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Abstract: The micro- and macroscopic fatigue crack growth (FCG) rates of a wide class of structural
materials were analyzed and it was concluded that both rates coincide either during high-temperature
tests or at high stress intensity factor (SIF) values. Their coincidence requires a high level of cyclic
deformation of the metal along the entire crack front as a necessary condition for the formation of
fatigue striations (FS). Based on the analysis of digital fractographic images of the fatigue fracture
surfaces, a method for the quantitative assessment of the spacing of FS has been developed. The
method includes the detection of FS by binarization of the image based on the principle of local
minima, rotation of the highlighted fragments of the image using the Hough transform, and the
calculation of the distances between continuous lines. The method was tested on 34KhN3M steel in
the initial state and after long-term operation (~3 × 105 h) in the rotor disk of a steam turbine at a
thermal power plant (TPP). Good agreement was confirmed between FCG rates (both macro and
microscopic, determined manually or using digital imaging techniques) at high SIF ranges and their
noticeable discrepancy at low SIF ranges. Possible reasons for the discrepancy between the micro-
and macroscopic FCG rates at low values of the SIF are analyzed. It has also been noted that FS is
easier to detect on the fracture surface of degraded steel. Hydrogen embrittlement of steel during
operation promotes secondary cracking along the FS, making them easier to detect and quantify. It is
shown that the invariable value of the microscopic FCG rate at a low SIF range in the operated steel
is lower than observable for the steel in the initial state. Secondary cracking of the operated steel may
have contributed to the formation of a typical FS pattern along the entire crack front at a lower FCG
rate than in unoperated steel.

Keywords: 34KhN3M steel; long-term operation; degradation; fatigue crack growth rate; fractogra-
phy; fatigue striations; digital image processing; hydrogen embrittlement

1. Introduction

The rapid development of computer and information technologies, as well as informa-
tion processing systems and artificial intelligence, leads to their increasing involvement in
various fields of science and technology. In particular, image processing and pattern recog-
nition methods are widely used in non-destructive testing and technical diagnostics [1–3].
They are especially used in radiography, for coating condition monitoring on structural
elements of important structures and for rust detection [4–6], for condition monitoring and
the diagnostics of complex mechanisms [7], followed by quantitative fractography and
metallography and so forth [8].
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Such approaches are based on the development of modern algebraic theories [9],
fuzzy logic and optimization methods [10]. Fourier transform is widely used for studies
of fatigue crack growth (FCG) in materials with interactive analysis of fatigue striation
(FS) images [11]. For a quantitative assessment of the characteristic elements of fracture
surfaces, fractographic images are analyzed using convolutional neural networks [12]
and unsupervised machine learning [13]. At the same time, pattern recognition methods
based on a modified support vector machine are being applied to fracture surface analy-
sis [14]. The quantitative value of FCG rate is determined by estimating the dimensional
characteristics of the fractographic features of the fracture surface [15]. The method of
phase-modulated correlation is also used for the analysis of FS [16]. Correlative light-
electron fractography technology is used to increase the accuracy of FS analysis in metal
alloys [17]. These publications indicate the need to develop and improve methods for the
processing of fractographic images of fracture surfaces, which would contribute to a more
accurate assessment of the FCG rate at the microscopic level by assessing the quantitative
characteristics of typical fracture surface elements.

Fracture mechanics approaches have long been used to characterize the resistance to
FCG of various structural materials [18–23]. In this case, the dependence of the macroscopic
rate of the FCG on the range of the stress intensity factor (SIF) is used. Based on a
comparison of various fracture mechanisms of materials, steels and their welded joints
after long-term exploitation in critical structures, fatigue fractures are recognized as one of
the most dangerous [24,25]. In general, FS form a repeating pattern of practically parallel
but intermittent lines curved in the direction of FCG [26]. Approaches to the quantitative
analysis of FS are described in a series of monographs [27–29]. According to established
notions, the FS pattern on the fracture surfaces is associated with crack increments in
each of the load cycles of the element [30–32]. Fractographic approaches are most often
used to estimate the FCG rate in aluminum and titanium alloys, which are important for
aircraft construction. The FS are distinguished most clearly on these alloys. Based on their
analysis, an almost direct relationship is shown between the FCG rates determined at the
microscopic level (estimated by the FS spacing) and the macroscopic one (according to the
results of mechanical tests of laboratory specimens). In particular, this tendency has been
repeatedly confirmed on aluminum alloys [33–35]. For example, according to the results
of laboratory tests of the Al-Cu-Mg alloy for FCG resistance at room temperature and
constant SIF range, it was found that, with an increase in the stress ratio R from 0.1 to 0.5,
the distance between FS clearly increased from 1.3 to 2.2 µm as the FCG rate increases [36].

It was also shown that the FCG rate in the 7075-T6 aluminum alloy, determined on
the basis of three-dimensional (3-D) X-ray synchrotron tomography of the fatigue fracture
surface, corresponds to the rate estimated from the distance between the FSs seen with
a scanning electron microscope [37]. The correspondence between the FCG rates at the
microscopic and macroscopic levels was also confirmed by the results of fractographic
analysis of specimens from nickel-chromium alloy 718. Moreover, this correspondence was
better manifested at higher (up to 650 ◦C) test temperatures during the determination of the
FCG resistance [38]. It was also confirmed for low-alloy ferritic steel and recommendations
were formulated for the residual lifetime assessment of steam generator elements [39].

At the same time, the problems associated with the use of fractographic estimates
of the FS spacing to identify the causes of the destruction of structural elements of avia-
tion technology are also reported (in particular, associated with their overloads during
operation). The effect of randomly repeated changes in the loading cycle of 2024-T3 alu-
minum alloy on the FCG rate (including that determined from the distance between FS in
images obtained with a transmission electron microscope) is analyzed. Microfractographic
assessments have shown that overload (or underload) cycles, which are briefly repeated
immediately after the peak overload, distort the true picture of the element loading [40].

Problems with determining the maximum and minimum service loadings of the el-
ements were also confirmed by the measurements of the FS spacings on fatigue fracture
surfaces of 2017-T4 aluminum alloy and stainless steel of the 304 type. However, mea-
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surements of striation height H on fracture surfaces using a laser micro-scope showed a
good relationship between the stress ratio R in the loading cycle and striation morphology
expressed by the H/s ratio (where s is the spacing striation) for both materials [41]. Using
the obtained correlation dependence H/s − (1 − R), it is proposed to evaluate the opera-
tional loads based on fractographically determined characteristics of the FS on the fracture
surface of damaged elements [42]. At the same time, analysis of the fracture surfaces of
steel 316 tested for low-cycle fatigue at a frequency of 1 cycle/min in air at a temperature
of 625 ◦C on specimens with stress concentrators showed that, at plastic deformations
exceeding the fatigue limit for smooth specimens, the microscopic FCG rates, estimated
from the distance between the striation (as crack increments during each loading cycle) are
in good agreement with the values of the macroscopic FCG rates. However, in this case, it
was also noted that, at a low level of specimen deformation, the FCG rates estimated on
the microscopic level exceeds the values obtained on the macroscopic level [43].

The lack of an unambiguous correlation between the experimentally determined FCG
rate for a macrocrack and one more, obtained under the assumption of the formation of a
separate FS in each loading cycle, was also demonstrated by the example of technically pure
iron (ARMCO-Fe) [44], low carbon steel [45], alloy of iron with 3.7% Si [46], magnesium
alloy IMB6 [47] and coarse-grained nickel of high purity [48].

The use of synchrotron X-ray tomography makes it possible to estimate the FS spacing
in the early stages of fracture process. In particular, the importance of such studies is shown
on the Ti-6Al-4V titanium alloy, when the FS spacing does not accurately characterize the
rate of FCG [49].

From the above analysis, it follows that mainly fractographic studies of the fatigue
fracture surfaces were aimed at proving or disproving the existence of a direct relation-
ship between the macroscopic and microscopic FCG rates in different structural materials.
And as the experimental methods of fracture surfaces research expanded (using a laser
microscope, TEM, and three-dimensional (3-D) X-ray synchrotron tomography), additional
evidence or grounds for denial of the correlation between these rates were revealed. More-
over, the clearest correlation between the micro- and macroscopic FCG rates was found
when the deforming processes at the crack tip began to play a decisive role, that is, at a
high FCG rate. This is typical for almost all analyzed materials at a relatively high FCG
rate. The fact that the correlation between these rates was more pronounced at high test
temperatures when the deformation at the crack tip at the same SIF range is significantly
larger than at the lower temperature, also confirms this assumption [38,50].

Based on the analysis of the status quo of problems associated with the quantitative
assessment of the characteristics of the detected fractographic elements, it should be noted
that the intensive development of computer hardware and software for digital image
processing should significantly simplify the assessment of the FS spacing on the fracture
surfaces. This is especially important for substantiating the possibility of determining
the loading parameters of real structural elements when establishing the causes of their
destruction on the basis of fractographic analysis of their fracture surfaces.

The principles of the detection of fatigue fracture initiation centers and transition to
spontaneous (usually dimple-like type of fracture) destruction are schematically demon-
strated on the example of real fatigue fracture surfaces of various structural elements
damaged during operation. The specifics of FS formed at constant or variable loading
amplitudes are described. The importance of eliminating the striation-like artefacts in the
analysis of fatigue fracture surfaces is underlined, and the specific numerical algorithms
are proposed. The subtleties and complexities of FS detection at fracture surfaces and
important aspects of ensuring the accuracy of these calculations are systematized and
discussed in detail [51].

Analysis of FS in images of fracture surfaces of natural rubber by means of image pro-
cessing shows their morphological similarity with periodic patterns of interferograms [52].
Therefore, it was considered reasonable to apply polynomial modulated phase correlation
to the analysis of fatigue striations. They were preprocessed using mathematical mor-
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phology and median filtering to take into account the dynamics of intensity changes of
the analyzed objects and reduce the negative influence of noise on the striation image.
Due to the distortion of the perspective on the SEM images, the obtained results only
approximately can be considered quantitative. This is one of the limitations of processing
the whole image. To eliminate this drawback, it is proposed in further studies to take into
account the topology of the striations.

It is shown that the spacing of FS, determined using the SEM, depends on the residual
stresses arising during cold deformation, which was used to determine the distribution of
residual stresses and to assess the fatigue life, respectively [53].

Based on fractographic analysis of the fracture relief of aluminum alloy AA-2024-T3
and low-alloy steel AISI-4130-O, recommendations are formulated to improve the accuracy
of determining the number of striations using high-resolution SEM [54]. The possibility
of using the fractographic measurements of FS spacing to predict the fatigue life at high
cycle fatigue of a smooth plate specimens made of Ti-6Al-4V alloy in the laboratory air
is shown [55].

The high number of striations on the fatigue fracture surfaces makes it impossible
and impractical to take into account each of them. In particular, during the detection
of individual striations, some of them look like practically destroyed by the friction of
conjugate fracture surfaces against each other in the loading cycle (due to the crack closure
effect), or located so close to each other that they are difficult to distinguish [56]. It is
shown that the distance between the FS depends on their location relative to the fatigue
crack origin point, and, as a consequence, on the macroscopic rate of FCG. In practice,
the distance between the striations was measured in several randomly selected areas, and
their total number was estimated using statistical methods. It is very important to improve
the methods of image analysis and their automation for the development of quantitative
fractography. This will make it possible to create databases of fractographic images, which
are especially important for analyzing the causes of destruction of real structural elements
during their operation. In general, there are few publications focused on the development
of methodological aspects of automated measurement of FS spacing. As a rule, they analyze
the images of fractures of aluminum alloys with clearly distinguishable striations.

Thus, by defining ideal fatigue striations as a system of similar spatial and equidis-
tant arcs that are displaced relative to each other in one direction, and applying a two-
dimensional Fourier transform, the vector of their displacement (regardless of the direction
of observation) is estimated [57,58]. The critical parameters of the striations, which were
clearly distinguished on the fracture surface, were determined. Texture fractography was
applied to those fragments of fractures where it was difficult to isolate them. For AISI 304L
stainless steel, the relationship between macroscopic FCG rate and striation parameters in
images in the form of multilinear regression was established.

Another study proposed a method for quantitative assessment of the percentage of the
surface with FS from the total surface of the fatigue fracture [59]. Using a wavelet transform
based on the use of the Gabor function, any restrictions for the use of this method have
been removed, in particular for determining the surface area of the covered with FS, their
length and profile.

The aim of this study is to develop a method for the quantitative assessment of fatigue
striations spacing based on computer processing of fractographic digital SEM images of
fracture surfaces obtained after FCG tests of laboratory specimens of 34KhN3M steel in
the initial state and after long-term operation in the rotor disk of a steam turbine at a TPP
and comparing the values of the FCG rates determined by the distance between the fatigue
striations, measured manually directly on microfractograms or using the proposed method
of computer processing, with their subsequent comparison with the macroscopic FCG rates

2. Materials and Methods

To verify the proposed approaches to quantitative computer processing of fractographic
images, the fracture surfaces of the specimens after FCG tests were used. Two variants of
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34KhN3M steel were considered (in the initial state and cut from the damaged disc of the
steam turbine rotor after ~3 × 105 h of operation). The reasons for the damage of this
disk were analyzed earlier [60]. This steel is a typical medium-carbon and medium-alloy
heat-resistant steel, used for a long time in the production of critical components of steam
turbine rotors, in particular rotor discs. This steel has sufficiently high values of mechanical
properties (such as strength and ductility, static and cyclic crack resistance), which are
necessary to ensure its operability under service conditions.

The chemical composition of both variants of investigated steel is given in Table 1,
and their tensile mechanical properties are given in Table 2. The difference in the chemical
composition of both steel options is practically insignificant. At the same time, the differ-
ence in their mechanical properties is obvious. The steel in the initial state was subjected to
the recommended heat treatment regime for this steel. Therefore, it was believed that the
difference in their properties is associated with the degradation of the exploited steel due
to long-term high-temperature operation in the steam turbine rotor.

Table 1. Chemical composition of 34KhN3M steel for steam turbine rotor disk, wt. %.

Steel State C Ni Cr Mo Si Mn S P Fe

Initial state 0.33 2.90 0.90 0.30 0.37 0.62 0.035 0.030 Rest
After operation 0.32 2.80 0.91 0.29 0.41 0.59 0.053 0.039 Rest

Table 2. Tensile mechanical properties of 34Kh3M steel for a steam turbine rotor disk.

Steel State σUTS, MPa σYS, MPa RA, % El, %

Initial state 856.3 690.5 61.3 18.4
After operation 1002.5 936.7 51.2 13.5

Beam specimens of 10 mm × 18 mm in cross section with a single edge notch were
tested on FCG resistance at cyclic loading by cantilever bending in the air with a frequency
of 10 Hz and the stress ratio of 0.05. The crack length was monitored on both lateral surfaces
of the specimen using an optical microscope with an accuracy of 0.05 mm. Strain gauge
transducers were used for monitoring the load ranges applied to the specimen during the
FCG test. The maximum and minimum load values were kept constant throughout the
load cycle. Consequently, the range of ∆K rose due to an increase in the crack length a with
an increase in the number of loading cycles N. Based on the obtained data, the dependences
of the macroscopic FCG rates da/dN on the SIF ranges ∆K were built for both variants
of steel.

For all fractographic images selected for analysis, the corresponding macroscopic FCG
rates were determined, taking into account the macrocrack length, which was determined
by the coordinates of the analyzed image on the fracture surface. In addition, the direct
measurements (made manually) of the FS spacing in micro-fractograms obtained during
the study of fracture surface by the SEM method were used. These assessments were
carried out at five levels of the SIF range, by analyzing five to seven sites at the same level
of SIF range located at a distance of up to 0.5 mm from each other. For further analysis, the
average values of the spacing of FS were used.

To evaluate the FS spacing, the image processing method was also developed. It was
used to analyze a set of micro-fractographic digital images obtained during examination
of the fracture surfaces of damaged specimens using EVO-40XVP SEM (Carl Zeiss AG,
Oberkochen, Germany).

3. Method of Quantitative Analysis of Digital Fractographic Images

To demonstrate the possibilities of the developed approach, a digital fractographic im-
age of a typical fracture fragment of 34KhN3M steel in the initial state was used (Figure 1).
This image corresponded to the macroscopic FCG rate of 3 × 10−7 m/cycle. Analyzing
fracture surfaces using SEM, we obtained digital images that contain a fixed number of
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rows and columns of pixels. Images are stored as a two-dimensional array of integers
ranging from 0 to 255.
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Figure 1. Typical fractographic image of the fatigue fracture surface of 34KhN3M steel in the initial state with small fatigue
striations located across narrow strips elongated in the FCG direction. Four fragments selected for further analysis and
demonstration of the possibilities of proposed approach are highlighted in the fractogram.

For the quantitative analysis of selected images, we developed a new method based on
some known image processing techniques. This made it possible to implement automated
FS spacing evaluation on the fractographic image of 34KhN3M steel.

The following algorithm is proposed to estimate the FS spacing:

- Image binarization by selection of local minima along all columns of the input image
with further morphological processing;

- Selection of binary image fragments with clear lines corresponding to the striations;
- Rotation of each of the fragments to achieve the horizontal orientation of the lines

corresponding to the striations;
- Estimation of a FS spacing by one of two methods: average estimate or by calculation

of a mode of vertical distances between lines corresponding to striations along all
columns of binary image fragments.

The flowchart of the proposed method is presented in Figure 2.
The changes in the grey levels of the fractographic image along its columns were

examined pixel by pixel. Local minima were selected on the obtained image intensity
curve along the column and marked with red labels (Figure 3a). By definition, the point is
called the local minimum if the points on each side have a greater value of the function.
It means that the pixel with the lowest grey level value in comparison with the previous
ones and the next one in the column is chosen as the local minimum. Three neighbor pixels
in the column were compared. When comparing more neighboring pixels than fatigue
striation spacing (which is unknown before processing), there is a risk of missing some of
the striations. Since the intensity function of the fractographic images is not smooth, the
local minima can be both in the area of the depressions and the protrusions. To eliminate
local minima in the area of protrusions, the step of finding local minima was repeated only
for the local minima points obtained in the previous step (Figure 3b).
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in Figure 1, with the local minima highlighted in red after the first (a) and second (b) iterations.

A binary image B was obtained (Figure 4a) after applying the operation of locating
the local minima to all columns of the image. The gaps in the lines corresponding to the
striations were eliminated by applying the morphological dilation operation to binary
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image B with a structural element S in the form of a square with a size of 3 × 3 pixels [61].
As a result, B

⊕
S is defined as:

B
⊕

S = ∪b∈BSb. (1)
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In this case, B
⊕

S is the set of all displacements b of the structural element S in image
B, at which S and B are overlaped by at least one element. The visual effect of dilation
is the thickening of lines. Then the thinning operation to the obtained binary image was
applied (Figure 4b), from which it is already possible to determine the fatigue striation
spacing. Consecutive application of morphological dilation and thinning operations allows
us to remove gaps in lines. An average estimation Dav and a mode estimation Dm of the
fatigue striation spacing were proposed. The average estimation is calculated as the area
of the image Sim divided by the length of all these lines corresponding to the striations.
The total length of the lines is calculated as the number of non-zero pixels Np. Thus, the
average estimation was calculated as:

Dav = Sim /Np. (2)

This approach can be applied to images or fragments with continuous lines corre-
sponding to the striations. If the lines of the striations on the transformed image are
discontinuous, then it is clear that the estimation will be inflated. To avoid this and min-
imize the discrepancy between the actual values of the striation spacing and the result
of the average estimate Dav, it is proposed to use the estimation by mode Dm, that is, the
value of the fatigue striation spacing, which occurs most often:

Dm = mode
(
di , i = 1 . . . Np

)
, (3)

where di represents the distances between the horizontal lines, calculated step by step in
every column as the distance between the neighboring fatigue striations in pixels.

It was proposed to rotate image fragments with the lines of the striations deviated
from the horizontal orientation and inclined at a certain angle to the main direction of
the FCG, maintaining a constant distance between the striations. This made it possible to
calculate the fatigue striation spacing without complicated calculation and the constructing
of normals to the lines corresponding to the striations. The fragment of the binary image
of the striations and the result of its rotation with selectively applied normals to the lines
obtained after the rotation, which was used for the estimation of the distance between the
striations, are shown in Figure 5.
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Figure 5. A fragment of a binary image with lines corresponding to the striations (a) and the result of their rotation (b).

The classical Hough transform was used to calculate the required angle of rotation
of the image fragments [62]. It was initially developed for the identification of lines in
the image. The transform is based on the use of the Hough parameter space, in which
the search for lines is performed. To construct the Hough space, through each non-zero
point of the image all possible straight lines were drawn. The line parameters in the polar
coordinate system were accumulated in matrix.

The required angle of the rotation of the image fragment was determined from the
principle of maximum by the accumulator matrix.

To verify this approach, the fatigue striation spacing was determined on the example
of a typical fractographic image of 34KhN3M steel, on which four fragments of fracture
with clearly delineated fatigue striations were identified for further analysis (Figure 1).
Fragments of the image, the lines corresponding to the striations detected on fragments by
the proposed method and the results of rotation are shown in Figure 6.

The histograms in Figure 7 illustrate the distribution of distance values between the
lines corresponding to the striations within the highlighted fragments of images in Figure 1,
defined by the proposed approach. One can see that, in Figure 7a, the histogram has three
peaks for distances 11, 17 and 20 pixels and mode value Dm equal to 17 pixels (2.23 µm).
This is because the corresponding image fragment (Figure 6a) has no distinguished striation
lines. Histograms in Figure 7b–d, on the contrary, have single peaks and mode value Dm
equal to 11 pixels (1.45 µm).

Table 3 shows the most often fixed values of the striation spacing and their average
estimate. Their analysis showed that the most often fixed striation spacing does not depend
on the fragment of the analyzed image. This directly proves that, to determine the most
common striation spacing, there is no need to analyze large regions of images, because
their area has little effect on the estimated value.

Table 3. Striation spacing, determined from the analysis of fragments of the fractographic image of the fatigue fracture of
34KhN3M steel in the initial state.

The Number of the Fragment
Analyzed in Figure 1

The Striation Spacing Most Often
Recorded (Mode), Dm

The Average Striation Spacing, Dav

Pixel µm Pixel µm

1 17 2.23 16 2.11
2 11 1.45 14 1.84
3 11 1.45 16 2.11
4 11 1.45 16 2.11

All images 11 1.45 16 2.11
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detected in fragments 1–4 (a–d), highlighted in the fractographic image in Figure 1.

Estimation of the average distance between fatigue striations Dav is most applicable
to the images with clearly visible striations (in particular, for light alloys), which can be
binarized with continuous lines.

4. Approbation of the Developed Method for Quantitative Assessment of the Fatigue
Crack Growth Rates

The developed approach was used to estimate the microscopic FCG rate in 34KhN3M
steel in the initial state and after long-term operation in the rotor disk. The obtained results
were compared with the macroscopic FCG rate for both investigated steel variants (the
corresponding kinetic diagrams of FCG in nominal coordinates are shown in Figure 8).

Analysis of the effect of long-term high-temperature operation of steel in the rotor
of the steam turbine shows that its degradation affected its mechanical characteristics
(Table 1). In particular, the strength characteristics have increased (σUTS by 18%, σYS by
35%) and plasticity characteristics have decreased (Elongation by 28%, Reduction of Area
by 16%) [63]. Threshold characteristics of FCG, which characterize the stress–strain state
at the fatigue crack tip at the local microstructural level (commensurate with the size of
the pre-fracture zone at the crack tip), are considered one of the most sensitive to the
high-temperature degradation of heat-resistant steels [64].

After ~3 × 105 h of operation, the threshold level of the FCG for analyzed steel has
significantly decreased (by more than ~30%) due to the change in its state compared to the
initial one (Figure 8). Moreover, even on the linear part of relationship between log ∆K and
log (da/dN) (the so-called part of the FCG diagram described by the Paris law), the effect
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of steel degradation on the macroscopic FCG rate remained quite noticeable even at the
end of this section.
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Figure 8. Macroscopic FCG rate da/dN depending on the values of the SIF range ∆K for 34KhN3M
steel in the initial state (black triangles) and after ~ 3 × 105 h of operation in the rotor disk of a steam
turbine (black circles). The scattering bands of the values of microscopic FCG rate and its average
values (white triangles and circles correspond to the steel in the initial state and after long-term
operation) were obtained using the proposed method of estimating the distance between fatigue
striations on digital fractographic images. All values of the microscopic FCG velocity within each of
the scatter bands were obtained at the same value of the SIF range. The values of the microscopic
FCG velocity for steel in the initial state and after operation, determined from the manually measured
spacing of the fatigue striations, are shown by black inverted triangles and rhombuses, respectively.

Measurements of the FS spacing were carried out manually using fractograms ob-
tained during SEM studies of fracture surfaces of both steel variants. These fractograms
were recorded at five levels of the SIF range and in five to seven areas located at a distance
of up to 0.5 mm from each other. Taking into account the average values of the FS at
each SIF level, the corresponding values of the microscopic FCG rates were plotted on the
macroscopic FCG diagrams (Figure 8, black inverted triangles and rhombuses points).

In addition, using the developed approach for quantifying the FS spacing as a result of
processing digital fractographic images of fracture surfaces of both steel variants, the values
of microscopic FCG rates were also obtained for five SIF levels. In this case, it was also
assumed that each distance between the nearest striations characterizes the crack increment
in a separate loading cycle. The results of such estimates in the form of scattering bands
of the obtained data were plotted on the diagrams of the macroscopic FCG rate obtained
from the results of mechanical tests for the FCG resistance (Figure 8).

The evaluation of the microscopic FCG rate using both methods (manual measure-
ment and using computer processing of digital fractographic images) showed their good
correspondence. Their good agreement testifies to the legitimacy of the application of the
developed method of the computer processing of digital fractographic images to assess
their important characteristics. This opens up the prospect of using the proposed approach
for the quantitative assessment of digital images from other research fields, in particular,
for the analysis of space objects.

Obviously, the determination of the microscopic FCG rate by both methods confirmed
the conclusion of many researchers about its insensitivity to the stress–strain state at the
crack tip near the threshold SIF range. However, an important feature was revealed. The
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steady-state level of microscopic rate in the operated steel turned out to be somewhat lower
than in the unexploited one. This means that, at the same level of the SIF range during
testing on the FCG resistance of both steel variants, the critical stress–strain state at the
crack tip in exploited steel is achieved in a pre-fracture zone that is somewhat smaller
in size than in non-exploited steel. This is due to the embrittlement of the steel during
operation. Consequently, a crack increment in each loading cycle and the appearance of
fatigue striations becomes possible in the exploited steel at a lower FCG rate due to its
degradation during the long-term operation.

However, it remains unclear why the FS spacing at low near-threshold SIF range
remains practically unchanged, and only after reaching a certain SIF level did the mi-
croscopic FCG rate achieve a fairly good agreement with the macroscopic FCG rates for
many materials. This may be due to the non-simultaneous growth of a fatigue macrocrack
along its entire front. Indeed, in the near-threshold region of the FCG diagram, favorable
conditions for local plastic deformation due to the sliding of dislocations in a direction
favorable for the formation of fatigue stripes arise only in some grains along the crack front.
In less favorably oriented grains, the crack growth mechanism could be different, in partic-
ular, with the forming of false striations with a characteristic change in their orientation
from grain to grain, which is not typical for classic FS [65]. It is clear that the detection of
such rather small classic fatigue striations in single grains along the crack front, favorably
oriented for the sliding of dislocations, is not an easy task for fractographic studies with
high resolution. Consequently, as the stress–strain state in the fatigue macrocrack tip
increases, (due to its growth) more and more fragments with FS will appear in favorably
oriented grains along its front and it will become easier to identify and analyze them. The
analysis of stereo images of fatigue fractures of aluminum alloy 2024-T3 confirmed that
the fraction of the FS area on the fracture surface rises with an increase of SIF range in the
fatigue crack tip [66]. This trend will continue as long as FS becomes the dominant fracture
surface feature along the entire fatigue crack front. Until then, the distance between FS
will not practically change. The macroscopic FCG rate will increase due to an increase in
the number of grains along the front of the macrocrack, in which favorable conditions will
arise for the implementation of other fracture mechanisms.

In addition, the fatigue crack closure effect cannot be neglected. Microdetails of
fatigue fracture surfaces, such as FS, are largely distorted due to the premature contact of
the conjugate fracture surfaces behind the crack tip, even before the specimen with a crack
is completely unloaded in the loading cycle [67]. It is clear that traces of such small elements
of the fracture surface as FS are easily eliminated with such a contact, since the opening
value of the crack tip propagating at about the threshold FCG rate is commensurate with
the height of the fatigue relief. In particular, based on the analysis of stereo images of
fractures in the 2024-T3 aluminum alloy, it was shown that the height of the FS starts from
0.09 µm and rises with an increase in the SIF range [66]. Consequently, this fractographic
feature can also cause the FS spacing to remain constant at low stress levels, as traces of
fine FS can simply disappear due to the crack closure effect. Thus, on fatigue fracture
surfaces, it is possible to identify only those FS, the height of which would be sufficient
so that their traces do not disappear when the crack edges contact in the loading cycle.
This is consistent with the known results about a significant levelling of the role of the
crack closure effect on the linear section of the FCG diagram described by the Paris law.
Another important aspect of the fatigue fracture’s surface formation is associated with
the fractographic feature of heat-resistant steels after their long-term operation at a high
temperature in a real technological process. One of the defining features of the degradation
of such steels (in particular, those operated on the main steam pipelines of thermal power
plants) is the identification of FS, practically starting from the near-threshold section of
the FCG kinetic diagram [68]. Moreover, they were clearly identified only in steel that had
been in operation for a long time, while in steel that had not been in operation, such a
feature was not observed. It was believed that, during the long-term high-temperature
operation of steel in a high-gradient temperature-force field, hydrogen is absorbed and
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accumulated inside the pipe wall [69,70], which manifests itself even near the threshold
level of SIF [71]. This hydrogenation of the metal contributed to its embrittlement and, as a
consequence, contributed to the formation of secondary microcracks at the bottom of the
fatigue striations. These secondary cracks decorated the FS and thus sharply distinguished
them on the fracture surface. Such secondary cracking at the substructural level has greatly
simplified the identification and selection of FS for analysis even in the near-threshold
section of the fatigue crack growth diagram.

The performed analysis makes it possible to conclude that the hydrogen embrittlement
of long-term operated heat-resistant steels increases the number of sections along the front
of a macroscopic crack with favorable conditions for the formation of fatigue striations,
which facilitates their detection on fracture surfaces. The acceleration of FCG in technically
pure iron, tested in hydrogen, is also explained not by the localization of plastic deforma-
tion under an action of hydrogen, but by the appearance of the brittle-type cracks [72]. In
addition, it is shown that the height of FS on the fracture surface of hydrogenated austenitic
304 stainless steel is half the size (~100 nm) of that of unhydrogenated steel (200 nm) [73].
Both brittle-type cracks and a decrease in the height of FS on the fracture surfaces of
structural materials are generally considered as the manifestation of hydrogen brittleness.
However, in the case of unexploited steels, their presence on the fracture surfaces does not
simplify, but, on the contrary, complicates the assessment of the quantitative parameters
of the fatigue striations, since it involves the use of a high-resolution microscope. Con-
sequently, the visualization of FS was much easier in the steel after long-term operation
in the steam turbine rotor of a TPP under the influence of high temperatures, stresses
and a hydrogenative environment. Secondary cracking accompanying the formation of
FS in exploited steel is a key fractographic sign that is important for the development of
quantitative fractography approaches. Indeed, the high contrast of fatigue striations clearly
delineated by secondary cracks is very important for automating the estimation of the FS
spacing and hence the microscopic FCG rate [74]. This is especially important when it is
not possible to use a high resolution microscope to visualize fatigue striations.

5. Conclusions

Based on the analysis of both types of FCG rates (microscopic, estimated on the spacing
between the fatigue striations and macroscopic, determined during mechanical tests of
laboratory specimens with the definition of the characteristics of FCG resistance) for a wide
range of structural materials, it was concluded that basically both rates begin to coincide
either during high-temperature tests or in areas with high SIF in the kinetic diagrams of
FCG, when high levels of metal deformation in the pre-fracture zone (necessary for the
formation of fatigue striations) are achieved in almost all grains along the crack front.

A method for quantitative estimation of fatigue striations’ spacing on digital fracto-
graphic images of fatigue fracture surfaces has been developed. The implementation of
the method involves the following sequence of actions: the recognition and selection of
fatigue striations by binarization of the image according to the principle of local minima;
the rotation of the fragments highlighted in the image with the clearest lines corresponding
to the striations until they reach a horizontal orientation using the Hough transform; the
estimation of the spacing between the nearest fatigue striations by step-by-step calcula-
tion of the vertical distances between the lines corresponding to them or by estimating
the average distance between them, taking into account only solid lines. The developed
method was tested on fractographic images of 34KhN3M steel in the initial state and after
long-term (~3 × 105 h) operation in the rotor disk of the steam turbine of a TPP.

A good coherence of the results of assessing the macroscopic FCG rates and mi-
croscopic ones was confirmed, determined by two methods (direct measurement of the
distance between fatigue striations manually using fractographic images obtained during
SEM studies, and using the developed digital image processing technique) at high values
of the SIF range and their tangible mismatch at low values.
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Possible reasons for the discrepancy between the micro- and macroscopic FCG rates
at low values of the SIF range were analyzed. The facilitation of the detection of fatigue
striations on the fracture surface of heat-resistant steel degraded under the influence
of operational factors and, first of all, a hydrogenating environment, was also noted.
Hydrogen embrittlement of the exploited steel promoted the formation of secondary cracks
at the bottom of the fatigue striations, which increased their clarity and made them easier
to detect on a digital image for quantitative analysis.

It has been established that the plateau-like section on the dependence of the micro-
scopic FCG rate on the SIF range in steel subjected to operational degradation is observed
at a lower rate than for the steel in the initial state. Secondary cracking under the action of
hydrogen absorbed by the metal during long-term operation could probably contribute to
the prevalence of the typical mechanism of fatigue fractures along the entire crack front in
the operated steel at a lower FCG rate than in the unused one.
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