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Abstract

Introduction. Fatigue failure is one of the main causes of failure of metal structures subjected to variable loads. Initially,
this damage is not visible as cracks, but it leads to the accumulation of microdefects and the redistribution of internal
stresses. Currently, it is not possible to monitor the progression of these defects in large structures with a significant surface
area. To detect such processes in a timely manner, highly sensitive inspection methods are required that can identify
potential areas of failure with a high degree of accuracy during the early stages of structural operation. Such methods do
not currently exist, and our research aims to solve this problem to a certain extent. One promising approach is the
monitoring of changes in the strength of a permanent magnetic field, which reflects the evolution of material state. The
current study aims to investigate the potential of spatial analysis of magnetic response to identify instability zones during
fatigue loading, where the likelihood of failure is high, as well as to analyze changes in steel structure.

Materials and Methods. The study focused on samples made of 09G2S steel, subjected to loading to fracture on a
servohydraulic testing machine INSTRON-8801. Magnetic measurements were taken at 12 points along the sample using
an IKN-2M-8 instrument. Changes in the resulting strength of the permanent magnetic field were recorded at different
stages of fatigue loading. All measurements were repeated at least three times to ensure the reliability of the results.
Results. 1t has been found, that at the stage of relative operating time Ni/Np =0.4-0.5, anomalous changes in the
magnetic field strength corresponding to the fracture nucleus were recorded at certain points. Additionally, a
characteristic area of signal stabilization was observed in the range Ni/Np = 0.8-0.9. This could be explained by the
temporary relaxation of stresses prior to destruction. The obtained data demonstrate the local variability of the magnetic
response and confirm the sensitivity of this method to the early stages of material degradation.

Discussion. The conducted research has shown that spatial analysis of changes in the strength of a permanent magnetic
field can be used to locate fracture nuclei in ferromagnetic steels. This dataset can be used as a basis for training
samples for intelligent monitoring systems, including neural network algorithms that focus on predicting the remaining
life and automatically assessing the technical condition of structures. This is particularly important for welded structures
with a high number of welds.

Conclusion. The introduction of energy into a system inevitably leads to a reorganization of the structure of the material
in order to adapt to external forces. This reorganization is accompanied by a change in the material's magnetic field. By
recording these changes, it is possible to interpret the measurement results in terms of possible destruction, as the most
efficient way for the system to utilize the supplied energy is through the formation of new surfaces, or cracks.

Keywords: magnetic test, fatigue damage, localization of fracture nucleus, ferromagnetic materials, distribution of
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AHHOTANNUSA

Beeoenue. YcranoctHoe pa3pylIeHUE SIBISIETCS OTHON W3 OCHOBHBIX NMPUYHH BBIXOJA U3 CTPOS METAJUIOKOHCTPYKIINH,
paboTarolMX TOA BO3IEHCTBHEM IEPEeMEHHBIX Harpy3ok. Ha paHHMX CTagudx Takue TIIOBPEKACHHUA He
COIPOBOKAAIOTCS BUAUMBIMH TPEIIMHAMH, OJHAKO MPUBOIAT K HAKOIUICHHIO MHUKpPOAE(EKTOB U INepepaclpeeeHUI0
BHYTPEHHUX HanpspkeHUi. IIpocieanTs 3a pa3BUTHEM TakuX A€()EKTOB B KOHCTPYKIHAX C OOIBIION NPOTSHKCHHOCTHIO
1 HEOOXOAMMOCTBIO KOHTPOJISL OONBIION IUIOMIaAN MMOBEPXHOCTH B HACTOSIIEE BPEMs HE NMPEACTABISACTCS BO3MOMKHBIM.
Jlnst cBOEBPEMEHHOTO BBISBICHHUS 3THX MPOIECCOB HEOOXOIUMBI BEICOKOTYBCTBUTEIBHBIE METOIBI KOHTPOJIS,, KOTOPBIE
CIOCOOHBI Ha paHHUX CTaAWAX (YHKIMOHWPOBAHUS KOHCTPYKLHM OIIPEACINTh C BBICOKOH JIOJE€H BEpPOSITHOCTH
BO3MOXKHOE MECTO pPa3pylleHHs. Takne MEeTOoAsl HE pa3BUTHI, M IPEICTABICHHBIE HCCIEIOBAHUS B OMNpENCICHHON
CTENeHN MOTYT PemHTh 3Ty npobiemy. OIHUM M3 MEPCIEKTHUBHBIX HANPABICHUH SBISETCS PETHCTpanys W3MEHEHHH
HanpspKEHHOCTH TIOCTOSTHHOTO MarHUTHOTO TOJS, OTPaKaIOIIMX JBOJIOLHUIO COCTOSIHUS Matepuaia. Llens HacTosmen
paboTel — HCCIIeA0BaTh BO3MOXXHOCTH IIPOCTPAHCTBEHHOTO aHAllM3a MAarHUTHOTO OTKJIMKA JUIS JIOKAJIM3alUH 30H
HECTaOMJIBHOCTH B TIPOIECCE YCTAJOCTHOTO HArpy)KeHWs, B KOTOPBIX BBICOKA BEPOSTHOCTb pa3pylIeHUs, U
OZIHOBPEMEHHO ITPOaHAIN3UPOBATh U3MEHEHHUS CTPYKTYPBI CTalIH.

Mamepuanvt u memoosvt. OOEKTOM HCCIIENOBaHUS SIBISUTUCH 00pa3ubl U3 cranu 0912C, noaBeprayThie Harpy)eHHIO
O pa3pylIeHHs Ha CcepBOTHApaBiIMyYecKoil wucmbitarenpbHoll Mammue INSTRON-8801. MarauTHble HW3MepeHus
MPOBOIIINCH B 12 Toukax BHOmb oOpasma ¢ wmcmoib3oBaHueM npubopa MKH-2M-8. ®ukcupoBaiuch W3MEHEHUS
Pe3yABTUPYIOIIEH HANPSHKEHHOCTH IMTOCTOSHHOTO MarHUTHOTO OIS Ha PA3JIMYHbBIX CTAANSAX yCTAJIOCTHOTO Harpy>KCHUs.
Bce m3Mepenns TOBTOPSUTICH HE MEHEE TPEX Pa3 AJsI MOBBIIICHUS JOCTOBEPHOCTH PE3YIIBTATOB.

Pe3ynomamul uccnedosanus. YCTaHOBICHO, YTO Ha CTaIWU OTHOCHTENbHOW HapaboTtku Ni/Np = 0,4-0,5 B oTIeIbHBIX
TOYKaX pPEruCTPUPOBAINCH AHOMAIbHBIC W3MEHEHMS HANpsSHDKEHHOCTH MArHUTHOTO IOJS, COOTBETCTBYIOIINE 30HE
3apoXKAeHUs oyara paspymieHus. Kpome Toro, 3auKCHpOBaH XapaKTEpHBI yYacTOK CTaOWIM3alMy CHTHala B
nuanazone Ni/Np = 0,8-0,9, uro MoxxeT ObITh CBS3aHO C BPEMEHHOHW pelakcaliiell HalpsDKeHWH Mepes pa3pyleHUeM.
[lonydeHHble naHHBIE JIEMOHCTPUPYIOT JIOKAIBHYIO BapHaTUBHOCTh MAarHUTHOTO OTKJIMKa U TOATBEPXKIAIOT
YyBCTBUTEIBHOCTh METO/Ia K PAHHUM CTaJMsIM JIeTpafalii MaTeprasa.

Oodcyscoenue. TlpoBen€HHoe HccIeOBaHUE MOKA3al0, YTO MPOCTPAHCTBEHHBIA aHAIM3 W3MEHEHUS HaNpsHKEHHOCTH
IIOCTOAHHOI'O MarHuTHOTI'O ITIOJISI MOXKET 6I)ITI) HCIOJb30BaH [JId JIOKAJIM3allui O4YaroB paspyuicHus B q)eppOMaFHI/ITHBIX
cramsix. IlpencraBnseTcs BO3MOKHBIM TONYyYEHHBIH MACCHB JAaHHBIX IMOJIOKHTh B OCHOBY OOYYarOIIMX BBIOOPOK ISt
WHTEJIEKTYyalbHBIX ~ CUCTEM  MOHHWTOPHHTa, BKJIIOYash HEHPOCETEBBIC  alTOPUTMBI, OPHUEHTUPOBAaHHbIE Ha
IIPOTHO3UPOBAHNE OCTATOYHOTO pecypca U aBTOMAaTHYECKYI0 OIIGHKY TEXHHUYECKOTO COCTOSTHHUS KOHCTPYKIIUH.
Oco0OeHHO 3TO BaKHO /TSI CBAPHBIX KOHCTPYKIUH C OONBIION MPOTSHKEHHOCTHIO CBAapHBIX IIIBOB.

3aknwuenue. Beenenue B cUcTEMy 3HEPTHH HEHM30€)KHO MPUBOAUT K PEOPTaHU3AINHU CTPYKTYPBl KOHCTPYKIMOHHOTO
Marepuaia ¢ IeJbI0 NPHUCIOCOOJICHUSI K BHEIIHEMY BO3/eicTBHIO. PeopraHmzanusi CONpOBOXIAETCS M3MEHEHHUEM
COOCTBEHHOT'O MarHUTHOTO IOJIsI Marepuana. OUKcanys TaKUX W3MEHEHHH I03BOJISET MHTEPIPETUPOBATH PE3YNBTaThI
WU3MEpPEeHNI C TO3WIMM BO3MOXHOTO pa3pylIeHHs, MOCKOIBKY HamOoiee 3(pQEeKTUBHBIM cIIocOOOM peann3anun
MOCTYIHUBIIEH B CUCTEMY SHEPTUH SBJsieTCsl 00pa3oBaHie HOBOM MMOBEPXHOCTH, TO €CTh 00pa30BaHKE TPELIHHBI.

KuaroueBble c¢JIOBa: MarHUTHBIH KOHTPOJIb, YCTAJOCTHBIE MOBPEXKICHMSA, JOKAIM3allUsA oyara paspyLeHHus,
(eppoMarHUTHBIE MaTepHalbl, paclpeeieHUe MarHUTHON HANpsDKEHHOCTH, MPUIOBEPXHOCTHBIM CIIOH, OCTaTOYHBIE
HaIpsDKeHUs, JOMEHHasi CTPYKTypa, JAerpajiaius Marepuaia, MyJIsTU(QpaKTaIbl
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BaaronapHocTu. ABTOpHI OnmarogapsAT pPeAaKIHIO KypHajla 3a ONEpPaTUBHYIO IOATOTOBKY CTaThH K IMyOJIHMKAalWUU U 3a
[IEHHbIC 3aMEYaHUs, YCTPaHEHUE KOTOPBIX MO3BOIMIIO YAYUIIUTh €€ COoJepIKaHue.

®unancupoBanue. Pabora BrInomHEeHa py (UHAHCOBOI MOAEp)KKe rpaHTa npoekta Poccuiickoro HaydHoro ¢oHna
mo corameHno Ne 25-29-00200 ot 28.12.2024 «IIporHo3upoBaHue YpOBHA JAETPAfalliil CBOWCTB CBapHBIX
COCZII/IHGHI/If/'I C IMOMOIIBIO UCKYCCTBEHHOT'O MHTCIJICKTA JIJId BBIABJICHUA U IPECAOTBPALICHUA aBapI/If/'IHI)IX CHTyaHHFI».

Jns umtupoBanmsi. Illepmaros I.H., Bopucor A.O., Tadaposa B.A., Kyzees 1.P. JlokanbHbIli TpagueHTHBINA
WHIUKATOp MarHUTHOH HM3MEHYMBOCTH TIPH LUKJINYECKOM HArpyKeHHUH CcTaneil. be3onachocmv mexHo2enmvix u
npupoonwix cucmem. 2026;10(1):47—60. https://doi.org/10.23947/2541-9129-2026-10-1-47-60

Introduction. The importance of accurately assessing the remaining lifespan of metal structures stems from the
need to balance industrial safety with operational costs. This issue is particularly relevant for extended welded shells,
tanks, and pipelines, which require monitoring a large surface area and substantial amounts of metal under conditions of
limited access and challenging loading conditions.

Traditional methods of non-destructive testing, such as ultrasound, radiography, and acoustic emission, are effective
at detecting formed defects like macrocracks and discontinuities. However, these methods have limitations when it
comes to an early detection of fatigue damage. They usually require careful surface preparation, significant labor costs,
and are not well-suited for rapid mapping of extended welds. Additionally, they often provide an integrated assessment
of the condition, without the ability to locate the initial areas of degradation or residual stress gradients. As a result, a
significant portion of the design effort is spent blindly, potentially leaving dangerous areas undetected until the stage
when macrocracks have developed.

In this context, here has been a growing interest in methods that rely on recording the material's own physical fields.
These methods are sensitive to changes in the internal state of the material without directly injecting energy into the
controlled volume. One of the most promising methods is the analysis of the intensity distribution of the permanent
(residual) magnetic field that forms in ferromagnetic steels as damage accumulates and residual stresses redistribute.
Magnetic methods have a number of important advantages: the possibility of remote measurements, high speed of
examination of large areas, and sensitivity to the early stages of stress and defect redistribution, when macrocracks have
not yet formed [1].

Reliable diagnosis of the remaining life of metal structures relies on a thorough analysis of microscopic changes that
occur in the material's structure as fatigue damage accumulates. One of the most sensitive and informative indicators of
these changes is the material's magnetic field, which forms as a result of changes in its domain structure. Changes in the
domain configuration integrally reflect a combination of microstructural transformations and the evolution of residual
stresses, making them a valuable basis for developing highly accurate diagnostic criteria.

In ferromagnetic materials, there are significant differences in the magnetic domain structure near the surface compared
to the interior. Experimental studies have shown that domain walls near the surface can be significantly wider than inside
the material. This leads to a decrease in magnetic energy density in the wall and, as a result, affects the mobility of domain
boundaries and their response to local mechanical stresses and defects [2]. Therefore, it is important to take into account
the special magnetic properties of surface layers when analyzing the overall magnetic texture of a material.

Direct visualization of internal domain structures within the volume of solid materials is still a challenging task due
to the limited spatial resolution of most magnetic imaging techniques. Techniques such as magneto-optical imaging and
magnetic force microscopy can only effectively record magnetic morphology on the surface of a sample. Instead,
indirect approaches are used to study the three-dimensional magnetic structure. Classical micromagnetic models and
multiscale numerical simulations allow us to predict domain configurations and their dynamics by taking into account
both the local magnetic fields and the crystallographic properties of the material. For example, the introduction of
dislocation stresses into micromagnetic simulation demonstrates how dislocations can serve as anchor points for domain
boundaries and influence the Barkhausen effect [2].

It is worth mentioning the latest methods for reconstructing magnetic structures based on machine learning. In [3], a
model based on a convolutional neural network (MagNet) is presented, which increases the accuracy of reconstructing
the three-dimensional configuration of magnetization from tomography data. This approach overcomes the limitations
of classical vector tomography algorithms, eliminating the artifacts of incomplete data and significantly improving the
quality of the reconstructed magnetic field.

A similar principle was applied in the study [4], where a neural network model is trained to transform images of an
external magnetic field (for example, leakage field maps) into the distribution of the magnetization vector inside the
material. This makes it possible to reconstruct complex domain textures with a variable direction of magnetization,
which are inaccessible to traditional inversion methods [4]. Such neural network approaches expand the possibilities of
interpreting experimental data and bring researchers closer to the direct reconstruction of the internal magnetic texture
by indirect measurements.
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The microstructure of the material, including the distribution of magnetization, changes as a result of plastic
deformation under cyclic loading conditions. Modern measurement methods do not directly track the movement of
individual magnetic domains within a material, but the cumulative magnetic response, such as a hysteresis loop, is
sensitive to these microstructural changes. The restructuring and reorganization of domain boundaries on a microscopic
level is manifested in measurable changes in magnetic permeability, coercive force, and other material parameters.
Thus, the analysis of the dynamics of magnetic characteristics under load makes it possible to judge changes in the
internal structure. By taking these effects into account, we can move from an overall assessment of the material's
condition to a more localized analysis aimed at detecting areas that are prone to damage.

The internal (volumetric) behavior of the material during fatigue deformation differs significantly from the
processes occurring near the surface. In the thickness of the material, plastic deformation is distributed more evenly and
the gradients of residual stresses are significantly lower than at the surface [5]. In a polycrystalline volume, dislocations
are generated and accumulate in groups, causing significant local stresses, which are difficult to remove due to the lack
of a free surface. Grain boundaries act as an internal "surface", however, for dislocations to escape through these
boundaries, an energy barrier must be overcome [6]. Only after reaching a critical level of accumulated stresses and
defect energy [7], it is possible for microcracks to form inside the material. These features are consistent with the Mura
concept of relaxation of internal stress fields [8], as well as with experimental data on the uneven distribution of
residual stresses (stress anisotropy) in steels [9].

Unlike the volume, the free surface of the material acts as an effective source for dislocations, requiring significantly
less energy for defects to form. This explains why fatigue cracks often initiate on the surface. As a result, changes
occurring in the subsurface layer during loading can serve as informative diagnostic indicators of developing
degradation.

One of these signs is the formation of self-similar (fractal) structures on the surface as defects develop. These
structures have the property of self-similarity at different scales, as noted by B. Mandelbrot [10]. The morphology of the
damaged metal surface often exhibits fractal characteristics, which can be quantified [11]. The analysis of relief
elements at various scales helps to establish a connection between surface fatigue and volume destruction
processes [12].

The heterogeneity and roughness of the surface can also affect the magnetic properties of the subsurface layer.
Research has shown that changes in the fractal structure of a deformed material correlate with its magnetic parameters,
such as saturated magnetization and magnetic permeability [11]. In other words, as damage increases, the distribution of
physical properties may exhibit multifractal features. Tracking the evolution of several such multifractal parameters
expands the possibilities of diagnostic interpretation, allowing for more reliable identification of the early stages of
material degradation.

Thus, the analysis of the literature confirms the need for an integrated approach to the diagnosis of damage in
ferromagnetic structural materials. Magnetic domain structures near the surface and in the volume react differently to
the presence of defects and mechanical stresses. Combining classic micromagnetic models with modern neural network
reconstruction methods [3, 4] allows for a deeper analysis of internal changes in the magnetic texture that cannot be
directly observed. At the same time, taking into account the features of damage accumulation (dislocation structures and
residual stresses) in the volume [5-9] and related fractal features on the surface [10-12] provides a more complete
control of the state of the material. The synthesis of magnetic and fractal degradation criteria, confirmed by literature
data, opens the way to the creation of highly sensitive methods of non-destructive testing for early detection of defects.

Magnetic diagnostic methods based on the distribution of strength of a permanent magnetic field are used to identify
stress concentration zones and local degradation sites in ferromagnetic steels. Their basis is the sensitivity of the
magnetic response to the redistribution of residual stresses and to defects that form local field inhomogeneities. At the
same time, known approaches often use integral indicators or one-dimensional profiles along a selected line and do not
strictly relate spatial field anomalies to (i) stage of fatigue loading and (i) parameters of the microstructure in terms of
material thickness.

However, to date, it has not been sufficiently investigated how local anomalies in the distribution of the resulting
constant magnetic field strength on the surface of structural steels are quantitatively consistent with changes in the
microstructure and its multifractal parameters in the subsurface layer and in the volume under cyclic loading. The absence
of such a connection limits the formation of a stable diagnostic feature space for early localization of fracture nucleus.

In this study, we aim to experimentally validate a diagnostic approach that compares spatially localized
measurements of the residual magnetic field during cyclic bending of 09G2S steel with multifractal microstructural
parameters calculated from micrographs taken in specific thickness zones.
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Materials and Methods. For the research, samples of 09G2S low-alloy structural steel were taken and subjected to
cyclic loading in order to simulate the operating conditions of elements under variable mechanical stresses (for
example, reservoirs, pipelines, and bearing elements of metal structures) (Fig. 1). To measure the strength of a
permanent magnetic field, an IKN-2M-8 device (stress concentration meter) was used.).
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Fig. 1. Test samples: @ — in the initial state; b — places of destruction of the samples; ¢ — tested samples

Magnetic measurements were taken at 12 different points, spaced 10 millimeters apart. At each level of loading, the
testing machine paused and the measurements were taken according to a consistent process at predetermined control
points, ensuring accurate data comparison between cycles. In order to assess reproducibility and statistical significance,
measurement results were collected from five identical samples that underwent the same cyclic loading regimen. This
allowed us to confirm the consistency of the magnetic response and minimize the influence of random factors related to
local microstructural variations. To further enhance the reliability of our analysis, all measurements were replicated at
least three times at each point.

After the cyclic tests were completed and the fracture was fixed, sections were cut out of the studied samples to
analyze microstructural changes.

Fractal microstructure analysis was used to establish the relationship between the structural heterogeneity of the
metal and local magnetic anomalies observed when measuring the resulting strength of permanent magnetic field Hr.
The microstructure was studied using micrographs obtained in the cross-section of the destroyed sample in three
characteristic zones:

— in the zone adjacent to the outer surface;

— in the central (volumetric) part;

— in the area adjacent to the fracture nucleus.

Additionally, microstructures of the initial state of the metal obtained before cyclic loading were used for
comparative analysis.

Micrographs of each studied zone were obtained at magnifications of %200, x500 and x1000, which provided an
analysis of the structure at various scale levels. Image processing was performed in the MFRDrom Fast program
developed by Professor G.V. Vstovsky [13, 14], in the Normalized By D1 mode, with the Pseudo analysis type.

Parameters characterizing fractal dimension, latent periodicity, and degree of uniformity of the microstructure were
calculated for each zone [13]. Their comparison between the zones along the thickness of the sample and at different
scales allowed us to estimate spatial and scale variability of structural organization of the material. This approach made
it possible to compare the gradient of microstructural complexity with the distribution of magnetic response Hr
recorded on the corresponding sections of the sample surface.

Results. The results of measurements of the resultant strength of permanent magnetic field Hr on the surface of the
samples under cyclic loading, as well as the results of calculating the index of local change in magnetic characteristic
Gi, were obtained. The level of accumulated damage was determined by relative operating time Ni/Np, where
Ni — current number of cycles, Np — number of cycles before destruction. Measurements were performed on five
samples (n=75), three repetitions were performed at each measuring point at each Ni/Np level (m =3). For each
point — level Ni/Np combination, the average value and the standard deviation were calculated, and Figures 2 and 3
show the average values with error bars. The standard error of the measuring device did not exceed 10%.
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Figure 2 provides dependencies of Hr on Ni/Np for points 1, 11, and 12. In the entire Ni/Np range, Hr values at
point 1 remained at a significantly lower level compared to points 11 and 12. In the range Ni/Np =0.4-0.5, a
discrepancy in Hr behavior was recorded at points 11 and 12: at point 11, there was a decrease in Hr relative to
neighboring levels, while at point 12, there was an increase in Hr with the formation of a local maximum. The
differences between points 11 and 12 in the specified range exceeded the spread (=SD) and were reproduced from a
series of measurements (n = 5).

To quantify the variability of the magnetic response, indicator of local change G i was calculated, and its
dependencies on Ni/Np for points 1, 11, and 12 are shown in Figure 3. In the range Ni/Np = 0.2-0.6, Gi values at points
11 and 12 significantly exceeded the values obtained at point 1. The maximum values of G i at points 11 and 12 were
observed at Ni/Np of the order of 0.35-0.5, with a further increase in Ni/Np, a decrease in Gi was recorded. At point 1,
Gi values remained at a lower level, with no pronounced peaks comparable to points 11 and 12. Thus, the results of
magnetic measurements confirmed the spatial heterogeneity of Hr distribution and the localization of the largest
changes in the magnetic characteristic in the area of points 11, 12 in Ni/Np range of the order of 0.35-0.5 (Fig. 2-3).
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Fig. 2. Dependence of the change in the resulting strength Fig. 3. Dependence of the local change in the resulting strength of
of the permanent magnetic field on the level of accumulated the permanent magnetic field on the level of accumulated damage

damage

The maximum Gi values at points 11 and 12 were observed at Ni/Np of the order of 0.35-0.5, with a further increase
in Ni/Np, Gi values decreased, and at Ni/Np = 0.75, a distinct decrease in the indicator was recorded (Fig. 3). At point 1,
Gi values remained at a lower level, without pronounced peaks, comparable to points 11 and 12.

Discussion. The results obtained confirm the diagnostic potential of spatially localized measurements of the
resulting permanent magnetic field strength Hr under cyclic loading. The most pronounced magnetic variability was
observed in the range Ni/Np = 0.4-0.5, and the maximum local changes in parameters were recorded in the area where
the fracture occurred, which was consistent with the previously demonstrated sensitivity of magnetic characteristics to
damage accumulation in model elements of metal structures [1].

In the range Ni/Np = 0.8-0.9, a phase of relative stabilization of the magnetic response (a decrease in the variability
of Hr and/or derived indicators) was revealed, followed by a transition to a more unstable regime. A similar “lull —
abrupt change” type of dynamics was described for acoustic signals as a diagnostic sign of pre-collapse [15].
Comparable approaches to monitoring degradation by physical parameters under operating conditions were also
demonstrated by ultrasound monitoring [16].

The interpretation of the observed magnetic effects should consider the relationship between the magnetic response
and the defective structure, as well as the local stress state of the material. Micromagnetic modeling has shown that the
interaction of domain walls with dislocations and defects can lead to local changes in magnetic parameters [2].
Additionally, the informative value of magnetic methods sensitive to microstructural inhomogeneities at the grain and
boundary levels was confirmed by studies of Barkhausen magnetic noise with high spatial resolution [17].

The practical applicability of the technique for real metal structures was determined by the requirements for the
accuracy and reproducibility of measurements and the stability of the result to external factors. Critical conditions
included reproducible sensor positioning (sensor-surface orientation and clearance), repeatable scanning trajectory, and
magnetic background monitoring. The results could be influenced by the geometry of the object (curvature, thickness
variation, proximity of welds and cutouts), magnetic history (residual magnetization), and extraneous magnetic field
sources. Residual stresses were an essential factor in interpretation, as they were a component of the current state of the
material. This was emphasized in review papers on the topic [5].
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Figure 4 demonstrates the results of studying the changes in multifractal parameters in accordance with [13, 14].
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Fig. 4. Change in the multifractal parameter of latent periodicity of D1—Do structure depending on the scale of observation

(magnification of the microscope) for different zones of the 09G2S steel sample: a — initial state;

b — area far from the fracture zone; ¢ — destruction zone
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In the initial state (Fig. 4a), the dependencies of parameter D1—Dj on the magnification were smooth and did not show sharp
differences between the zones in the thickness of the sample, indicating the absence of signs of local degradation.

In the area away from the fracture zone (Fig. 4b), the dependencies of parameter D1—Dy continued to increase, but
the difference between the zones in terms of thickness became more pronounced. At a magnification of x500, the
maximum difference in the curves was observed, which was linked to the transition from grain to sub-grain structure
organization, which was most sensitive to internal stresses. The inner region was characterized by a lower value of
parameter D—Dy, indicating a partial loss of structural order.

The volume part, however, retained a high level of latent periodicity, which indicated its relative stability. Therefore, at
this stage of damage development, a gradient of microstructural organization was formed from a stable region (volume) to
an unstable region, which corresponded with the distribution of internal stresses in the cyclically loaded sample.

In the destruction zone (Fig. 4c), the most dramatic change in the nature of Di—Dy =f (increase) dependence was
observed. For the inner surface adjacent to the fracture site, the parameter values became minimal (up to —0.6... =0.7),
which indicated a loss of latent periodicity and an increase in the random distribution of structural elements.

A comparison of the obtained dependencies demonstrated that as the transition from the initial state to the fracture zone
proceeded, there was a steady downward trend in the parameter D1—D, especially in the area adjacent to the fracture site.

Thus, multifractal parameter D;—D,, characterizing the latent periodicity, could be considered as a sensitive indicator
of the transition of the structure from a stable state to an unstable one. Its spatial distribution correlated with the zone of
magnetic anomalies identified by changes in the resulting magnetic field strength Hr, which indicated the general nature
of microstructural and magnetic signs of degradation in the studied material.

A comparison of the dependencies of multifractal parameter of latent periodicity of D,—Dy structure for different
stages of the material's state (Fig. 4) showed that as the transition from the initial state to the fracture zone progressed,
there was a steady tendency for the parameter to decrease and the structural periodicity to disappear. In its initial state,
the structure of 09G2S steel exhibited a pronounced scale order and a weak technological gradient in thickness. Far
from the fracture site, there was a formation of a gradient in microstructural stability, with inner regions showing
a decrease in D1—Dy due to local deformation, while the outer regions maintained the substructure regularity. However,
in the destruction zone, the correlation between structural elements was completely lost, the hidden periodicity
disappeared, and the microstructure became statistically chaotic. Thus, the change in D—Dy parameter reflected the
transition of the material from the state of structural equilibrium to the degradation phase and could be used as a
sensitive quantitative indicator of the degree of damage in ferromagnetic steels.

A comparison of the dependence of the degree of uniformity feo for different zones on the thickness of the
sample (Fig. 5) showed that during the transition from the initial state to the fracture zone, there was a steady tendency
to decrease the parameter and a disruption of uniform distribution of structural elements. In the initial state, the structure
of 09G2S steel was characterized by high uniformity and a weak technological gradient. In the zone away from the
fracture nucleus, there was an alignment of fso values, which indicated the beginning of destabilization of the structure
and a partial redistribution of internal stresses. In the destruction zone, there was a further decrease in the degree of
uniformity and a shift in the ratio between the zones: the outer surface retained a residual order, while the volume part
lost its structural consistency. Thus, the decrease in fso was a quantitative indicator of the increase in the uneven
distribution of the microstructure and corresponded to the fractal sign of material degradation, previously established by
Di—Dy parameter.
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Fig. 5. Change in the multifractal parameter of the degree of uniformity fso
depending on the scale of observation (magnification of the microscope) for different zones of the 09G2S steel sample:
a — initial state; b — area far from the fracture zone; ¢ — fracture zone
Analysis of changes in fractal dimension Dy for different zones of the sample showed a regular evolution of the
geometric complexity of the microstructure as it transitioned from the initial state to the fracture zone (Fig. 6).
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Fig. 6. Change in the fractal dimension Do depending on the scale of observation (magnification of the microscope) for different
zones of the 09G2S steel sample: @ — initial state; b — area far from the fracture zone; ¢ — fracture zone

The most significant changes were observed in the destruction zone (Fig. 6¢). For the outer surface, the largest
decrease in fractal dimension Dy (up to 1.3) was recorded, while for the inner and volumetric parts the values remained
higher (1.6—1.7). This reflected the loss of structural complexity and the destruction of the self-similar organization of
the microstructure in the surface layers.

Thus, a decrease in fractal dimension Dy serves as an indicator of the loss of structural complexity and self-
organization of the material, reflecting the transition from a stable configuration of a granular and subgrain structure to
a fragmented and chaotic one. The minimum values of Dy on the outer surface corresponded to the zones of microcrack
origin shown in Figure 7.

Microcrack formation zone

/

s :

Destruction zone

0 R

Fig. 7. Macrostructure and microcracks in the cross-section of 09G2S steel sample near the fracture zone after cyclic bending:
a — general view of the cross-section with the identification of the fracture area and the area of microcrack formation;
b — micrography of microcracks in cross-section indicating the characteristic lengths of 1097 and 1316 pm (x100)
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It should be noted that a decrease in fractal dimension Dy on the outer surface was accompanied by similar changes
in other multifractal parameters.

The local drop in all three parameters (Do, Di—Do and fs0) was consistent with H, anomalies detected by magnetic
measurements, which confirmed the general nature of damage accumulation and microcrack origin.

To visually confirm the patterns identified by the multifractal and magnetic parameters, the microstructure of the
samples in the characteristic zones was analyzed. The images shown in Figure 8 demonstrate a gradual disruption of the
structure's order — from the inner part to the outer surface, where microcracks formed.

Fig. 8. Microstructure of parts of the cross-section of the sample wall in the fracture zone:
a — external; b — central; ¢ — internal

On the microstructure of the outer surface adjacent to the fracture zone, there was a high degree of fragmentation of
ferrite and perlite grains, as well as local areas with uneven contrast, indicating the development of plastic deformation.
Initial microcracks and submicroscopic fractures along the grain boundaries were visible, accompanied by a loss of
clarity of their outlines and local misorientation of substructural elements (Fig. 8).

The comparison of microstructures of the outer, central and inner parts of the sample in the fracture zone (Fig. 8)
showed a pronounced gradient in the degree of degradation of the structure in thickness. The inner part maintained
ordered ferrite-pearlite morphology, clear grain boundaries, and a uniform phase distribution, corresponding to high
values of fractal dimension Dy and uniformity parameter fs. The initial restructuring of the grain-subgrain structure was
observed in the central zone: small-angle sub-boundaries and local contrasts appeared, indicating an increase in internal
instability and a decrease in D—Dy. parameter. Finally, maximum fragmentation and local microcracking occurred on
the outer surface, which was accompanied by a decrease in all three fractal indicators: Do, D1—Dy and fso.
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This distribution of microstructural features was fully consistent with the results of multifractal analysis and
magnetic measurements: the outer part, where the greatest loss of structural complexity occurred, coincided with the
area of magnetic anomalies H, and reflected the zone of maximum damage accumulation. Thus, a comparison of
microstructural, fractal and magnetic data confirmed that the degradation of the material had a pronounced gradient
character — from a stable internal structure to a destroyed surface, where a focus of fatigue failure was formed.

The resulting set of magnetic and multifractal features was considered as the basis for the subsequent construction of
models for assessing the technical condition and predicting the remaining resource. The generated array of parameters
can be used in the future as a training base for intelligent technical condition assessment systems, which opens up
opportunities for building more stable and adaptive methods of predictive monitoring.

Conclusion. A comprehensive study of 09G2S steel during cyclic bending has shown a uniform pattern of evolution
of magnetic, fractal and microstructural parameters reflecting the processes of damage accumulation and destruction.
Magnetic measurements of the distribution of the resulting field strength H, revealed local anomalies coinciding with
areas of increased residual stresses and localization of deformation near the outer surface.

The results of the multifractal analysis of micrographs performed in the MFRDrom Fast program confirmed the
connection of magnetic anomalies with microstructure degradation. There was a consistent decrease in fractal
dimension Dy, latent periodicity parameter D—Do, and degree of uniformity f¢o, indicating the destruction of the self-
similar organization and an increase in the randomness of the substructure.

Metallographic analysis revealed a clear degradation gradient in thickness: the inner part maintained a stable ferrite-
pearlite structure, the central part was characterized by partial fragmentation, and the outer part was most destroyed and
contained microcracks. A comparison of these three levels showed consistent behavior of the parameters H,, Dy,
D1—Dy and f0, which confirmed their interrelated nature.

Thus, the degradation of 09G2S steel during cyclic bending has a multilevel character: magnetic changes reflect the
accumulation of defects, fractal parameters reflect the destruction of a large-scale structure, and microstructural analysis
is the final stage of microcracking. The combination of these features can be used as a single diagnostic criterion for the
condition of the material and the basis for assessing the residual life of elements operating under variable loads.
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