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Abstract

Introduction. The combined effect on the phase transformation process, involving a combination of heat treatment and
external action, is a major technology solution for obtaining the required properties of steel products. When hardening
steel in a constant magnetic field with a strength of 1-2 MA/m, martensite formation is observed at higher temperatures.
In addition, when compared to conventional hardening, there are changes in structure and properties. Such effects cannot
be explained only in terms of thermodynamics, since the expected shift in the equilibrium temperature between austenite
and martensite in a magnetic field of such strength does not exceed 4-8°C. To explain the effects that occur during
hardening in a magnetic field, it is proposed to consider the features of martensitic transformation in highspeed steel when
exposed to an external magnetic field in the temperature range of austenite superplasticity. This research was aimed at
identifying the features of martensitic transformation in the presence of a constant magnetic field in steel with account
for the phenomena occurring in the premartensitic state.

Materials and Methods. Samples made of steel R6MS were used. Characteristics of the martensitic transformation were
studied using the potentiometric method of electrical resistance. The data were recorded using an L-CARD E14-440
analog-to-digital converter with the LGraph2 software package. The sample was heated by passing current. The sample
was placed in the interpolar space of an open-type laboratory electromagnet FL-1, which provided the creation of a
magnetic field with a strength of 1.2 MA/m.

Results. The obtained differentiated dependences were characterized by electrical resistance anomalies (low-temperature peaks)
at a temperature corresponding to the appearance of a ferromagnetic phase as a result of martensitic transformation. In a
magnetic field, the development of martensitic transformation began at a higher temperature, which could not be explained in
terms of thermodynamics. Thus, the formation of stress martensite was observed in microvolumes of austenite with
ferromagnetic ordering, which perceived the energy of the external field through magnetostrictive stresses. Under conditions of
superplastic austenite, such stresses were sufficient to initiate shear transformation. The minimum possible size of lattice
instability fluctuations (1.372 nm) was determined.

Discussion and Conclusion. Exposure to a magnetic field under hardening intensified the processes of some magnetic
decomposition of austenite. At temperatures close to the beginning of the martensitic transformation, the existing areas
of magnetic inhomogeneity were superimposed on the effects of the phenomenon of instability of the crystal lattice. In
the temperature range M,-M;, when austenite exhibited superplasticity, the formation of stress martensite in microvolumes
of austenite with ferromagnetic ordering was significantly facilitated.
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AHHOTANNSA

Bgeoenue. KoMOrHNPOBaHHOE BIUSIHUE Ha Ipoliecc (ha30BOTo MPEeBpaleHus, IPEATIONAararolee COueTaHue TEPMUIECKOH
00pabOTKH C BHELITHIM BO3/ICHCTBHEM, SIBIACTCS aKTyaIbHBIM TEXHOJIOTHIECKUM PEIeHHEM IS IIOJTy9eHUsI HEOOXOAUMBIX
CBOHCTB CTaJbHOW TpOAYKIMH. [IpM 3akajke cTajy B IMOCTOSHHOM MAarHHUTHOM TIOJNE HAaIpsHKEHHOCTBIO -2 MA/M
HaO;romaercst 00pa3oBaHNEe MAPTEHCHUTA MPHU Oojiee BBEICOKHMX TemIiepaTypax. [loMrmo 3Toro, o cpaBHEHHIO C OOBIYHON
3aKaJKOH, POUCXOIAIT W3MECHEHHS B CTPYKType M cBoHCTBaX. IlomoOHBIE (P PEKTh HE MOTYT OOBSCHATHCS TONBKO C
TEpMOJIMHAMUYECKNX TO3UIMH, TaK Kak IPEAToNaracMblii COBHT TEMIIEpaTypbl PaBHOBECHS MEXIY ayCTCHHTOM H
MapTeHCUTOM B MAarHUTHOM THIOJIE TaKOW HampspkeHHOcTH He mpesbimaer 4-8 °C. g oObscHeHns 3¢dexTos,
BO3HHUKAIOIINX ITPU 3aKaJIKE B MATHUTHOM I10JIE, IPEAJIaraeTcsi pPACCMOTPETh OCOOEHHOCTH MAapTEHCUTHOTO IIPEBPAILICHHUS B
OBbICTPOPEXYIIEH CTai ITPU BO3ACHCTBUH BHELITHUM MarHUTHBIM TOJIEM B TEMIIEPaTypPHOM MHTEPBAJIE CBEPXILIACTUYHOCTH
aycrenuta. llenblo naHHOW pabOTHI CTANO0 BBIABIEHHE OCOOCHHOCTEH MapTEHCHUTHOTO NPEBpAIIEHHs B TPHUCYTCTBHU
IMOCTOAHHOT'O MAarHUTHOT'O MOJIA B CTAJIU C YUCTOM HBHCHHﬁ, BO3HHUKAIOMIUX B IPEAMAPTCHCUTHOM COCTOSHUH.
Mamepuanvt u memoost. Vicrionb3oBaiauck 00pasiisl ctanu Mapku P6MS. MccnenoBanue 0cOOCHHOCTEH MapTCHCUTHOTO
MIPEBPAIIECHHS OCYLIECTBIISUIN MOTEHIIMOMETPHUYECKUM METOAOM 3JIEKTPOCONpPOTUBIEHHA. JlaHHBIE (PUKCHPOBANINCH C
moMoIbl0  aHamoro-ugposBoro  mpeodpasoBarenss L-CARD E14-440 ¢ wucnons30BaHHEM MPOTPaMMHOTO
komrutekca LGraph2. HarpeB o6pasma mpoBommics mpoxofsamuM TokoMm. OOpaszer; pasmemancs B MEXKIIOIIOCHOM
MIPOCTPAHCTBE Ja0OPATOPHOTO NMEKTPOMArHuTa oTKpsIToro tuna PJI-1, KoTopslil obecnednBan co3gaHle MarHUTHOTO
TIOJISL HAaIIPSDKEHHOCTRIO 1,2 MA/M.

Pesynemamut uccnedosanus. Ha momydeHHBIX anudepeHIIMPOBAHHBIX 3aBHCHMOCTSIX HPUCYTCTBOBAIN AHOMAIIUH
JJIEKTPOCONIPOTUBIIEHUST  (HU3KOTEMIlepaTypHble TMKH) IIpW  TeMIepaTrype, COOTBETCTBYIOIIEH  IIOSBICHHIO
(eppoMarHnTHON (a3pl B pe3ysbTaTe MapTEHCHUTHOTO INPEBpalleHus. B MarHUTHOM moje pa3BUTHE MapTEHCHUTHOTO
MIpeBpalleH:s HAYMHAETCS IPH OoJiee BEICOKOI TeMIlepaType, 4YTo He MOXKET HalTH OOBSICHEHHS C TEPMOMHAMUYECKUX
no3unii. Takum oOpasom, Habmromanu oOpa3oBaHME MapTEHCHTA HANpsDKEHHs B MHUKPOOOBEMax ayCTeHHTa C
(beppOMaFHI/ITHBIM YnopAaao4€HUEM, KOTOPBIEC BOCIIPUHUMAIOT SHCPIUI0 BHCIIHETO MOJIA Y€PE3 MATrHUTOCTPHUKIIMOHHBIC
HalpsHHKCHUA. B YCIOBHUAX CBCPXIIJIACTUYHOI'O0 ayCTCHHUTA TAKUC HANPsHKCHUA OKa3bIBalOTCA JOCTATOYHBIMHU JJId
WHUIMMPOBAHUSL  CABUTOBOro mpeBpamieHusi. OnpeneneH MHHUMAJIbHO BO3MOXHBIM — pasMep  (iyKTyaumi
HeycroiunBocTH pemetk (1,372 Hm).

Oébcyyncoenue u 3axkniouenue. Bo3neiicTBIE MarHUTHBIM TOJEM IIPH 3aKaJKe IPHUBOAUT K YCHIIEHHIO IPOLECCOB
CBOEOOpa3sHOTO MAarHUTHOTO pAacCCIOCHHS aycTeHuTa. lIpm Ttemmeparypax, OMM3KHMX K Hadaly MapTeHCHTHOTO
MIPEBpAIICHNs, HMMeEIomuecs OO0JIaCTH MarHWTHOM HEOJHOPOJHOCTH HAKIAAbIBAlOTCS Ha A(PQeKTsl OoT sSBICHUA
HEYCTOMYMBOCTH KPUCTATMIECKON PEIIETKH Nepe]l MApTeHCUTHBIM TIpeBpalieHneM. B remnepatypHoM uHTepBane My-
M,, KoT1a ayCTEHHT IIPOSIBIISIET CBEPXIIACTHYHOCTD, CYIIECTBEHHO 00JIeryaeTcst 00pa3oBaHNE MapTEHCUTA HANPSKEHHS
B MHKpOOOBEMax ayCTeHUTa ¢ (PeppOMarHUTHBIM YIOPSIIOYCHHEM.

KioueBble c10Ba: MapTEHCHT HANIPSDKEHIS, MAarHUTHOE TIOJIE, CBEPXIUIACTHYHOCTD, HEYCTOHYIMBOCTh PEIIETKH, CTAb, 3aKaIKa

BbaarogapHocTi. ABTOPHI BBIPAXAlOT ONarofapHOCTh PEHEH3EHTAaM, 4bs KPHTHUYECKAs OIEHKA IPENCTABICHHBIX
MaTepHaJIOB U BHICKa3aHHbIE TIPEIOKEHHS 110 X COBEPIIEHCTBOBAHHIO, CIIOCOOCTBOBAIN 3HAYNTEIFHOMY TTOBBIIICHHIO
KaueCcTBA HACTOSILEN CTaTbU.

Juast nurupoBanusi: onrayes FO.B., [Tycrosoiit B.H., Bepuuropos O.M. 3apoxneHre MapTeHcHTa HaNPsDKEHUS! B COCTOSTHUM
MPCJMAPTCHCUTHOM ~ HEYCTOMYMBOCTH  peIeTKu.  Advanced Engineering Research (Rostov-on-Don).  2024;24(1):58-65.
https://doi.org/10.23947/2687-1653-2024-24-1-58-65

Introduction. Before starting the martensitic transformation, instability of the crystal lattice is detected in metals and
alloys [1] expressed in a specific premartensitic state of the initial lattice [2]. The thermodynamic analysis of the state of
the initial phase before point M; [3] shows the possibility of the emergence of separate micro regions having their own
short-range ordering in the arrangement of atoms. Such micro regions retain their atomic order only near the fluctuation
nucleus. At a distance from it, there are no obvious boundaries between phases, the order gradually degrades. The
experimentally described micro regions manifest themselves in the form of diffusion scattering effects during X-ray
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diffraction. The presence of regions with a near atomic order explains the decrease in elastic constants near point M, and
the convergence of structures [4] involved in the phase transformation.

In the case where an applied external stress is present, the martensitic transformation can be initiated by deformation
at a temperature above point M,. The maximum temperature at which the deformation of the initial phase causes the
formation of martensite is indicated by point M,. It has been found [5] that a maximum of plasticity is observed in the
temperature range My — M, which is due to the manifestation of superplasticity associated with the hardening transition.
The imposition of a constant magnetic field under these conditions causes the appearance of forced magnetostriction and
corresponding stresses in the austenite nanodomains having a ferromagnetic order [6], which induces the appearance of
crystals of the hardening phase called stress martensite (by analogy with deformation martensite) [7]. The imposition of
a constant magnetic field changes the initial magnetic state of austenite [8], increasing the number and size of
ferromagnetically ordered clusters, which are possible sites of nucleation of the ferromagnetic a-phase [6]. Thus, in the
temperature range Mq— M,, the integration of magnetic and a number of special structural states occurs, which is
undoubtedly of interest to investigate.

This research was aimed at studying the features of martensitic transformation in the presence of a constant magnetic
field in steel taking into account the phenomena occurring in the premartensitic state.

Materials and Methods. In the course of the research, samples of steel POM5 were used, for which there was
information about the development of superplasticity [5] associated with phase transformation [9]. The chemical
composition was monitored using a Q8Magellan optical emission spectrometer (Bruker). The average composition of
samples from one melt is shown in Table 1.

Table 1
Average content of elements in samples, %
C Si Mn S P Cr Mo V w
0.844 0.421 0.420 0.019 0.023 3.946 4918 2.018 5.922

To analyze the course of hardening transformation without a field and with the imposition of a magnetic field, the
potentiometric method of resistometry was used [10], since changes in the alloy structure were reflected in the measured
values p with a fairly high sensitivity. And although it is difficult to quantify the relationships between the transforming
phases, the establishment of the start and finish points of the transition can be done quite accurately. The applied method
is highly sensitive to the appearance of a ferromagnetic phase (during phase transformations of the 1st or 2nd kind), which
is shown in abnormal behavior on curve p due to electronic interactions at “s” and “d” sublevels [11] determining the
presence of spontaneous magnetization [12].

An S-type thermocouple (PTC) was used as a temperature sensor. The thermocouple was spot-welded in the central
part of the sample to a single point to eliminate the occurrence of side stresses under separate welding due to the passage
of current through the sample during measurement. The data was recorded using an analog-to-digital converter L-CARD
E14-440 and the LGraph2 software package. The sample was heated by passing current from the RNO-250-5
autotransformer.

The sample was placed in an interpolar space (Fig. 1). An open-type electromagnet (FL-1) provided the generation of
a magnetic field with a strength of 1.2 MA/m. When conducting the experiment without a field, the power supply of the
electromagnet was turned off, and the poles were bridged with an ARMCO-iron plate.

A

Fig. 1. Sample with connected copper contacts in the interpolar space of the magnet
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The experimental data (p(t) and 7(t) in Fig. 2), recorded with a sampling rate of 400 kHz, were numerically
differentiated and approximated to obtain function dp /d7(7), which reflected the characteristic anomalies when a
ferromagnetic phase appeared.

Research Results. Primary dependences p(t) and 7(t) shown in Figure 2 already demonstrate the shift of anomalies,
corresponding to the phase transformation, to the high-temperature region when a constant magnetic field is applied.

T, °C I I I p, n"Ohm'm T,°C p, nOhm'm
|
|
800 < 800 800 800
\
\
600 600 600 600
400 400 400 400
200 200 200 200
] ]
0 2 4 T, min 0 2 4 7, min
T T
--- ---
a) b)

Fig. 2. Dependences p(t) and T(t) for steel POMS under cooling:
a — without field; » — in magnetic field of 1.2 MA/m

According to the reference data [13], for samples of steel POMS5 corresponding to the chemical composition indicated
in Table 1, temperature of 140°C corresponds to the initiation of the martensitic transformation. This is confirmed by the
data obtained as a result of differentiation in Figure 3, which illustrate the characteristic features of the analyzed
transformation.

The formation of a ferromagnetic phase corresponds to the appearance of a peak at low temperatures (Fig. 3), which
makes it possible to record the start of the martensitic reaction. In the case of treatment with the imposition of a magnetic
field, the start of the formation of the martensitic phase is noted at a temperature of 185°C, which cannot be explained
solely from the point of view of changes in the thermodynamic potentials of the phases. For a magnetic field with a
strength of 1.2 MA/m, the effect of the equilibrium temperature shift is ~ 4.5°C [14]. It can be argued that the imposition
of a magnetic field in the temperature range of superplasticity causes the formation of stress martensite higher than the
starting point of transformation known for this steel as a result of forced magnetostriction in nanodomains with a near
magnetic order in austenite. In this case, the stresses arising in the austenitic matrix are about 10 MPa [15], which, under
conditions of the crystal lattice instability, contributes to the initiation of a phase reaction.

Machine building and machine science
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Fig. 3. Results of differentiation of experimental data obtained under cooling of steel P6MS5:
1 — without a field; 2 — in a magnetic field with a strength of 1.2 MA/m

The phenomenon associated with the occurrence of instability of the crystal lattice of the initial phase, as it approaches
the transition point, is reflected in the differentiated dependences in the form of a peak in the high-temperature area of the
curve. The appearance of this peak under cooling indicates the approach of the superplastic state of austenite. The effect
of an external magnetic field enhances the magnetic decomposition of austenite [8], contributing to an increase in the
number and size of ferromagnetic nanoclusters [15], which causes a shift of this peak to higher temperatures. Anisotropic
fields arise in local regions with unidirectional spins. They introduce elastic distortions due to the fact that the
magnetization energy differs in different directions — this reduces the stability of y-phase lattice. The average diameter
of a ferromagnetic nanocluster determined in [8] is about 1.7 nm for a given field strength, which is comparable to the
wavelengths of electrons. It can deflect them and, accordingly, cause distortions in the curves. The results obtained
indicate the presence of heterogeneity in the magnetic state of austenite, and that this heterogeneity increases when an
external magnetic field is applied.

The transformation under hardening is characterized by a diffusionless shear mechanism of atomic restructuring;
therefore, external action increases the driving force of the transition. In a state where the lattice of the initial phase
becomes unstable before point M, spontaneous atomic displacements occur in local regions (preparing the lattice for y—a
transition), where magnetostrictive stresses can act as a trigger for the start of the transformation.
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The conditions describing the possibility of fluctuations of atomic displacements in the premartensitic state were
considered in [16]. The type of function, whose minimum corresponded to the transition state, was derived on the basis
of diffuse scattering patterns and existing options for restructuring the crystal lattice. Oscillation frequencies and
anharmonicity parameters were expressed in terms of elastic modulus, whose values determined the adjustment option.

The analysis suggests that micro regions of atomic displacements are shaped like plates of densely packed planes that
can experience shear. The expression for estimating the minimum possible fluctuation size H can be derived using matrix

_2 4
H=6d /M (1)
2¢'+ Caq

where d — interplanar spacing; ¢’ = 1/2(c11 — c12) — elastic constant; c11, c12, cas — elastic coefficients.

Values for calculation according to formula (1) were selected for the temperature of martensitic transformation in steel
P6MS. Lattice constant a was estimated taking into account the instructions in [17]. The interplanar spacing was
determined for the case of a FCC lattice, when the first reflecting planes were a family of planes {111}, having the

elasticity coefficients:

maximum interplanar spacing d =% _21A. Based on the data on the elastic characteristics of steel P6MS [9], the

3

elasticity coefficients and constant were determined through known ratios [18]. The calculation results based on
dependence (1) allow us to estimate the minimum diameter of the region where instability A =1.372 nm may occur,

which is commensurate with the average diameter of a ferromagnetic cluster in austenite.

Discussion and Conclusion. The following script for the development of martensitic transformation can be assumed.
Above point M, in y-phase, there are regions with ferromagnetic ordering [15]. If waves of atomic displacements are
superimposed in or near these places, then, in the presence of an external magnetic field, under such conditions, forced
magnetostriction is able to affect the fields of elastic forces in the crystal lattice and lower the energy barrier for the
formation of a critical martensite nucleus.

The experimental results indicate the existence of magnetic heterogeneity in the state of y-phase, whose degree affects
the running of the martensitic transformation. The imposition of a constant magnetic field under quench cooling enhances
the existing magnetic inhomogeneity in austenite. Near point M,, the phenomenon of lattice instability in combination
with magnetostrictive effects from the field initiates the appearance of stress martensite crystals. Thus, the effect of
intensification of martensitic transformation under hardening in a magnetic field with a strength of 1-2 MA/m can be
explained, which is of great importance for the practice of heat treatment of steel.

The research results showed the following. Exposure to a magnetic field under quench cooling made it possible to
achieve greater completeness of the martensitic reaction, reducing the amount of residual austenite, whereas the early
formation of stress martensite provided its longer presence in the area of elevated temperatures, which contributed to the
flow of tempering processes directly under hardening.
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