared to the microstructural scale, and thus, they do
not apply to small fatigue cracks.5 Although several
modeling approaches have been presented to address
small crack behavior,6–12 there is still a clear research gap
in investigating the local crack driving force, clarifying
the interaction with local microstructural features, and
developing models that are based on the directly mea-
sured local crack driving forces, e.g., crack-tip opening
displacement (CTOD).13

Microstructurally small fatigue cracks propagate fas-
ter than long cracks at comparable stress intensity factor
ranges (ΔK) and have different growth kinetics.14 The
propagation is primarily Stage I crack growth by shear-
ing, either along a single crystallographic slip plane or
alternating between two preferential slip planes leading
to a faceted crack surface.15,16 In the past two decades,
several researchers have provided numerous insights
into the physical nature of small crack growth.17 With
increasing computational capabilities, sophisticated mul-
tiscale modeling frameworks18 and data-driven machine
learning approaches19 have been used to study the com-
plex phenomena behind the propagation of small cracks.
Still, the data-driven approaches face several challenges
due to the limited availability of high-quality experimen-
tal data.20 Consequently, microstructurally small fatigue
crack growth and crack interactions with the microstruc-
ture is still an open topic due to the complex three-
dimensional nature of the problem and the experimental
challenges of observing the phenomena at such a small
scale.21

The behavior of microstructurally small cracks is
often investigated with a focus on the crack driving force.
Commonly used parameters are, e.g., the stress intensity
factor range ΔK derived from the theory of linear elastic
fracture mechanics (LEFM) and J-integral. While the
effective ΔK22 has been used to unify the crack growth
rates (CGR) of long and small cracks in some cases,23,24

the use of a LEFM-based concept in applications where
small-scale yielding and crack-tip similitude concepts are
probably violated remains controversial. On the contrary,
the CTOD is considered a viable alternative under these
conditions.25,26 It is well-known that ΔCTOD and CGR
(da/dN) of long cracks have a linear correlation on a dou-
ble logarithmic scale according to:

da
dN

¼C �ΔCTODm, ð1Þ

where C and m are material constants.26–28 Pippan et al29

suggested that the relationship between CGR and
ΔCTOD also exists in small crack growth with slight vari-
ation from the linear trend. On the other hand, it is
essential to note that experimental investigations on CGR
and ΔCTOD relationship for small fatigue cracks are still
in infancy.

Until recently, the CTOD has been measured using
stereo imaging,30,31 scanning electron microscopy,32–34

and optical microscopy.26 Although achieving accurate
results close to the crack-tip, the measurements are usu-
ally limited to a few selected crack lengths because of
experimental limitations.35 With recent developments in
contactless measurement techniques, such as digital
image correlation (DIC),36–38 the measurement process
can be optimized, enabling high sample rate and full-
field displacements. DIC has been used to investigate
both long and microstructurally small fatigue cracks
emphasizing the early-stage crack initiation, strain accu-
mulation, and its dependence on microstructure.39–42 The
sub-micron strain measurements using SEM-DIC have
shown that the strain is accumulated in the form of strain
bands and that the grain boundaries have a role in the
capability of transmitting or blocking slip.43,44 Moreover,
Abuzaid et al38 observed several strain localizations that
were prominent on one side of the grain boundary, while
the adjacent grain showed little strain accumulation.
The behavior was associated with the shielding effect of
the grain boundary, which acted as a barrier for slip
transmission. However, experimental studies have shown
contrasting conclusions on grain boundaries' effect and
their role in small fatigue crack growth.45–48 For example,
fluctuating crack growth has also been observed in
single-crystal materials,49 which indicates that other
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mechanisms might also play a role in the growth of small
fatigue cracks.

The recent studies by Gallo et al41 and Malitckii
et al50 investigated the early-stage crack-tip interaction
with local microstructural features and the accumulated
shear strain localizations. These researchers observed
retardation in the crack growth as the crack-tip would
approach the shear strain localization (due to local hard-
ening) and an increase in CGR as the crack-tip bypassed
the localization through macroscopic cross-slip. It was
concluded that at an early stage, the interaction of several
elements developing during the fatigue process across
several length scales influences the small fatigue crack
growth (e.g., microstructural deformation patterns, accu-
mulated shear strain). However, experimental investiga-
tion of the relationship between CGR and the local crack
driving force was left as future work.

The objective of the current work is to study the
behavior of microstructurally small fatigue cracks by per-
forming high-resolution DIC measurements. The mea-
surements provide insights into the critical aspects of
small fatigue crack growth mechanisms influencing CGR
and ΔCTOD, and should be considered in developing
reliable growth models in the future. Thus, the work
aims to fulfill the lack of systematic and high sample-rate
ΔCTOD measurements that cover crack growth over
multiple grains and grain boundaries and is not limited
to a few selected crack lengths. This study focuses on the
polycrystal metallic material with a body-centered cubic
crystal structure widely used in various engineering
applications.

It should be noted that several samples and tests were
realized showing similar conclusions in terms of strain
localization and crack growth rate behavior; among
those, two representative samples were selected for fur-
ther study of CTOD and presented in the current paper
for the sake of brevity.

2 | MATERIAL AND METHODS

2.1 | Material and sample geometry

Fatigue tests were conducted on a ferritic 18% chromium
stainless steel (ASTM UNS S43940), which chemical com-
position is shown in Table 1. This steel was selected due
to its suitability for the annealing process without

extensive formation of carbides.51,52 To realise high-
resolution DIC measurements in the sub-grain level, the
grain size of the parent material was increased by anneal-
ing at 1100�C in a nitrogen atmosphere for 1 hour and
quenched in water. The yield strength σys of 300 MPa
and ultimate strength σuts of 440 MPa were measured by
tensile testing at a constant strain rate of 10�4 s�1 for the
annealed steel (see Figure 1A). The volume-weighted
grain size distribution, measured using the point-sampled
intercept length method by Lehto et al,53–55 is illustrated
in Figure 1B. The annealing process increased the
volume-weighted grain size to dv = 224 μm.

The annealed steel was machined and ground on both
surfaces to reach a 1 mm total thickness. Two single-edge
notched tension specimens (SENT), namely Specimen A
and Specimen B, were manufactured using electrical dis-
charge machining (EDM); a schematic representation of
the specimen geometry is illustrated in Figure 1C. Both
surfaces of the specimens were polished to EBSD quality
before the experiments according to standard procedures
and finalized by colloidal silica polishing in a vibratory
polisher to minimize the deformation induced by the
specimen preparation process; see.41

To enable an accurate overlay of data from EBSD and
DIC measurements, eight Vickers micro-indentation
markers were placed on both surfaces of the specimens.
The microstructure of the specimens was characterized
by electron-backscatter diffraction (EBSD) using Zeiss
Ultra 55 field emission SEM equipped with a Nordlys F
+ EBSD detector and Channel 5 software from Oxford
Instruments. The acceleration voltage was set to 20 kV at
a working distance of approximately 20 mm. The ana-
lyses were conducted with a step size of 2–5 μm. EBSD
data were post-processed using the MTEX toolbox.56,57

The Vickers micro-indentations were used to correct the
drift-induced trapezoidal distortion in the EBSD data by
skewing and scaling the orientation and grain boundary
images.58

A silicon stamp was used to apply an optimized
speckle pattern for high-resolution DIC analyses with a
characteristic speckle size of 10 μm.59 The speckle pattern
was applied only to one surface of the specimens, called
the primary surface, for further reference. The specimens'
secondary surface (without speckle pattern) was left in a
polished state and used to monitor crack length only,
enabling further comparison between crack growth on
opposite surfaces.

TABLE 1 Chemical composition of a ferritic 18% chromium stainless steel, wt.%.

C Si Mn P Cr Mo Nb Ni Ti Cu Al As Co Sn V W

0.014 0.61 0.42 0.03 17.7 0.024 0.393 0.18 0.138 0.118 0.025 0.007 0.18 0.007 0.055 0.037

TILLIKAINEN ET AL. 4105

 14602695, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14124 by A

alto U
niversity, W

iley O
nline Library on [19/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



As stated previously, two specimens were realized
according to the procedures illustrated above, namely
Specimen A and Specimen B. Specimen A was left in a
“notched” state. A pre-crack of 36 μm (length l in
Figure 1C) was realized on Specimen B to confirm crack-
grown equality through specimen thickness at a very
early stage. The pre-crack was realized using uniaxial
cyclic loading with σmax = 240 MPa, load ratio R =

�0.16, and a test frequency of 10 Hz. Approximately
10,000 cycles were required to produce the pre-crack. A
negative load ratio was used to increase the applied stress
range without increasing the σmax. Otherwise, pre-
cracking would have required millions of load cycles with
load ratio of R = 0.1, not being feasible since inspection
for pre-crack detection is done every 1,000 cycles. In
addition, the maximum stress σmax would have exceeded
the value used in subsequent fatigue tests (i.e. 250 MPa),
resulting in monotonic loading-induced plasticity.

To ensure that the considered crack was outside the
EDM-damaged layer and notch-tip plasticity affected
region at the notch root, the subsequent analyses on CGR
and ΔCTOD were started at a crack length of 60 μm. This
value is determined based on experimental evidence of
the extension of the damaged layer and the plastic
region.41

2.2 | Fatigue experiments

The load-controlled fatigue tests were carried out at room
temperature using a load ratio R of 0.1 and a loading fre-
quency of 10 Hz. The applied load range on the net cross-
section for Specimen A was Δσ = 216 MPa (σmax =

240 MPa), and for Specimen B was Δσ = 225 MPa
(σmax = 250 MPa). It should be noted that there was no
relevant temperature increase detected in the specimen

at the given loading frequency and that tests were
stopped at a maximum extension of 1.5 mm.

During fatigue testing, images were captured on both
specimen surfaces using a dual-microscope setup illus-
trated schematically in Figure 2.60 The primary surface
was monitored by an optical microscope equipped with a
16 � Precision Zoom Lens and a digital camera with a
12MP resolution. The region of interest (ROI) of Speci-
men A was 2.1 mm � 1.6 mm with a spatial resolution of
0.79 μm/px. The ROI of Specimen B was 2.9 mm �
2.2 mm with a spatial resolution of 1.09 μm/px. The sec-
ondary surface was monitored by an optical microscope
with a 4.5 � Precision Zoom Lens and a digital camera
with a 12MP resolution. The ROIs for the secondary sur-
face are the same as those reported above, but due to
cropping from a larger field of view, the spatial resolu-
tions were 1.07 μm/px and 1.63 μm/px for Specimen A
and B, respectively.

Images were captured at maximum and minimum
load levels during the unloading of the specimen with
varying acquisition intervals during temporary constant
load-holding periods of 5 s. For Specimen A, the acquisi-
tion interval varied from 5,000 (early crack propagation
stage) to 500 cycles (late crack propagation stage). For
Specimen B, images were taken every 500 cycles. From
all images captured, a selection of frames was selected/
extracted for the analyses with the following larger
intervals: 10,000–1,000 cycles for Specimen A; 2,500–
1,000 cycles for Specimen B. These varying analysis inter-
vals were defined and adjusted based on the smallest
observable crack growth increment (see also60).

The DIC analyses were performed using the commer-
cial LaVision software (DaVis 8.3.1) on the ROIs defined
earlier. Raw images of the primary surface were pro-
cessed with a least-squares matching algorithm and small
deformations assumption. Images captured at 5,000 and

FIGURE 1 A) CERT stress-elongation curve, B) volume-weighted grain size distribution, and C) schematic of specimen used in the

experimental tests (units in mm). [Colour figure can be viewed at wileyonlinelibrary.com]
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500 load cycles (at maximum load level) were used as ref-
erence images for Specimen A and Specimen B, respec-
tively. Specimens were analyzed with the same (within
pixel size accuracy) subset size of 37 � 37 μm2 and a step
size of 7.5 μm. The subset size was 1/6th of the volume-
weighted grain size and enabled full-field displacement
measurements inside the grains. For the sake of clarity,
ΔCTOD values were defined by the images at the maxi-
mum and minimum load levels of the selected cycle,
while the accumulated shear strain was determined from
images captured at the beginning of the test and the max-
imum load level of the selected cycle.

2.3 | Crack length and ΔCTOD
measurements

The crack-tip location was determined from the high-
resolution images by using a MATLAB program designed
by the authors; for more details see reference.60 This tool
enables several functionalities to support accurate detec-
tion of the crack-tip from the microscopic images. For
example, it provides different color scales and maps to
control the image's contrast at the crack-tip. This meth-
odology provided a really accurate visual inspection of
the images and an accurate determination of the crack-
tip. The crack length for both surfaces of the specimens
was determined from microscopic images by performing
the manual measurement series 10 times for the analysis
intervals defined in the previous section. The mean crack
length and its standard deviation were then calculated.
One individual measurement falls in the 95% confidence
interval, ± 2 standard deviation, i.e. ± 4.9 μm.60 Based on
the defined mean crack length, the crack growth rate was
evaluated using the incremental polynomial method on

sets of seven successive data points, according to ASTM
E647-15.61 In all subsequent analyses, the fitted values of
crack size from the aforementioned local polynomial
method are considered the effective crack lengths.61 The
local polynomial method permits to clearly differentiate
between physically inherent variability of small-crack
growth rate from variability related to the measurement
errors.

For obtained crack lengths corresponding to a given
number of cycles, the ΔCTOD is defined by comparing
the DIC image at the maximum load (i.e., reference) with
the image at the minimum load. The CTOD at the mini-
mum and maximum load levels are defined based on the
distance between upper and lower crack edges identified
by a crack-edge detection algorithm. The working princi-
ples of the algorithm are presented in Figure 3A and are
explained in more detail in Ref.60 The measurement dis-
tance for CTOD from the crack-tip was defined based on
analyzing the cyclic crack opening displacement
(ΔCOD). In the analyses, ΔCOD was measured through-
out the crack path and analyzed as a function of √r for all
measured crack lengths (see Figure 4). For a distance
r behind the crack-tip smaller than 50 μm (i.e. √r ≈ 0.2
√mm in Figure 4) elastic–plastic deformations and DIC
subsets offset from crack surface36,40 lead to a deviation
from the expected linear behavior. Therefore, the
ΔCTOD was measured at r = 50 μm behind the crack-tip
by calculating the change in the vertical displacement
between maximum and minimum load levels (see
Figure 3B). The vertical (V) displacement is the displace-
ment in loading direction (y-coordinate direction in
Figure 3).

The incremental accumulation of maximum shear
strain, as defined in,40 was analyzed by comparing subse-
quent DIC images to the reference image taken at the

FIGURE 2 Schematic of the

experimental setup.
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beginning of the test. The accumulated maximum shear
strain was plotted on top of the grain boundary map
(based on EBSD data) using the Vickers micro-
indentations as reference points for the alignment. The
most significant shear strain localizations were studied
using virtual strain gauges (VSGs). The VSGs measured
the maximum shear strain averaged over 3 � 3 DIC adja-
cent interrogation points (approximately an area of
51 � 51 μm2), and thus called the average accumulated
maximum shear strain. In general, displacements for a
single measurement point are derived in interrogation
points that are centered in the subset. Adjacent interroga-
tion points are then located within step size, leading to
overlapping subsets. Near crack edges or other critical
features, large overlap of adjacent subsets is recom-
mended (80% overlap in the current study).

3 | RESULTS

3.1 | Crack growth behavior

The measured crack lengths of both specimens and on
different surfaces are shown in Figure 5A. The fatigue
tests were stopped at a maximum extension of 1.5 mm,
i.e. the number of cycles to failure was approximately
656,500 and 332,500 for Specimen A and B, respectively.
Crack initiation on Specimen A's primary surface was
first observed after 65,000 cycles. On the secondary sur-
face, the crack falls behind throughout test, as illustrated
in Figure 5C. In the case of Specimen B, the crack-
length observed on the primary surface was consistently
shorter than that observed on the secondary surface.
Due to pre-crack in Specimen B, this phenomenon is

FIGURE 3 A) Crack edge definition by crack-edge detection algorithm, B) illustration of detected crack edges and neglected DIC data,

and C) illustration of subsets in crack path's vicinity. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 An example of measured crack

opening displacement range ΔCOD vs. distance

from the crack-tip (√r) at A) l = 0.08 mm, and B)

l = 0.60 mm, where l is the crack length

stemming from the notch root. [Colour figure

can be viewed at wileyonlinelibrary.com]
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less pronounced at an early stage, but it becomes evident
as the number of cycles increases. The dashed lines in
Figure 5C–D illustrate approximately the location of the

crack-tip as it is observed on different surfaces at
the same number of cycles. Figure 5C–D also exhibits the
fracture surfaces. The pre-cracking zone on Specimen B

FIGURE 5 A) Crack length l vs. number of cycles, and B) crack growth rate vs. crack length l. SEM images of fracture surfaces of C)

Specimen A and D) Specimen B. l is the physical crack length stemming from the notch root. [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 6 Inverse pole figure (IPF-Z) with IPF key of A) Specimen A and B) Specimen B. The observed crack path has been overlaid

onto the orientation map based on the fiducial markers. The grain boundaries are marked based on the specimen name and grain number.

For example, the first grain boundary of Specimen A is marked as GB A1. [Colour figure can be viewed at wileyonlinelibrary.com]
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is visible as a flat fracture surface, indicated by the dashed
purple line (Figure 5D), after which a distinct change in
fracture surface morphology was observed. The crack
surface was faceted both at specimen surfaces and inte-
rior. The fracture surface of Specimen B was relatively
flat, whereas the Specimen A had more evident inclined
regions, as highlighted by the white rectangle in
Figure 5C. Despite the crack front is not uniform because
of local microstructural differences, the fracture surfaces
did not show evident signs of tunneling. Figure 5B shows
the CGR on opposite surfaces of the specimens. The CGR
of specimens shows alternating trends with clear peaks
and valleys. The corresponding crack growth path, grain
boundaries and orientations are shown in Figure 6. The
fatigue crack propagated via transgranular fracture, cross-
ing multiple grain boundaries (GBs) and with several

microscopic growth direction changes. This variation in
CGR will be discussed after the analysis of accumulated
maximum shear strains since it plays a role in fatigue
dagame process and crack growth.

3.2 | Shear strain accumulation

During the whole fatigue crack growth, the shear strain
accumulation was observed to localize at high-angle
grain boundaries, triple grain junctions, and inside single
grains as shown in Figure 7. Figure 7 presents selected
examples of the accumulated maximum shear strain on
the grain boundary map for four different crack lengths
(l = 0.07, 0.21, 0.30, and 0.38 mm). The crack path is
highlighted with a purple line (solid and dashed), and the

FIGURE 7 Accumulated maximum shear strain and grain boundary misorientation angle on A) specimen A, l = 0.21 mm, B) specimen

A, l = 0.30 mm, C) specimen B, l = 0.07 mm, and D) specimen B, l = 0.38 mm, where l is crack length stemming from the notch root. The

white arrows indicate crack-path related features, and the red arrows indicate features related to the strain localizations and grain

boundaries. [Colour figure can be viewed at wileyonlinelibrary.com]
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crack-tip location is indicated by a red triangle. The black
area surrounding the crack path represents the subsets
split by the physical crack that was neglected from the
analyses (see also Figure 3B–C). Figure 7A–B shows
the strain localization for Specimen A. In this case, the

shear strain was observed to accumulate inside a single
grain up to 0.2 mm ahead of the crack-tip, which is rela-
tively far considering the current crack length (0.21 mm
in Figure 7A). Figure 7C and Figure 7D shows the exam-
ples for Specimen B with crack length of l¼0.07 and

FIGURE 9 CGR and ΔCTOD with respect to crack length l stemming from the notch root on A) specimen A and B) specimen B. The

regions affected by strain localizations are highlighted with yellow ellipses and the transient region in strain accumulation are pointed by

arrows. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Shear strain accumulation at regions monitored by virtual strain gauges on A) Specimen A and B) Specimen B. Start and

stop of transient regions in strain accumulation are reported by triangles for different crack lengths l, stemming from the notch root. [Colour

figure can be viewed at wileyonlinelibrary.com]
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0.38mm. These examples show the strain localization for
high-angle grain boundaries and triple-grain junctions. It
is also worth mentioning that crack-tip was observed to
preferentially grow always in the direction of the higher
maximum shear strain (see the purple dashed line in
Figure 7C–D).

The average accumulated maximum shear strain,
measured by VSG is displayed in Figure 8 against the
crack length. It is worth noticing that VSG is located
always ahead of the growing crack-tip, and thus repre-
senting the behavior of shear strain accumulation before
crack tip reaches the VSG measurement point. The VSGs
nomenclature in Figure 8 reports the specimen name, the
VSGs number, and its location in terms of crack length l,
for instance, VSG A-1 at l¼0.42mm. For all measured
VSGs, the average accumulated maximum shear strain
exhibits low values of deformation with almost a constant
trend at the beginning of the experiments. As the crack
grew and cyclic damage was accumulated ahead of the
crack-tip, a sudden steep increment in the maximum
shear strain was observed, representing the starting point
of shear strain accumulation. The strain localization con-
tinues until crack-tip reaches the localization point and
the shear strain its maximum value. This transient region
of strain localization process (steep increment of maxi-
mum shear strain) is marked within triangles in Figure 8.
It is worth noticing that the shear strain was accumulated
far away from the crack-tip, even up to two times the
physical crack length. For instance, the transient region
in VSG A-3 started as the crack-tip was approximately
0.6 mm away from the VSG. The distance is significantly
larger than the volume-weighted grain size dv ¼ 224 μm.

3.3 | Crack growth rate – ΔCTOD
relation

The crack growth rate and ΔCTOD as a function of crack
length are displayed in Figure 9. Changes in crack growth
rate and ΔCTOD were observed both at grain boundaries
and within the grains, such as between GB B6–7 in
Figure 9B. Generally, the changes in ΔCTOD slightly pre-
ceded the changes in the crack growth rate (see
Figure 9B, GB B1–2). Both crack growth rate and
ΔCTOD increase or decrease at some grain boundaries,
(see Figure 9A–B, GB A1 and GB B1). Despite these simi-
larities, there were evident regions where ΔCTOD and
CGR had unexpected opposing behavior; these are
highlighted by yellow ellipses in Figure 9. The anomalous
behavior is also visible in Figure 10, where the crack
growth rate is given as a function of ΔCTOD on a double
logarithmic scale. A power law curve was fitted to the
experimental data according to ASTM E647–15.61 The

crack growth rate and ΔCTOD have mostly linear rela-
tionship on double logarithmic scale. The variation from
this otherwise linear trend was observed mainly at the
regions with high maximum shear strain accumulation,
indicating the influence of the shear strain localization
on crack behavior and thus, also crack driving force
ΔCTOD.

3.4 | Strain localization effects on crack
growth behavior

Figure 11 and Figure 12 illustrate the evolution of shear
strain localizations ahead the crack-tip throughout the
fatigue tests, and the regions where CGR and ΔCTOD
had opposing behavior (see also Figure 10). Within those
regions, the crack-tip grew along the border of accumu-
lated strain localization zone. Such instances were
observed at locations of VSG A-2 and A-3 (see Figure 11).
Similar behavior was observed also at locations of VSG
B-3 and B-4 in Figure 12. In all areas where opposing
CGR – ΔCTOD behavior was observed, the crack-tip
seemed to bypass a significant shear strain localization
without entering the area directly. When the crack physi-
cally entered shear strain localization instead (see
e.g., 60� GB A9 in Figure 11), the crack-tip showed
decreased crack growth rate (see Figure 9A).

Figure 13A exhibits the fracture surface of Specimen
A primary surface, between 1.05 and 1.55 mm crack
lengths, where opposing CGR – ΔCTOD behavior and
inhomogeneous strain distribution were observed. The
fractography analyses showed a change in the crack

FIGURE 10 Crack growth rate vs. ΔCTOD, primary surface.

Strain localization-affected regions are highlighted in yellow.

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 The evolution of shear strain localization and grain boundary misorientation angle on Specimen B. [Colour figure can be

viewed at wileyonlinelibrary.com]

FIGURE 11 The evolution of shear strain localization and grain boundary misorientation angle on Specimen A. [Colour figure can be

viewed at wileyonlinelibrary.com]
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growth mechanism as the crack-tip propagated along the
border between high-strain and low-strain areas between
GB A8–9. The fracture surface preceding the accumulated
strain area had a faceted fracture surface (see Figure 13B,
preceding GB A8). After the crack-tip entered the accu-
mulated strain area, the fracture surface shows no stria-
tions and has an appearance of fine deformation-induced
sub-structure in Figure 13C, indicating fracture primarily
by shearing.62 In Figure 13D, A clear change in the crack
growth mechanism was observed as the crack-tip
deflected from GB A9 that seems to also confine the
strain accumulation. The resulting fracture surface after

GB A9 was faceted. The restriction of plasticity can be
observed from the fracture surface in Figure 13E, where
smooth fracture surface gradually changes to the faceted
surface close to the shelf-like formation between GB
A8-9. Specimen B showed similar characteristics and it is
here omitted for the sake of brevity.

4 | DISCUSSION

The current work reveals that variation from the other-
wise linear relationship between CGR and ΔCTOD on a

FIGURE 13 SEM fractography of Specimen A: A) between GB A7-10 B) near GB A9, C) transition in crack growth mechanism between

GB A7-8, and D) and E) examples of gradual change in crack growth mechanism near shelf-like formation between GB A8-9. [Colour figure

can be viewed at wileyonlinelibrary.com]
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double logarithmic scale is due to the crack-tip bypassing
a maximum shear strain accumulation area formed dur-
ing cyclic loading. In some previous studies, the variation
in the ΔCTOD was in general considered mainly as a
scatter29,63–65 due to large measurement intervals. The
current work introduces high-resolution and high
sample-rate experimental ΔCTOD measurements of a
microstructurally small fatigue crack, growing from sub-
grain level over multiple grains. The results show that
the variation in the ΔCTOD and CGR is influenced by
the shear strain localizations. Interaction with grain
boundaries, therefore, is not the only factor affecting
the CGR. Figure 11 illustrates that after the GB A4,
the crack-tip bypassed a shear strain localization. While
the crack-tip seems to initially grow towards the strain
localizations, CGR may be hindered if the crack-tip phys-
ically enters that region (see e.g., localization at GB A9
shown in Figure 9A and Figure 11). In some cases, the
crack-tip avoided the strain localizations by propagating
along the border of such area. Such instance is
highlighted by VSG B-3 in Figure 12, where the crack-tip
propagated towards a low-angle (5�) grain boundary with
high localized strain and smoothly changed its direction.

Figure 10 shows that there is mostly linear behavior
between CGR and ΔCTOD on double logarithmic scale,
while deviating behavior occurs primarily where the
crack-tip propagated along the border of accumulated
shear strain localization zones. A decrease in ΔCTOD
was observed within aforementioned areas, which can be
caused by the hardened region at the strain localiza-
tions.41 This phenomenon affects the crack-tip opening
and changes the crack growth mechanisms. Specifically,
the growth in these locations is dominated by shear/
tensile overload. Indeed, considerably inclined fracture
surfaces were observed in the vicinity of these deviations.
Pippan et al66,67 also showed that local hardened regions
and therefore local material mismatch affect both the
crack-tip opening and the crack growth behavior. This
study indicates that the effect of hardening region on
CGR is higher than expected based on crack-tip opening
displacement and thus commonly used relationship
between CGR and ΔCTOD (Equation 1) breaks down if
microstructurally small crack propagates through cyclic
strain localization point, in which material properties are
locally changed due to significant cyclic loading. In com-
parison to grain boundary, commonly used in micro-
structure sensitive fatigue model, the location of strain
localization occurrence is more difficult to predict since it
is affected by several factors such as grain size and orien-
tation as well as the interaction of several grains. For
instance, for Specimen A, the strain accumulation was
observed especially in grains oriented in [111] direction
pointing out of plane (see Figure 6), while Specimen B

did not show a strong correlation between grain orienta-
tion and strain accumulation.

The results of the current work indicate that outside
of the strain localization-affected regions, the ΔCTOD is
a suitable local crack driving force. In strain localization-
affected regions, the ΔCTOD does not characterize the
behavior of microstructurally small fatigue crack. Models
that are based on the local measurements of crack-tip
opening should consider the effect of the strain localiza-
tions. It should be noted that current work considers only
body-centered cubic ferritic stainless steel and further
generalization requires additional study.

5 | CONCLUSIONS

The present work studied the relation between crack
growth rate (CGR) and cyclic crack-tip opening displace-
ment (ΔCTOD) of microstructurally small fatigue crack
by using high-resolution digital image correlation with
sub-grain level accuracy. A load-controlled fatigue experi-
ments were carried out on small-scale specimens of 18%
Cr stainless steel with body-centered cubic crystal struc-
ture. The high sample-rate measurement results were
used to study the small crack behavior starting from sub-
grain crack lengths up to seven times the volume-
weighted grain size dv ¼ 224 μm. EBSD and SEM fracto-
graphy further complemented the analyses.

The following conclusions can be drawn:

• CGR and ΔCTOD have mostly a linear relationship on
double logarithmic scale during the microstructurally
small fatigue crack growth. Accumulation of maxi-
mum shear strain is systematically the cause of varia-
tion of this linear trend.

• Shear strain accumulation can occur both at grain
boundaries and within the grains, and always ahead of
the crack-tip.

• While the crack seems to grow towards strain localiza-
tion, the CGR may be hindered by it if the crack
directly penetrates the hardened region.

• When crack-tip is approaching a strain localization,
the ΔCTOD always decreases due to the hardened
region generated by the accumulation of the maximum
shear strain.

• Fracture surface analyses revealed that in those areas
where the crack is bypassing a shear strain accumula-
tion, the crack would grow primarily along a single slip
plane, thus CGR tends to increase.

Since strain accumulation at the crack-tip is also influ-
enced by the grain orientation and grain size,67 additional
effort is required to analyze and consider the statistical

TILLIKAINEN ET AL. 4115

 14602695, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ffe.14124 by A

alto U
niversity, W

iley O
nline Library on [19/10/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



nature of the appearance, size, and magnitude of the
shear strain localizations. This further development could
contribute to define a reliable ΔCTOD for small fatigue
crack and to support the development of valid crystal
plasticity models able to include shear strain accumula-
tion at high number of cycles.
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