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Abstract

Introduction. Fatigue failure develops at stresses below the ultimate strength and is characterized by its suddenness and
catastrophic consequences. Statistical data indicate that failure under cyclic loading is one of the common types of
damage to materials and their performance is largely determined by their resistance to crack growth. In addition to well-
known methods for achieving high-strength states, it has been proposed to use heat treatment in the magnetic field
(HTMF). However, the mechanisms of crack behavior changes after such treatment and factors affecting crack
resistance remain poorly understood. In this regard, this study aims to assess the effect of the structure after HTMF on
the kinetic features of fatigue crack growth and the effectiveness of structural barriers formed during HTMF, preventing
the destruction of steel.

Materials and Methods. The kinetics of fatigue crack development was studied during cyclic testing of prismatic
samples using an original setup with a special stabilizer of oscillation amplitude. The occurrence and subsequent
development of a crack was recorded by the method of electric potentials. The studies were conducted on steels that had
been heat-treated to achieve a high-strength state: 18Kh2N4VA steel after quenching in air with a martensite structure
and 30KhGSA steel after isothermal quenching at 380°C to a lower bainite structure. A magnetic field of 1.6 MA/m
was obtained in the magnetic gap of the FL-1 electromagnet.

Results. 1t was found that heat treatment of 30KhGSA and 18Kh2N4VA steels in a magnetic field of 1.6 MA/m led to a
noticeable decrease in the rate of fatigue crack propagation. An increase in the threshold stress values for the
delamination of the main crack by the tear-off mechanism was noted, which indicated an increase in durability. When
analyzing the crack trajectories, an increase in their branching indicators was revealed: an increase in the standard
deviation of crack inclination angles, as well as a decrease in the correlation interval of the crack bend inclination
relative to the average position by 0.5 pm. These changes were due to the effect of the magnetic field on the
microstructure of martensite, the formation of a greater number of effective barriers on the path of crack movement,
which ultimately affected the resistance to fatigue failure of steels and their mechanical properties.

Discussion. Analysis of the obtained results, based on modern theories of strength and fracture, revealed that the
mechanism of viscous destruction, which was typical for the steels under study, worked by the origin, growth and
coalescence of pores. Under the influence of normal stresses, vacancies settled on the surface of micropores and as a
result, the pore gradually transformed into a crack. Observations of cracks in foils showed that the change in the crack
trajectory did not depend on the type of heat treatment and was a random process.

Conclusion. The statistical data obtained in this study allow us to conclude that after HTMF, a structure is formed that
leads to an increase in the micro-tortuosity of cracks, with a steeper trajectory of bends due to frequent structural
barriers. These features of crack behavior suggest that HTMF is a practical method for achieving a high-strength state in
steels, which can be applied to a wide range of steel grades without requiring significant changes to their heat treatment
processes. By increasing the crack resistance of steels, we can improve the safety of various devices and man-made
systems, as well as reduce their costs and maintenance requirements.
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AHHOTALUSA

Beseodenue. Y cTanocTHoOe pa3pylLIeHUE IPOUCXOAUT NPHU HAMPSDKEHUAX HUXKE Mpejiesia IPOYHOCTH, XapaKTepu3ysiCh BHe-
3aITHOCTBIO U KaTacTPOPHUIECKUMH MOCaeACTBUAMHA. CTaTHCTHYIECKUE JaHHBIE CBUICTEIBCTBYIOT O TOM, YTO pa3pyIie-
HHE IIPY UKJIMYECKOM Harpy>KeHUH sIBJISIETCSl OJJHUM M3 HanOoJliee paclpocTpaHEHHBIX BUAOB HOBPEXICHUI MaTepra-
JIOB, a UX PabOTOCTIOCOOHOCTH BO MHOTOM OIPEAEISIETCS] COMPOTHBICHUEM POCTY TpemuH. Kpome y)ke U3BECTHBIX Me-
TOJIOB JIOCTH)KEHHSI BHICOKOIIPOYHOTO COCTOSIHUSI, MIPEAJIaracTcsi HCIOIb30BaTh TEPMUIECKYIO 00pabOTKY B MarHUTHOM
mone (TOMII). Tem He MeHee, MEXaHI3MBI H3MEHEHHUS MTOBEICHHUS TPEIIHH IOCIe TaKoi 00paboTKU M (aKTOPHI, BIHS-
IOIIME HAa TPEUMHOCTOMKOCTh, BCE €€ HEAOCTATOYHO M3y4YeHbl. B CBS3M ¢ 3TUM MOCTaBlIEHA LI€Jb OLUEHUTDH BIUSHHUE
ctpyktypsl iocie TOMII Ha knHETHYECKHE 0COOEHHOCTH POCTa YCTAIOCTHBIX TPEIIHH U 3(pHeKTHBHOCTH 00pa3yeMbIx
B niporiecce TOMII cTpyKTypHBIX 0apbepoB, NPEMSTCTBYONIUX Pa3pyLICHUIO CTAJIH.

Mamepuanst u memoowvi. KHHETUKY Pa3BUTHS yCTaJOCTHOHM TPEIIMHBI HCCIENOBAIN NPH IHUKIMYECKHX MHCIIBITAHUIX
MPU3MaTHYECKUX OOpa3lOB HAa OPHIMHAJIBHON YCTAaHOBKE CO CHELHAIBHBIM CTAOMIIM3aTOPOM aMILIUTY.bI KOJieOaHUil.
Bo3HUKHOBEHHE U ITTOCIIEAYIONIEe Pa3BUTHE TPELIMHBI PETHCTPHPOBAIM METOJOM 3JIEKTPONOTeHIHANOB. MccnenoBanms
MIPOBOAMIIM Ha CTaNAX, TEPMHUECKH 00pabOTaHHBIX Ha BRICOKONPOYHOE cocTosHue: cTainb 18X2H4BA mocie 3akaiku Ha
BO3yX€e co cTpyKTypoi MapreHcura U ctaib 30XT'CA nocne nzorepmuyeckoit 3akanku npu 380 °C Ha CTpyKTypy HHXK-
Hero OeliHuTa. MarHUTHOE MoJie HanpsHkeHHOCTho 1,6 MA/M noy4anyu B MarHUTHOM 3a3ope aiektpomarauta OJI-1.
Pe3ynomamut uccnedosanus. YCTaHOBICHO, 4TO TepMmudeckas oopadorka crameit 30XI'CA u 18X2H4BA B mMaraur-
HOM I10JI€ HaIpsHKEHHOCThI0 1,6 MA/M NPUBOAUT K 3aMETHOMY CHIDKCHHIO CKOPOCTH PaclpOCTPaHEHUs yCTaIOCTHBIX
TpemyH. OTMEUEHO IMOBBIICHNE MOPOTOBBIX 3HAYCHUH HANPSHKEHUH AJISI PacCIOEHHsS MarkCTPaJIbHON TpPEIIWHBI 110
OTPBIBHOMY MEXaHU3MY, YTO CBUIETENBCTBYET O MOBHIMICHUH J0JTOBEYHOCTH. [Ipy aHanm3e TpaeKTOpuil TPEeuuH ObLI
BBISIBJICH POCT ITOKa3aTesIei NX BETBICHHS — YBEIMUYCHNE CTAaHJaPTHOTO OTKJIOHEHUs! yIJIOB HAKJIOHA TPEIIUH, a TaKXkKe
YMEHBIICHHE WHTEepBajla KOPPESIHN HAKJIOHA M3THOOB TPEUIMHBI OTHOCHUTENIBFHO CPEAHEro moyiokeHus Ha 0,5 MKM.
OTH U3MeHEeHHs1 00yCIIOBIICHBI BIMSHIEM MarHUTHOTO MOJISI HA MUKPOCTPYKTYPY MapTeHCHTa, ()OPMUPOBAHHEM OOJIb-
mero gucia 3¢ ¢GeKTUBHBIX 0apbepoB Ha ITyTH JBMKEHUS TPEIIHMH, YTO B UTOTE CKA3bIBAETCS HA YCTOMYMBOCTH K yCTa-
JIOCTHOMY Pa3pyIlIEHHIO CTallell U UX MEXaHUYECKUX CBOUCTBAX.

Obcysncoenue. AHamm3 TIOMYICHHBIX PE3yJIHTATOB HA OCHOBE COBPEMEHHBIX TEOPUH MPOYHOCTH W Pa3pyIlIeHUs TIOKa3al,
YTO MEXaHU3M BSI3KOTO Pa3pyIICHUs], KOTOPBIH XapaKkTepeH I NCCIEAYyEMbIX CTallel, paboTaeT MyTéM 3apOXKICHHS, PO-
cTa U KoasecueHnuu nop. [Tox neficTBueM HOpMaIbHBIX HAPSHKECHNH HA MOBEPXHOCTH MUKPOIIOP OCENA0T BAKAHCHH H B
pe3yJbTaTe 3TOro Mopa MOCTENEeHHO TpaHchopMupyeTcs B TpeuHy. Habnronenust 3a TpenHaMu B (oJbrax Imoxasaind,
YTO U3MEHEHHE TPACKTOPUH TPELIMHBI HE 3aBUCHUT OT BHIA TEPMHIECKOI 00pabOTKH U SIBISIETCS CITyJalHBIM HPOIIECCOM.
3axniouenue. Cratucriyeckas o0pabOTKa ONBITHBIX JAHHBIX, MOJYYEHHBIX B 3TOW padoTe, MMO3BOJSIET C/EaTh BHIBOI,
yro nocsie TOMII dopmupyercst cTpykTypa, obecriednBaronias yBeIMIeHNe MUKPOU3BIIICTOCTH TPEIIUHBI C MTOBBIIICH-
HOH KpyTHU3HOHM M3rMO0B TPAaeKTOPHU M3-3a YAaCTO BCTPEUAIONIUXCS CTPYKTYPHBIX OaphepoB. BrIsiBIeHHBIE OCOOCHHOCTH
TIOBEJICHUSI TPEILMH TOJIOKUTENbHO XapakTepuzytoT TOMII kak npakTuueckuii croco0 co3liaHusi BBICOKOIIPOYHOTO CO-
CTOSIHUS CTaJIeil, IPUMEHNUMBIH ISl IIMPOKOTO aCCOPTUMEHTA MapOK M He TPeOYIOIMNi KapJMHaJIbHBIX N3MEHEHUH B TEX-
HOJIOTHH UX TepMIYecKoi 00paboTku. [IoBBIIIeHNE TPEIIMHOCTOMKOCTH CTajlell CIIOCOOCTBYET yIyYIICHHIO Oe30TacHo-
CTH Pa3IM4HBIX YCTPOMCTB M TEXHOT'€HHBIX CHCTEM, a TAK)KE CHIDKEHHIO UX CE0ECTOMMOCTH 1 3aTpatr Ha 00CIy )KUBaHHE.
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KnaroueBblie ciioBa: CTaJib, BBICOKOIIPOYHOEC COCTOSAHUEC, MATrHUTHOC IT0JIC, YCTAJIOCTHOC Pa3pymICHUEC, TPCIINHBI

BaaronapHocTu. ABTOpHI 0JarofapsT peAakiUio JKypHala 3a [CHHbIE 3aMedaHHs M COTPYIHHKOB Kadeaps
«MarepuanoBejieHie ¥ TEXHOJIOTHH METAJLIOBY 32 [TOMOIIb B MOJyYCHUH U 0OCYKICHUN PE3yJIbTaTOB.

Jas uutupoBanms. [lyctoBoiiT B.H., Jlonrades FO.B. BiusHre MarHWUTHOTO TOJS HA OCOOCHHOCTH TTOBEICHHS
TPEIIMH B CTaJM IOCJIE TEPMHUUYECKOl 00pabOTKHM Ha BBICOKOIIPOYHOE COCTOSIHHE. be3onachocmbs Mexmo2eHHuX U
npupooHuix cucmem. 2025;9(3):242-249. https://doi.org/10.23947/2541-9129-2025-9-3-242-249

Introduction. Destruction under cyclic loading is one of the most common types of damage to materials. The
performance of these materials is largely determined by their resistance to crack growth. The problem is that cyclic
loads can cause fatigue failure even at stresses below the ultimate strength of the material. Although the growth of a
fatigue crack occurs gradually, the fracture itself can occur suddenly, leading to catastrophic consequences. There are
extensive statistics [1] on railway and plane crashes, bridge collapses, and man-made accidents caused by the
development of such defects. According to ASM International [2], up to 90% of mechanical failures in mechanical
engineering are due to fatigue. In the oil and gas industry, billions of dollars are lost annually due to fatigue cracks in
pipelines and drilling rigs. To address this issue, non-destructive defect control methods are introduced. These methods
can account for up to 30% of maintenance costs in the aerospace industry. To ensure safe and long-term operation of
machine parts and devices, it is essential to achieve their high-strength state with increased crack resistance.

Known methods of achieving a high-strength state [1, 2] involve combining a specific alloy composition with heat
treatment methods, minimizing the presence of non-metal inclusions, creating a heterogeneous microstructure, and
using surface hardening techniques. Previously, researchers have proposed a technology of heat treatment in a magnetic
field (HTMF) [3], which allows for the creation of a high-strength state in steels under certain conditions. A feature of
the proposed technology is an increase in strength characteristics without reducing viscosity. At the same time, widely
used grades of alloy steels are subjected to almost traditional heat treatment modes, but with the application of
permanent magnetic field energy.

Existing methods for increasing crack resistance [1, 2] operate by the following mechanisms: increasing the area of
plastic deformation at the crack tip; branching the crack trajectory (increasing its path); creating compressive stresses to
slow down crack growth; local hardening along the crack path; reducing the number and size of stress concentrators;
creating microstructural barriers. However, there is still not enough information about how cracks behave in steels that
have been treated with permanent magnetic fields. Therefore, the aim of this research is to investigate how the
resistance to cracks and the rate of crack growth change after HTMF.

Materials and Methods. The features of crack development over time were studied using an installation that
creates cyclic oscillations with stabilized amplitude. The design of this installation was described in [4]. The method of
electric potentials [5, 6] made it possible to record the moment of origin and the stages of development of fatigue
cracks. The data obtained in this way was transferred into real values using a calibration diagram that had known data
on crack length and prismatic sample size.

The research results are presented in the form of dependencies with dl/dN — IgAK axes [2, 7], characterizing the
development of fatigue failure. The value of d//dN ratio determines the exponential rate of crack propagation over a
certain number of load cycles. Parameter AK demonstrates the range of variation of the stress intensity coefficient (SIC)

under cyclic loads and is calculated as the difference between the highest and lowest SIC values:
AK = Kllc{max - Kllclmin : (1)

Kﬁ, values were calculated in terms of the maximum stresses (o), that occur during cyclic bending of a prismatic

sample with a crack of length /, according to the formula:
KM =or-1. )

Studies were conducted on prismatic samples of 18Kh2N4VA, 30KhGSA steels, which were heat-treated
(18Kh2N4VA — air hardening for martensite; 30KhGSA — isothermal quenching at 38°C for lower bainite) for high-
strength condition. A magnetic field with strength of 1.6 MA/m was in the magnetic gap of the FL — 1 electromagnet.

An Emma — 4 transmission electron microscope and a ZEISS CrossBeam 340 scanning electron microscope (SEM)
were used to study the fine structure
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Results. Figure 1 illustrates the dependence of the fatigue crack length on the number of test cycles after various
treatments for the studied steels.

[, mm [, mm
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6
4
5
3 4
3
2

0 50 100 Nx103, cycle 0 50 100 Nx103, cycle
a) b)

Fig. 1. Dependence of fatigue crack growth on the number of cycles of alternating bending of steels: « — 30KhGSA;
b — 18Kh2N4VA; solid line — processing without a field; dotted line — in a 1.6 MA/m magnetic field.

Diagrams of the development of fatigue cracks over time are presented in Figure 2. Their appearance illustrates
the three stages of crack development. At each of these stages, the crack has a certain propagation velocity: 1st
stage — slow growth; 2nd stage — stable growth, and 3rd stage — accelerated or unstable growth [1]. Each of the
stages is characterized by its own features of the fracture surface relief [2], which are well detected on the sample
fracture after the cyclic bending test.

dl/dN, mm/cycle

dl/dN, mm/cycle
1E-04 | 1E-04 }
5E-05 } 5E-05 |
o}
0E+00 : . 0E+00 . .
1.5 2.0 25 IgAK 1.5 2.0 25 lgAK
¢ d

Fig. 2. Kinetic diagrams of fatigue crack development in steels: a — 30KhGSA; b — 18Kh2N4VA;
solid line — processing without a field; dotted line — in a 1.6 MA/m magnetic field

It can be seen (Fig. 2) that the crack propagation rate significantly decreases after HTMF compared to the treatment
without a field, while the range of SIC AK values remains commensurate. The fracture of the sample occurs with a
longer cyclic crack length and a larger KII'[c value, as shown in Table 1. The numerator contains data for processing
without a field, and the denominator contains data for processing in a field with a voltage of 1.6 MA/m. Confidence
intervals are indicated with a confidence probability of P =0.95 and the number of measurements n = 5.

Chemical technologies, Materials sciences, metallurgy

245



Safety of Technogenic and Natural Systems. 2025;9(3):242—249. eISSN 2541-9129

Table 1
Parameters characterizing the viscosity during cyclic fracture

K’l-lc ‘ Ky Number of cycles

Steel 3 lep, MM before destruction
MH/m N x 103

BESN 3+0. 74+ 0. 109+1
I1SKh2NAVA 70.1£1.0 83104 6.74+0.05 09+10
81.5+£1.0 9.9+0.4 7.11+£0.05 153+10
51.1£1.0 5.1+£0.3 4.92+0.05 115+10
30KhGSA —_— — —

60.3£1.0 6.3£0.3 5.16+0.05 168+10

Figure 3 a illustrates the mechanism of viscous fracture by nucleation, growth, and coalescence of pores, which is
typical for steels al8Kh2N4VA and 30KhGSA. Figure 3 b shows the result of how a crack forms from the pores under

the influence of normal stresses.

Fig. 3. The mechanism of crack formation in 30KhGSA steel (SEM):
a — fracture with pores (% 1,200); b — transformation of pores into a crack (x 500)

Figure 4 demonstrates the fragments of cracks under heat treatment conditions in a magnetic field and without a
field. An analysis of such data was conducted to identify the dependence of the change in the crack trajectory on the

type of heat treatment.

https://bps-journal.ru

b)

Fig. 4. Crack in the foil of 30KhGSA steel after quenching in oil (x 10,000):
a — in a magnetic field; » — without a field
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Discussion. The data in Figure 1 indicate that in the case of heat treatment in a magnetic field, the kinetics of crack
propagation is more suppressed compared to treatment without a field, and the last stage of destruction occurs with a
larger number of test cycles. Kinetic diagrams of fatigue crack development (Fig. 2) also demonstrate a significant
decrease in the crack development rate under magnetic field treatment conditions while maintaining the SIC AK range.
There are suggestions [8, 9] that in cyclic tests it is more expedient to characterize the viscosity by the initial (threshold)
value of SIC KH, corresponding to the beginning of the separation of the main crack by a tear-off mechanism (with a
given degree of constraint on plastic deformation), rather than by the maximum value of SIC corresponding to the
limiting state. As can be seen from Table 1, the value K](;[ increases after the HTMF. It is reasonable to anticipate an
increase in the durability and operability of mechanical engineering products after heat treatment in a magnetic
field [10, 11], which is also indicated by the results of previous studies on the effect of HTMF on mechanical
properties [12, 13].

Monograph [3] summarizes the data that during processing to a high-strength state (the structure of upper martensite
or lower bainite [14, 15]), the influence of a magnetic field manifests itself in significant fragmentation of the structure,
increased dispersion of individual crystals of the ferromagnetic a-phase and their ensembles (packages), an increase in
the specific surface area of the sub-boundaries that impede movement dislocations during loading. Local overstress at
the tip of the dislocation cluster can relax through the formation of a crack nucleus, the development of which depends
on the nature of the steel structure. Depending on the loading conditions and the initial state of the martensite [16, 17],
the growth of a microscopic crack can occur by various mechanisms that determine the appearance of the fracture
surface. It should be noted that for the 30KhGSA and 18Kh2N4VA steels under consideration, viscous fracture occurs
when pores appear, grow, and combine (Fig. 3 a). Alternating loads lead to fatigue failure by forming a large number of
excess vacancies (for example, as a result of inter-dislocation interactions and sliding with the formation of
jogs [2, 18]), which can combine to form a pore. Normal stresses acting on the surface of the pore nuclei contribute to
the vacancies sink, which leads to the transformation of the pores into a crack (Fig. 3 b).

The formed crack progress depends on the presence of obstacles in its path, which is determined by the features of
the existing structure of the material. In this regard, the parameters of the crack propagation trajectory in thin foils were
studied using electron microscopy, since they are very dependent on the structure [1]. The results of the fine structure
analysis allow us to conclude that the use of HTMF technology does not affect the mechanism of changing the crack
trajectory, i.e. the trajectory changes randomly (Fig. 4) when encountering various structural elements (carbides, phase
boundaries, etc.) and does not depend on the method of heat treatment.

The autocorrelation functions analysis (AFA) [19, 20] linking the deviation of the crack line from its average
position and the 1% derivative of its propagation trajectory (Fig. 5), which characterizes the angular parameters of the
change in the trajectory of crack propagation in the foil, allows us to evaluate the effectiveness of the structural barriers
caused by HTMF on the path of crack development. AFA allowed us to estimate the effect of HTMF on the statistical
parameters of cracks: K, (0) — standard deviation of the crack line; K',(0) — standard spread of the tangent of the
trajectory angle (tortuosity index); t,(0) u t'.(0) — ranges of interdependence of the linear spread functions and slope
tangents, respectively (they characterize an increase in crack length as a result of a single factor). The statistical
parameters of cracks K,.(0); t,(0); K'.(0); t/.(0) for 30KhGSA steel are shown in Table 2. It shows the standard
deviations of the experimental data.

K'x(tx) o)
0.4
0.3
0.2

0.1

0.0

0.2 0.4 0.6 0.8 1.0 T, pm

Fig. 5. Graphs of autocorrelation functions of the slope of the bends of the crack line relative to the average position:
solid line — processing without a field; dotted line — processing in a magnetic field with a strength of 1,6 MA/m
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Table 2
Effect of heat treatment modes on the propagation parameters of a crack with a length of /=6 pm
Magnitude of the magnetic field strength, MA/m VK. (0) 7,(0) JVK'.(0) 7°.(0)
0.0 0.156+0.03 | 0.5+0.20 | 0.58+0.04 | 1.1+0.3
1.6 0.144+£0.03 | 1.1£0.15 | 0.66+0.03 | 0.6+£0.2

According to the data in Table 2, it can be noted that HTMF affects all the listed statistical characteristics of cracks.

Standard tangent spread of the slope angles of the fracture line sections (y/ K'(0)) after HTMF increases by 0.12, which
corresponds to an increase in the average slope modulus of the crack trajectory by ~6° (from 29 to 35°). At the same
time, correlation interval (t'.(0)) decreases by 0.5 pm.

Conclusion. The main result of this work is the identification of changes in the kinetics of fatigue crack
development and the identification of mechanisms that contribute to increased crack resistance after HTMF. Based on
the data obtained, it can be concluded that the technology of heat treatment in a magnetic field contributes to the
formation of a structure that ensures an increase in the curvature of cracks. There is an increase in the steepness of the
bending trajectory due to a greater number of effective barriers (an increase in the dispersion of martensite) in its path.
In this respect, the nature of the HTMF's structure organization has much in common with the process of high-
temperature thermomechanical treatment. This leads to the development of a new practical method for creating a high-
strength state that can be applied to a wide range of steel grades without requiring significant changes to their heat
treatment process. In turn, increasing the crack resistance of steels makes it possible to ensure greater safety of various
devices and man-made systems, as well as reduce their cost and maintenance costs.
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