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Abstract: Changes in the properties of 38KhN3MFA steel, from which the rotor shaft is made, were
investigated by comparing the hardness of the shaft surface and hydrogen concentration in the chips
and analyzing changes in the morphology of the chips under the influence of various factors. The
microstructures obtained from the surface of the rotor shaft samples are presented, and histograms
reflecting the parameters of the structural components are constructed. An abbreviated diagram of
the “life cycle” of the turbine rotor shaft is given. It was found that, during long-term operation (up to
250 thousand hours), the hardness of the rotor shaft surface decreases from 290 HB to 250 HB. It was
recorded that, in the microstructure of the shaft during 250 thousand hours of operation, the amount
of cementite decreased from 87% to 62%, and the proportion of free ferrite increased from 5% to 20%.
The average values of ferrite microhardness decreased from 1.9 GPa to 1.5 GPa. An increase in the
content of alloying elements in carbides was recorded: Cr and V—by 1.15–1.6 times; and Mo—by
2.2–2.8 times. With the help of the developed program (using computer vision methods), changes in
their microrelief were detected to study photos of chips.

Keywords: computer vision; chipping; environmentally friendly lubricating cooling liquid; hydrogen-
containing media; image processing; long-term operation; microstructure; rotor shaft; steel; tooling

1. Introduction

During long-term operation of power equipment, due to changes in loads, tempera-
tures, and hydrogen-containing media, the structural and phase compositions and proper-
ties of steels of this equipment (especially the hydrogen-cooled turbogenerator (HCTG))
change [1–7]. If the surface and subsurface layers of the rotor shaft (including retaining
rings and turbo aggregate (TA) rotor body) during long-term service decrease the operating
characteristics, it becomes necessary to carry out repair work, namely machining [8–11].

The purpose of this paper is to show the effect of a hydrogen-containing environment
after long-term operation (and LCL during machining) on the change in the structural–
phase state and properties of rotor shaft steel by studying cutting products (chips) as a
fracture identifier, using the computer vision method. It is necessary to determine the
content of hydrogen in the chips, as doing so helps to roughly determine the content of
hydrogen in the surface and subsurface layers of the TA rotor shaft. Conducting fracto-
graphic studies of the surface of the chips helps us to determine the damaged areas of
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the rotor shaft more accurately when accumulating a certain database, thus helping us
avoid long technological operations. Moreover, we need to apply the developed software
to determine the degree of chip damage, and we need to associate the amount of hydrogen
in the material with the structural–phase state and the probability of the development
of degradation processes in the material of the rotor shaft depending on the amount of
absorbed hydrogen.

2. Literature Survey: State-of-the-Art

High-strength alloy steels with high fatigue resistance at high loads and temperatures
are used to manufacture rotor shafts for power plants. We studied the chromium–nickel–
molybdenum–vanadium steel 38KhN3MFA [11–23]. The rotor shafts for power plant
equipment undergo changes in their microstructure as a result of long-term operation. To
keep them in good working order, it is necessary to carry out comprehensive diagnostic
measures that may include the following technical procedures: (a) non-destructive testing—
ultrasonic, eddy current, and magnetic particle flaw detection is used to detect surface and
subsurface defects in rotor shafts [24–27]; and (b) a microstructural analysis [28–35].

To ensure uninterrupted operation and prevent damage of the rotor shaft components,
it is necessary to balance it [36–39]. In some cases, it may be necessary to replace the
rotor-shaft components [40–47].

The fracture mechanics approach to the operation of turbine unit rotor shafts includes
not only the correction of technological processes but also the consideration of the structural
and phase composition properties [48–61].

One investigation of hydrogen diffusion in 42CrMo4 steel [62] subjected to various
heat treatments was based on different microstructures that were obtained with a wide
range of hardness levels. The results [62] show that the parameters of hydrogen penetration
are closely related to the hardness of steel, and the type of microstructure has less of an
effect on them.

It should be noted that the deterioration of mechanical properties—a decrease in
fracture toughness, strength, and ductility, as well as an increase in crack growth rate [63,64]
(due to the presence of internal hydrogen)—increases with the strength of the steel [65].
The degree of hydrogen embrittlement and the corresponding character of fracture are
strongly influenced by the chemical composition of the microstructure and the mechanical
properties of the steels. The microstructure and fracture mode of the steel are correlated [66].
The strength and ductility of the steels are affected by hydrogen embrittlement, which can
cause a loss of strength [67]. The hydrogen content in the strained region at the root of the
notch is critical for the occurrence of a fracture. The mechanical properties of steel subjected
to mechanical loading in hydrogen, including the tensile strength, fracture toughness, and
fatigue, are also important factors for consideration [68].

It is well known that steel, after intense plastic deformation, can absorb much more
hydrogen than the same steel in the normal coarse-grained state [69–72]. This indicates
that hydrogen is trapped by grain boundaries and dislocations, since both of these types of
traps have a higher binding energy to hydrogen than between lattice nodes [73]. Hydrogen
at the grain boundaries can weaken them through one of the various mechanisms of
hydrogen embrittlement, thus promoting crack initiation and propagation. Hydrogen can
lead to the weakening of interatomic bonds along grain and sub-grain boundaries via a
decohesion mechanism. In addition to increasing the density of hydrogen traps, such as
grain boundaries, dislocations, vacancies, etc., where hydrogen remains in atomic form,
intense plastic deformation can produce various discontinuities, such as vacancies and
voids, acting as unsaturated traps that absorb hydrogen in its molecular form [74].

The inclusions in the steels and alloys can have a significant impact on the initiation
and propagation of cracks. For example, Reference [75] reports that, in model AHHS
(advanced high-strength steels) steels based on Fe-Ti-Mo and Fe-V-Mo, strengthened by
interfacial inclusions, defects and cracks were observed. Flooding of the steels led to an
increase in the dislocation density and expansion of the strain field around the precipitates,
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which led to an increase in the residual stresses. This was much greater for Ti-Mo steel
compared to V-Mo. Important differences in hydrogen capture behavior were found
between the two steels, with hydrogen believed to be captured at the matrix/sediment
interface for the Ti-Mo steel but within the sediment for the V-Mo steel. The effect of
hydrogen was investigated in detail in tensile tests at slow strain rates and in tensile tests of
double-notched specimens. Hydrogen saturation resulted in a loss of strength and ductility,
with Ti-Mo steel failing at the yield strength, while V-Mo steel showed a loss of strength up
to 13% and ductility up to 35%.

In order to increase the resistance of high-strength steels [76] to high temperatures,
it is necessary to increase the number of small cementite particles in bainite to provide
irreversible traps for migrating hydrogen during plastic deformation. Among the steels
studied, where the Ni content was in the range of (0, 0.9, and 1.8% wt.), the steel with 1.8%
nickel had the highest bainite fraction and showed excellent resistance to high temperatures.
This resistance is explained by the retention of hydrogen in irreversible trapping sites, which
were considered to be cementite/ferrite interfaces with interfacial dislocations.

The effect of hydrogen on fracture processes [77] has shown that hydrogen embrit-
tlement occurs through a previously unidentified mechanism. When hydrogen enters
the microstructure, it promotes the formation of low-energy dislocation nanostructures.
They are characterized by a cellular structure whose disorientation increases with the
strain (which simultaneously attracts additional hydrogen to a critical amount that causes
fracture). The appearance of the fracture zone resembles a fisheye, which is associated with
inclusions as stress concentrators.

The presence of inclusions and nanostructures can increase the hydrogen resistance
and fracture toughness of steel [78–80]. For example, chemical heterogeneity in high-
strength steel can significantly increase fracture resistance and ductility in hydrogen-
containing environments [78]. The effect of heterogeneous and homogeneous nanostruc-
tures on the resistance to hydrogen embrittlement in steel [79] in a thermodynamic-based
model to analyze hydrogen capture at the inclusion–matrix interface showed its dependence
on the strength of the steel matrix [80]. An examination of the effect of sulfide inclusions
on the mechanical properties of steel showed that inclusions have a detrimental effect on
fatigue resistance [81]. Therefore, controlling the type and content of inclusions in steel is
an important feature of secondary steelmaking to improve its hydrogen resistance [82–84].

Rotor shafts are periodically machined using LCLs. It is known that the use of various
LCLs can significantly affect a number of processes in the surface and subsurface layers,
for example, the stress–strain state and the course of destructive processes [85–93].

Another important and separate scientific and technological area is the use of a min-
imum amount of LCL, including aerosol ones, which have organic components and are
environmentally friendly [94–100].

For long-term operations, we need to take into account the fact that, during the
operation of power equipment, various types of friction occur, resulting in the separation
of material particles. Also, process hydrogen-containing media can make a significant
contribution to the hydrogen saturation of the part material. And chips and wear particles
can be used as identifiers that can provide information about changes in the condition of a
part. Some authors emphasize the need to consider the morphology of both chips and wear
particles as diagnostic features that allow us to monitor equipment operation [101–125].

In [126], a method for classifying wear products using feature fusion and CBR (case-
based reasoning) is proposed. The method integrates the local feature LBPs (local binary
patterns), global feature FD (fractal dimension), and Tamura coarseness, and then the fused
features are applied in a CBR system with different weights and different similarities; this
method is adaptive, extensible, modular, and fast. The results show that dividing the wear
debris images into parts when calculating LBPs is useful for improving classification, and
combining local and global features can obtain better results. Comparative experimental
results of different classification methods show that the CBR system takes the least time
while maintaining high classification accuracy.
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The analysis of chips formed during machining can be used to detect defects in steel
parts. For this purpose, various research methods are used: the detection of material
defects based on measurements of force and acoustic emission during processing [127–141];
a metallographic analysis; a surface roughness analysis; and various types of computer
modeling [132–142] and machine learning, including artificial intelligence [143–152].

Machine and computer vision is an important technology in Industry 4.0, as it enables
the automation of quality control and defect detection in manufacturing. Machine vision
systems use cameras and image processing algorithms to capture and analyze images of
products in real time to detect defects or anomalies that are difficult to detect with the
naked eye [153–156].

In machining, machine and computer vision can be used to detect defects in manu-
factured components, such as cracks, burrs, scratches, and other imperfections. By using
machine and computer vision to automate the quality control process, manufacturers can
detect defects at early stages of production, reducing waste and improving the overall
quality of the finished product [157–181].

The introduction of machine and computer vision technologies is the application of 6G
communication technologies and the next stage of the technological revolution, as Industry
4.0 and Industry 5.0 [163,165].

3. Formulation of the Problem: Materials and Methodology

The analysis of microstructures (with the construction of histograms and use of the
methods of mathematical statistics), taken with the help of replicas from the surfaces of
shafts in different areas, was carried out. They were conditionally divided into 3 categories:
(1) those that were not subject to active degradation processes, including studies with
witness samples that correspond to the conditionally initial state; (2) those that have a tran-
sitional character—between the conditionally initial state and areas that have undergone
intensive degradation processes; and (3) areas subjected to intensive degradation processes.
In [5], a model was proposed according to which, during the operation of ferritic–pearlitic
steels, a continuous network of carbide/hydride grain boundary nanosegregations (type
Fe2CH0.6. . .2) with a thickness of ~1 nm was formed which can interact with hydrogen and
metal surface. Their formation is determined by the diffusion of the required number of
excess carbon atoms from ferritic grains to their limits. Its duration, in many cases, is at
least 10 years. In this case, the diffusion of carbon from the grain body to its limits at a
distance of only ~1 µm is sufficient [6]. Hydrogen released from a hydrogen-containing
environment has a significant effect on the properties of materials during long-term opera-
tion [8]. As a result, material degradation may occur in some areas of the equipment [5,8].
To change the conditions of mechanical processing, various methods of hydrogenation of
materials are used [6,8]. Therefore, there is an urgent need to consider the changes in the
structural–phase state and properties under the action of hydrogen-containing media for
steels used in power engineering.

The chemical composition of 38KhN3MFA steel in accordance with GOST 4543-2016
and its properties are shown in Tables 1 and 2 [1,12].

Table 1. Hydrogen content in the steel 38HN3MFA chips.

No. Experiments Rz CH (ppm)

1 Air 37.08 0.88
2 Water 5.01 3.14
3 LCLs 4.43 7.22
4 LCLo 6.36 7.81
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Table 2. Average values of the data obtained using a computer program.

No. Sample Vertex Cavity Nmax Entropy

1 Not hydrogenated 16 8 53,428 4.22754
2 Degraded 34 19 74,539 7.833468

To continue the microstructure, replicas were taken from the surface of the exploited
rotor shaft. When taking replicas, plates with polypropylene were victorious, and drops
of benzene were applied in front of the surface. The microstructure of steels and cutting
products were examined using microscopes, namely LOMO EC METAMPB-21 (Petersburg,
Russia), Zeiss Stemi 2000—C Stereo Microscopes (Jenna, Germany); and digital cameras,
namely SIGETA Industrial color digital camera UCMOS 1300, 1.3 MPa, and SIGETA Inter-
national Color Digital Camera MCMOS 5100 5.1 MP.1 (Muster, Germany).

To obtain an image of the rotor shaft microstructure, an SM 500 portable microscope
(Mechelem, Belgium) was used, which was attached to the eyepiece through a special
nozzle with a Canon A 490 digital camera (Japan). If necessary, a 4% nitric acid solution
was applied to the prepared area.

The witness samples supplied to power generating companies, together with the rotor
shaft, were tested. These samples were subjected to LCL testing, and the surface roughness
was determined.

The chips were obtained by turning the witness samples with a diameter of 28 mm
and a thickness of 4 mm. The cutter was equipped with a VK-6 carbide insert. To create the
same turning conditions, the cutter was sharpened, and the same angle between it and the
workpiece was used. The experiments were carried out in dry conditions. Turning was
performed with water, LCLs, and LCLo at 200 RPM. We also used chips that were collected
during the repair work on the TA rotor shaft.

The cutting surface and chips were examined on an EVO-40XV Pelectron microscope
(Jenna, Germany) with an INCA Energy 350 microanalysis system (Oxford Instruments,
Abingdon, UK).

The hardness on the rotor shaft surface was measured using a portable hardness tester,
TDM-1.

The hydrogen content of the samples was determined using a LECOO NH 836 instru-
ment (St. Joseph, MI, USA). Samples weighing about 400 mg were used for analysis [54].
They were washed 3 times with acetone in an ultrasonicator after 15 min, and then they
were dried in a forced-circulation dryer at 50 ◦C.

The roughness of the surface obtained after turning the witness samples and samples
from the rotor shaft was measured on a profilograph–profilometer model 201 and evaluated
by the height of microbulges Rz, determined on the normalized base length, respectively.
New LCL samples based on sunflower oil (LCLs) and petroleum oil (LCLo) were used
for grinding [1,8,53,54]. The chips were examined using the developed program [112].
The program is written in the Object Pascal programming language in the Delphi visual
programming environment.

4. Results and Discussions
4.1. “Life Cycle” of the Rotor Shaft during Operation

The temperature on the rotor shaft of the K-1000-60/3000 turbine operating in the flow
section at the NPP is about 265 ◦C near the first stage and 155 ◦C near the last five stages.
In the area of the end seals, the temperatures are lower, and in the area of the bearings,
they are about 55–60 ◦C. If we talk specifically about the high-pressure rotor shaft of the
K-200-130 turbine operating at a thermal power plant and in the flow area, it is about 510 ◦C
near the first stage and 280 ◦C near the last 12 stages. Scheduled preventive maintenance
should be performed every 25 thousand hours of operation at both FPPs and NPPs. In this
case, the shaft is subjected to machining by the decision of the expert technical commission
in case of defects [13–23].
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As a result of analyzing and summarizing scientific and technical information, we
developed a diagram that summarizes the “life cycle” of the rotors shaft (Figure 1). The
following main “life stages” of the rotor shaft can be sequentially distinguished: casting,
forging, heat treatment, machining during manufacturing, operation, and machining dur-
ing repair, which affect the microstructure of rotor steel. For casting, the shaft microstructure
is ferrite–pearlite, and then, during heat treatment, bainite or sorbitic microstructures are
obtained. There is room for further improvement of the microstructure. After machining
LCL steels, an increased hydrogen content was found in the chips, which can actively
participate in the destructive processes of steel [53,121].
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failure.

4.2. Evolution of Microstructure and Microhardness of Rotor Steel during Operation

To identify the mechanisms of rotor degradation, changes in the structure and surface
hardness of the rotor shaft of the TVF-60 generator which occurred during the operation of
the rotor after 250 thousand hours were investigated. The typical microstructure of a rotor
shaft is made of 38KhN3MFA steel (Figure 2).
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Histograms showing the calculated data: the area (a) occupied by bainite (pixels2) and
the linear dimensions (length) of bainite colonies (c) and (width) of bainite colonies (d) are
shown on Figure 3.
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The grain size in the rotor shaft steel after the final heat treatment was in the range
of 25–35 µm. After structural transformations and deformation processes that occurred
during long-term operation, the grain size was 15–20 µm.

As a result of analyzing and summarizing scientific and technical information, we
developed a diagram that summarizes the “life cycle” of the rotors shaft (Figure 3).

The following main “life stages” of the rotor shaft can be sequentially distinguished:
casting, forging, heat treatment, machining during manufacturing, operation, and ma-
chining during repair, which affect the microstructure of rotor steel. For casting, the shaft
microstructure is ferrite–pearlite, and then, during heat treatment, bainite or sorbitic mi-
crostructures are obtained. There is room for further improvement of the microstructure.
After machining LCL steels, an increased hydrogen content was found in the chips, which
can actively participate in the destructive processes of steel [114].

As a result of intensive diffusion processes during long-term operation under the
interaction of technological media, the redistribution of alloying elements occurs. This
results in ferrite depletion and the partial disintegration of pearlite; the redistribution
of the carbide-noise phase; and the formation of carbides containing alloying elements,
aggregation, and, in some cases, spheroidization. Both the release and growth of carbides
are structurally related to the redistribution and accumulation of dislocations in the grain
microstructure. These processes are accompanied by the formation of pores at the bound-
aries of carbides (non-metallic inclusions) and the metal matrix and in ferrite grains at
sub-boundaries. Thus, over time, chains of pores are formed, from which intercrystalline
cracks arise.
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It was found that, during the long-term operation of a rotor shaft made of 38KhN3MFA
steel for 250 thousand hours, the bainite decomposes, and the hardness decreases by 15%
(Figure 4). Thus, the hardness in the initial state was 290 HB (cementite was 80. . .87%), and
after 250 thousand operation hours, it decreased to 250 HB (cementite component increased
up to 62%, and the proportion of free ferrite increased from 5 to 20%).
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Changes in microhardness for such structural components as ferrite were also recorded
(Figure 5). Moreover, the proportion of free ferrite increases significantly with the time of
operation, but, at the same time, its microhardness decreases (Figure 5b).
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Figure 5. Microhardness of ferrite grains: initial state (a) and degraded state (b).

Under the action of temperature and force factors, the alloying elements are redis-
tributed due to intensive diffusion processes. Much of the chromium, molybdenum, and
vanadium is converted from a solid solution to complex carbides. The content of alloying
elements in the solid solution of degraded steels compared with the original decreases, and
in carbides, it increases. It is found that the content of alloying elements in the carbide
phase increases, and in the solid solution of the metal matrix, it decreases compared to the
initial state. The intensification of the diffusion processes increases the concentration of
carbide-forming elements: both in carbides and near the grain boundaries. An increase in
the content of special carbides was recorded: Cr and V—by 1.15–1.6 times; and Mo—by
2.2–2.8 times (Figure 6). At the same time, bainite decomposition occurs due to the transi-
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tion to the carbide phase. The transformation was monitored for 250 thousand hours in
cooperation with the NPP and FPP technical diagnostics service.
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Figure 6. Changes in the content of alloying elements in 38KhN3MFA steel carbides over time.

Studies of the rotor shaft surface revealed changes in the structure and properties. The
microstructure of the shaft in the initial state is fine-grained and bainitic (Figure 7a,b) in the
places of the greatest mechanical and thermal effects, and the allocation of finely dispersed
carbides along the body and grain boundaries is traced (Figure 7c,d), as well as a certain
orientation of pearlite due to the relocation of structural components (Figure 7e,f).
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Figure 7. Microstructure of the generator rotor shaft surface. The microstructure in the initial state
(a,b), in the places of the greatest mechanical and thermal stresses (c,d), and change in pearlite
orientation due to relocation of structural components (e,f).
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The structural–phase state of the studied complex alloyed steels significantly affects
their performance properties and machining. Exceeding the average statistical concentra-
tion from 3 to 10% by volume of carbides at grain boundaries increases the brittleness in
these areas and, as a result, increases the fracture toughness of the material.

Based on analyses of the existing data [167–181] and our own research, we propose
a scheme of the “evolution” of the microstructure for 38KhN3MFA steel from which the
TA rotor shaft was made which assumes that, during long-term operation, due to the
complex action of factors—temperature increase and exposure to hydrogen-containing
media—there is a change in the properties and parameters of the microstructure (Figure 8).
It was recorded that there is a migration of complex carbides and VC carbides from the
central part of the grain (Figure 8II) to the periphery and grain boundaries (Figure 8III).
It was recorded that the pearlite phase decreases and the ferrite phase increases. It was
found that, in the conditionally initial state, the cementitious component was 87%, and
after 250 thousand hours of operation, it became 62%. The number of free ferrite grains
increases significantly. Along the boundaries of ferrite grains and on the periphery of
pearlite colonies, coagulated carbides are recorded, and they have a slightly deformed
elongated appearance (Figure 8III). Also significant is the influence of hydrogen, which
is recorded on the newly formed damages and traps and dispersed components of the
microstructure of steels due to the development of degradation processes. In addition, in
some areas of the rotor shaft, the boundaries of pearlite colonies were blurred (Figure 8IV),
and there was a significant increase in the number of carbides, including those deformed
along the boundaries and vicinities of grains. The fact that, during prolonged operation, the
microstructure is refined was taken into account in all images. To illustrate the significance
of hydrogen’s influence on the steel properties, a symbol with hydrogen is shown in the
central part of the figure.
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Figure 8. “Evolution of microstructure” of 38KhN3MFA steel from which the rotor shaft is made:
1—perlite; 2—ferrite; 3—carbides; 4—non-metallic particles; 5—intermetallics; 6—sulfides.

Studies have shown that the presence of inclusions and nanostructures can affect
steel-strength characteristics [78–80].

Thus, we can hypothesize that, if nanocarbides are formed during prolonged exposure,
or if they are present in the steel microstructure, they also have a significant impact on the
steel’s properties.
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4.3. Analysis of Particles of Degraded Material That Separated from the Rotor Shaft

A particle of degraded material that was separated from the rotor shaft as a result of
the intensification of destructive processes caused by the complex action of aging factors
and technological environments is shown in Figure 9. Cracks are recorded on the surface of
the fragment that branch out from the point where an increased content of non-metallic
inclusions was recorded. The fragment shown in Figure 9a is the outer working surface of
the shaft, which has sliding pits and cracks. The particle (Figure 9b) is an internal surface
formed under conditions of intense degradation, and it has numerous damages and a
complex microrelief on the surface.
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Figure 9. Part of degraded material from the TA rotor shaft: outer surface (a) and separated surface (b).

During the long-term operation of the turbine unit, repair and maintenance work
is carried out, including screening analyzes. When turning surfaces that have not been
subjected to degradation processes using LCL, the chips have a compact appearance
(Figure 10a,b); the chips obtained by turning a witness sample whose microstructure is
considered to be in the conditionally initial state have the same appearance [109]. For the
surface of the TA shaft, the degradation processes of the chips the nature of the microrelief
with the presence of cracks can be repaired (Figure 10c,e), as well as the visible nature of
the surface on the inner side (Figure 10e). For shavings that were torn during the hour
of processing of degraded wood, there are more tears in the microrelief, as well as the
presence of deformation cracks on the outer side (Figure 10e) and the textured inner side
on the same (Figure 10d).

During operation, the rotor shaft is saturated with hydrogen, which significantly
affects the fracture processes during cutting. The experimentally determined values of
the hydrogen concentration in the chips show that, after the use of water and coolant, the
hydrogen concentration in the chips increases (Figure 11 and Table 1).

It should be noted that the concentration of hydrogen in the chips formed during
cutting with LCLo is higher (Figure 12, curve 2) than that in the chips with LCLs, and, in
general, it is higher than that for conventional samples taken during the operation of the
rotor shaft (Figure 12, curve 1).

The use of LCL results in a microrelief that has a lower roughness compared to dry
cutting [1,10,11]. The use of LCL facilitates the processing of steel, among other things, due
to the action of hydrogen, which facilitates machining (Figure 13a) [114]. The degradation
of the rotor shaft contributes to its saturation with hydrogen and changes the properties
of the surface and subsurface layers, generally leading to the embrittlement of some areas
of the rotor shaft (Figure 13b). Developed methods make it possible to more carefully
approach the determination of the locations of the rotor shaft, which has degraded sections.
Timely diagnostics will save money on repairs and prevent catastrophic rotor shaft damage.
Fixation of the hydrogen content in the chips allows to determine its amount in the surface
and subsurface layers of the robot shaft. The modern paradigm [4] claims that a critical
concentration of hydrogen can lead to catastrophic destruction of the object of operation.
Also, this technique can prevent the performance an expensive technological operation
like dismantling the rotor shaft and carrying out repair work related to the performance
of mechanical turning directly on the rotor shaft. A detailed and painstaking study of the
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fractographic signs of damage to the chip material during the accumulation of a volume of
data, together with the development of the use of computer vision techniques, makes it
possible to more accurately diagnose the flow and development of damage.
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general, it is higher than that for conventional samples taken during the operation of the 
rotor shaft (Figure 12, curve 1). 

Figure 10. Chips from a non-degraded surface, which was exposed during the mechanical processing
of the rotor shaft, as it was operated in a watery medium: outside view (a) and internal view (b). Chips
from the transitional zone between the non-degraded surface and the degraded surface: external
view (c) and internal view (d). Chips from a degraded surface: external appearance (e) and internal
appearance (f).

The roughness of the machined surface of the sample cut from the rotor shaft was
measured using a profilometer. For the area that did not undergo degradation processes and
was treated with LCLs, the surface roughness (Rz) was in the range of 4–8 µm (Figure 14).
The number of peaks with the highest height of 5–7 µm is concentrated in the upper part of
the visualized surface. The lower part contains depressions from 1 to 5 µm which occupy
approximately 60 percent of the observed surface.
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Figure 12. The amount of hydrogen in chips taken during the repair of a shaft made of 38KhN3MFA
steel: 1—from samples taken under operating conditions; 2—from samples of chips formed during
the repair of LCLo; and 3—from chips during the repair of LCLs.
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Figure 13. Cutting surfaces of 38KhH3MFA steel samples with LCLs: from a sample cut from the
surface of a shaft that did not undergo degradation processes (a) and from a sample cut from the
surface of a shaft undergoing degradation processes (b). The squares indicate the areas for the
reproduction of 2D and 3D images measuring 5 × 5 mm.
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Figure 14. Cutting surface of a sample cut from a shaft surface that has not undergone degradation
processes: 2D visualization (a) and 3D visualization (b) in the Gwyddion computer package.

For the area that underwent intensive degradation processes and was treated with
LCLs, the surface roughness (Rz) was in the range of 20-to-40 microns (Figure 15). In the
central part, there is a depression with a depth of 20. . .30 µm. To the left of it are peaks
with a height of 20. . .30 µm. On the bottom right, we can see multiple inclusions, and these
inclusions are obviously also the result of selective degradation in the form of honeycombs.

Energies 2023, 16, x FOR PEER REVIEW 14 of 27 
 

 

 
(a) (b) 

Figure 14. Cutting surface of a sample cut from a shaft surface that has not undergone degradation 
processes: 2D visualization (a) and 3D visualization (b) in the Gwyddion computer package. 

For the area that underwent intensive degradation processes and was treated with 
LCLs, the surface roughness (Rz) was in the range of 20-to-40 microns (Figure 15). In the 
central part, there is a depression with a depth of 20…30 µm. To the left of it are peaks 
with a height of 20…30 µm. On the bottom right, we can see multiple inclusions, and these 
inclusions are obviously also the result of selective degradation in the form of honey-
combs. 

 

(a) (b) 

Figure 15. Cutting surfaces of a sample cut from the surface of a shaft subjected to degradation 
processes: 2D visualization (a) and 3D visualization (b) in the Gwyddion computer package. 

A comparison of the appearance of the surface that was not subjected to intensive 
degradation processes and the surface where the degradation processes were intensified 
shows their significant difference: the influence of hydrogen-containing media contributes 
to the creation of conditions for the “rupture” of the material during machining. 

Comparing the surfaces of chips from an unhydrated 38KhN3MFA steel sample (Fig-
ure 16a) and a hydrated one (Figure 16b), it is clear that the hydrated one has significantly 
more striations (which are deeper, and the material itself is more textured), which were 
formed during the chip formation process, and this is one of the proofs that the hydrated 
material undergoes greater deformation and has a greater potential for fracture under the 
influence of hydrogen. 

Figure 15. Cutting surfaces of a sample cut from the surface of a shaft subjected to degradation
processes: 2D visualization (a) and 3D visualization (b) in the Gwyddion computer package.

A comparison of the appearance of the surface that was not subjected to intensive
degradation processes and the surface where the degradation processes were intensified
shows their significant difference: the influence of hydrogen-containing media contributes
to the creation of conditions for the “rupture” of the material during machining.

Comparing the surfaces of chips from an unhydrated 38KhN3MFA steel sample
(Figure 16a) and a hydrated one (Figure 16b), it is clear that the hydrated one has signifi-
cantly more striations (which are deeper, and the material itself is more textured), which
were formed during the chip formation process, and this is one of the proofs that the
hydrated material undergoes greater deformation and has a greater potential for fracture
under the influence of hydrogen.
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Figure 16. The surface of a chip from a witness sample made of 38KhN3MFA steel obtained by grind-
ing at 200 rpm and applying coolant: before hydrogen charging (a) and after hydrogen charging (b).

A comparison of the cutting surfaces of 38KhN3MFA steel samples after machining
with LCLs shows that it has a smoother microrelief (Figure 17a) than the flooded sample
(Figure 17b). The latter shows damage containing depressions in the central part of the
image. But, in the lower part, we see a flat, smooth area, which is probably also a confir-
mation of the possibility of obtaining a smooth microrelief for flooded samples. That is,
hydrogen contributed to the smooth surface.
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Figure 17. Cutting surface of witness specimens made from 38KhN3MFA steel: specimen without
hydrogenation (a) and specimen with hydrogenation (b) (turning at 200 RPM using LCLs).

In the turning zone, there are conditions (temperature, high pressures, catalytic effect
of juvenile metal surfaces, etc.) under which a chemical interaction between environmental
molecules and the metal being processed is possible. Due to the thermomechanical destruc-
tion of organic hydrogen-containing compounds of the coolant, active fatty acid radicals,
hydrocarbon radicals, and atomic hydrogen are formed during the treatment process [114].

Hydrogen localizes and intensifies plastic deformation processes and facilitates frac-
tures by penetrating the advanced microcracks that have formed. Active radicals interact
with the juvenile surface, workpiece, and tool through chemisorption, reducing energy
consumption during turning [114].

Chips that experienced a complex impact from hydrogen-containing process media
(removed after repair work from degraded areas of turbine generator rotors) were more
“textured” than chips that were flooded in laboratory conditions.

In the growing Industry 4.0 market, there is an urgent need to implement automatic
control methods in the processes of machining materials. One of the indicators of the
quality of technological processes can be chip control using machine and computer vision
methods.
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The computer program [122] was used to determine the differences in the damage-
ability of the chip surface. We compared chips obtained from a non-degraded surface
(Figure 18a) and chips containing a much larger number of cracks and damage from a
degraded area (Figure 18b), using the following algorithm. In the original image (Figure 18),
the area corresponding to the object under investigation was highlighted. Both the high
reflectivity of the chips compared to the background and the thresholding methods were
used. Then, the needle diagram of the object was calculated, based on which the range
map was calculated. The range map is presented in such a way that the lighter the pixel in
the image, the closer the object’s surface is to the observer at that location. The range map
contains information about the surface shape of the chip particle, which, in this system, is
the output [122].
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Figure 18. Photos of chips for research: from the undegraded section of the rotor shaft (a) and from
the degraded section of the rotor shaft (b). Green color indicates the selected 2-by-2 mm areas for
research.

The computer program also allows for other stages of image processing: creating a
negative image, averaging data, filtering, obtaining a binary image, building a brightness
histogram, applying the Laplacian operator, identifying, building an Rpq map, etc.

For example, here are print screens of the program’s dialog boxes that show some
intermediate stages of image processing (Figures 19 and 20). Also, the following parame-
ters are defined (shown in the figure next to the histograms of Figures 19a,d and 20a,d):
(1) vertex, (2) cavity, (3) Nmax, and (4) entropy. The dialog box also shows histograms that
show the number of black and white pixels that the program calculates when calculating
the gradient for each pixel of the input image.

In computer vision, the term “vertex” is used to refer to vertices (points) in three-
dimensional space. Vertices define the shape of an object and are used in computer graphics
algorithms to construct the surface of an object from lines and triangles.
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Figure 19. Examination of digital images of 38KhN3MFA steel chips from the undegraded part of
the rotor shaft, using the developed computer program. Histogram construction operation (a). The
operation of constructing normals (b). Creating a surface profile (c). Calculation of the surface profile
with the construction of histograms (d).
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rotor shaft), using the developed computer program. Histogram construction operation (a). The
operation of constructing normals (b). Creating a surface profile (c). Calculation of the surface profile
with the construction of histograms (d).

Each vertex has its own coordinates in three-dimensional space and can have other
parameters, such as normals (vectors that show the direction of the surface at each point),
texture coordinates (indicating which parts of the texture are displayed at that vertex), and
other attributes. Vertices are used to build meshes (or grids) of three-dimensional objects,
which consist of surfaces that are connected by vertex junctions.

The term “cavity” is used to refer to a cavity or area in a three-dimensional object.
It can be a cavity in the middle of an object or a hole on its surface. To detect a cavity,
segmentation and object analysis algorithms are used. In this case, the image object is
divided into separate parts, and then their shape, size, brightness, and other characteristics
are analyzed to identify the cavity. The term “Nmax” in computer vision is used to refer to
the largest number of objects that can be recognized or identified in an image. Typically,
the term “Nmax” is used in the context of analyzing objects in an image, for example,
when you need to determine the number of objects in a photo or detect all the cliques in a
microscope image. In this case, the Nmax is equal to the maximum number of objects that
can be detected in the image. To determine the Nmax, segmentation algorithms are used to
help distinguish objects from each other. Then, object analysis is applied to determine the
number of objects in the image.
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The term “entropy” is used to measure the uncertainty of data in an image. In many
cases, entropy is used to assess the complexity of an image; thus, more complex images
have higher entropy. The simplest images that consist of a few identical regions will have
low entropy. Other examples of how entropy is used in computer vision include data
compression and object recognition. In data compression, entropy is used to reduce the
size of an image while maintaining image quality. In object recognition, entropy can be
used to highlight areas of an image that contain important information about objects.

Information on the values of the parameters after reading the range map is given in
Table 2. Comparing the values allows us to compare the damageability of the objects under
study based on the data obtained.

The average values of the parameters obtained via image processing showed that the
degraded surface has a much more damaged microrelief than the non-hydrogenated chip
sample. The entropy value for the degraded sample was two times higher than that for the
undegraded sample.

It is worth noting that, although the appearance of the chips can provide valuable
information about the material, it should not be relied upon as the sole means of deter-
mining the condition of the material and its service life. Other factors, such as material
composition, processing history, and service conditions, can also play a significant role in
determining the performance and life of a material.

The data presented in this article allow for a more comprehensive assessment of the
microstructure of fracture surfaces and chips and for monitoring the performance and dura-
bility of rotor shafts. These data can be processed faster with the help of big data, computer
vision systems, neural networks, artificial intelligence, and 5G and 6G communication
systems. Such a comprehensive combination, including wear (lubrication, fatigue, and
flooding), is especially relevant in connection with the development and implementation
of the ideology of such technological trends as Industry 4.0 and Industry 5.0.

5. Conclusions

1. A decrease in the hardness of the 38KhN3MFA rotor steel surface after long-term
operation was shown. It was found that, after its operation up to 250 thousand hours,
bainite decomposition occurs, and the hardness decreases by 15%. Thus, the hardness
of the steel in the initial state is 290 HB (cementite—80. . .87%), and after 250 thousand
hours of operation, it decreases to 250 HB (cementite component—up to 62%; ferrite
grains are detected).

2. The intensification of the diffusion processes increases the concentration of carbide-
forming elements: both in carbides and near grain boundaries. An increase in the
content of alloying elements in carbides was recorded: Cr and V—by 1.15–1.6 times;
Mo—by 2.2–2.8 times after 250 thousand hours of operation.

3. The analysis of the rotor shaft surface microstructures showed that such shaft mi-
crostructures in the initial state are fine-grained and bainitic. For the operated state, in
the presence of the greatest mechanical and thermal impacts, the release of finely dis-
persed carbides along the grain boundaries is observed, as well as a certain orientation
of pearlite due to deformation.

4. A life cycle diagram of the rotor shaft of a turbine unit was developed. According to
this scheme, in the course of long-term operation, due to the complex action of factors,
there is a need for repair work, including machining, and in the most extreme case,
the rotor shaft may fail.

5. A scheme of the microstructure “evolution” for 38KhN3MFA steel, from which the
rotor shaft is made, was proposed. It shows that there is a migration of complex
carbides and VC carbides from the central part of the grain to the periphery and
grain boundaries; the amount of pearlite phase decreases, and the ferrite phase
increases. Along the boundaries of ferrite grains and on the periphery of pearlite
colonies, coagulated carbides are recorded, which have a slightly deformed, elongated



Energies 2023, 16, 7851 19 of 26

appearance. In some areas of the rotor shaft, the boundaries of pearlite colonies were
blurred.

6. The concentration of hydrogen in the chips formed during the use of LCL based on
sunflower oil LCLs is 7.22 ppm, and on the basis of petroleum oil LCLo—7.81 ppm.
Thus, the use of LCLs reduces the amount of hydrogen that is concentrated in the
surface layer of the rotor shaft and participates in destructive processes during ma-
chining.

7. The surface profiles (2D and 3D reconstruction) after machining of the studied samples
made from 38KhN3MFA steel (cut from the rotor shaft surface) were compared: those
that did not undergo intensive degradation processes and those that underwent
intensive degradation. For the undegraded surface, the roughness (Rz) is in the range
of 4-to-8 microns. And for a surface that has undergone intensive degradation, it is
20. . .40 microns. The analysis of the cutting surface confirms the fact of the brittle
nature of fracture during degradation processes.

8. The developed program was used to compare the chips corresponding to the unde-
graded state and the chips obtained from the degraded section of the rotor shaft. This
makes it possible to identify damaged areas of the rotor shaft online. The fixation
on an increased number of cracks and other microrelief indicates the occurrence of
intensive degradation processes and is a signal for rotor repair work. The use of
machine and computer vision methods is an integral trend that will be used in the
Industry 4.0 and Industry 5.0 paradigms.
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Nomenclature and Abbreviations

LCL lubricating cooling liquids
LCLo lubricating cooling liquids based on petroleum oil
LCLs lubricating cooling liquids based on sunflower oil
LCLr lubricating cooling liquids based on rapeseed oil
CH hydrogen concentration
ppm parts per millions
TA turbo aggregate (turbine + turbogenerator)
HCTG hydrogen-cooled turbogenerator
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