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Abstract

Introduction. When heating with high-frequency currents (HFCs) at high speeds, more significant strengthening effects
can be observed compared to using machine generators. Therefore, hardening at high frequencies is more efficient.
However, the increase in the generator frequency results in a decrease in the depth of penetration of eddy currents and
an increased unevenness of heating across the cross-section. The application of a constant external magnetic field
during HFC hardening can increase the depth of eddy current penetration and create more uniform heating.
Unfortunately, there is not enough information available on the effect of the external magnetic field on HFC heating
processes and phase transformations in steel. Currently, there are no quantitative estimates for the impact of an external
magnetic field on changes in the kinetics of electric heating and the penetration depth of eddy currents. In connection
with the above, the aim of this paper is to investigate changes in the kinetics of high-frequency heating of iron-carbon
alloys when an external constant magnetic field is applied and, and, based on this, to consider the potential for
technological applications.

Materials and Methods. Theoretical assessment of the influence of an external magnetic field on the change in the
kinetics of electric heating and the penetration depth of eddy currents is based on the general theory of induction heating
kinetics. An experimental study of the influence of a magnetic field on the kinetics of high-frequency current heating
was performed on samples of 45 steel, pearlitic gray (SCh30), and ferritic malleable cast iron (KCh30-6). The
temperature distribution over the cross-section of ferromagnetic materials during induction heating with an external
magnetic field has been studied using special samples of iron, 45 steel, and SCh30 gray pearlitic cast iron. Electric
tempering processes have been investigated on samples of U8SA steel using a vacuum tube generator (heating
temperature — 450°C, heating rate — 750°C/s). Changes in austenite grain size after high-speed heating with external
magnetization have been examined on samples of reduced-hardenability S5PP steel. To study the processes of thermal
treatment in a magnetic field during experiments involving heating samples using high-frequency currents, a specially
designed electromagnet was created to apply an external constant magnetic field.

Results. Theoretical curves were constructed for heating conditions with and without an external constant magnetic
field. Experimental data on the effect of an external constant magnetic field on induction heating in the surface layer of
various materials were summarized in kinetic diagrams. Evidence that the observed changes were due to increased
depth of penetration of eddy currents came from experiments on cylindrical samples of 45 steel with different wall
thicknesses. Kinetic curves were provided for estimating the temperature field (at 6 points at different depths) during
high-frequency current heating with and without external magnetization. The paper presents experimental data on the
micro-hardness distribution across the cross-section of a U8 steel sample after quenching, quenching and electric
tempering, quenching and electric tempering with external magnetization, and quenching and bulk tempering. It also
includes the results of the study of the austenite grain size of 55PP steel after high-speed heating with external
magnetization and conventional (slow) deep heating.
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Discussion. The application of a high-intensity external constant magnetic field during the first quasi-stationary process
resulted in a decrease in the rate of induction heating of the ferromagnetic material and an increase in the depth of its
uniform heating. However, above the Curie point, the effect of the magnetic field was negligible due to the low
magnetic susceptibility of the material, and the heating rate remained unchanged as if there was no field present. In
addition, due to the insignificant difference in the values of magnetic permeability below and above the Curie point
during heating in the field, the thermal curve did not exhibit the characteristic inflection typical of kinetic curves
observed during the transition of the surface layer to a paramagnetic state. Experiments with electric tempering have
demonstrated that by applying an external field, it was possible to temper a material to the desired depth and it could be
done on a single high-frequency current setup. The size of the austenite grains after high-speed heating with
magnetization was reduced compared to conventional deep heating of steel with low hardenability, eliminating the issue
of induction heating for low-hardenability steel.

Conclusion. The results of the study demonstrated that the use of an external magnetic field enabled the achievement of
strengthening effects during heating at higher frequencies, thereby eliminating the drawbacks of such heating methods.

Keywords: steel, cast iron, magnetic field, high-frequency current, electric tempering, high-speed heating, hardening
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HccaenoBanne MpoHIecCoB IJCKTpoHArpesa TOKaMu BbICOKOI1 4YaCTOTHI B MATHUTHOM I10J1€

B.H. IycroBoiit =, FO.B. lorrayes = <, A.C. [InpueHKOB
JloHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust
X ydolgachev(@donstu.ru

AHHOTAUMSA

Beeoenue. 1lpu HarpeBe xele30yriaepoAUCThIX CINIABOB TOKaMHU BhICOKOM 4acTOThl (TBY) Ha BBICOKMX CKOPOCTSIX MO-
TYT HaOImogaTecs Oonee 3HAYMMBIC YPPEKTH YIPOUYHEHHS, YeM MPH NPUMEHEHNH MaIIMHHBIX TeHepaTopoB. [losTomy
MIPOBOJIUTH 3aKaJIKy B TAKHX yCJIOBHAX OBLIO OBI Iefiecoo0pa3Hee, OJHAKO MOBBIIIEHHE YaCTOTHI TeHepaTopa BIEUET 3a
co00i1 yMeHbllIeHNe TITyOUHbI TPOHUKHOBEHHS BUXPEBBIX TOKOB M BEJET K OOJIbIIEH HEPaBHOMEPHOCTH IPOTPEBa 110
ceyeHnto. HanojkeHne NOCTOSIHHOTO BHEIITHEr0 MarHUTHOTO 1oJIs IpH 3akaike TBY MokeT mpUBOIUTE K yBEITHYCHUIO
TTyOWHBI IPOHUKHOBEHUSI BUXPEBBIX TOKOB U Oollee paBHOMEpHOMY IporpeBy. Ho B Hay4HOI nuTeparype emie Hemlo-
CTaTOYHO CBEACHHI O BIIMSHUM BHEIIHEIO MarHUTHOTO IMoJisl Ha mpouecchl HarpeBa TBY, a takxke Ha ¢azoBble mpe-
BpAIlleHNsI B CTAIAX. B HacTOAMIMIT MOMEHT KOJMYECTBECHHBIX OICHOK BIUSHISI BHEITHETO MATHUTHOTO TIOJIS HAa M3ME-
HEHHNE KWHETHKH AJIEKTPOHArpeBa M IIIyOWHBI MPOHUKHOBEHHS BUXPEBBIX TOKOB HE MMEETCA. B CBS3M C BBIIIECKa3aH-
HBIM 1I€JIb aBTOPOB HACTOSIIIEH CTaTbU — M3Y4YWUTh M3MEHEHUsl B KMHETHKE HarpeBa TBY xene3oyriepoaucThixX cruia-
BOB IPH HAJIOXKEHHU BHEIIHETO MOCTOSHHOI'O MarHUTHOTO TOJISL ¥ Ha 3TOW OCHOBE PACCMOTPETH BO3MOXKHOCTH ITpHUMe-
HEHUSI JAHHOM TEXHOJIOTHH.

Mamepuanvt u memoost. TeopeTudeckasl OIIEHKA BIUSHUS BHEUTHET0 MAarHUTHOTO TMOJII HA M3MEHEHHs] KMHETUKU
AJIGKTPOHATPEBa U ITyOWHBI IIPOHUKHOBECHUS BUXPEBBIX TOKOB JIJaHA HA OCHOBE OOIIEH TCOPHH KUHETUKH FHYKIIHOH-
HOTO HarpeBa. DKCIEPUMEHTAIEHOE N3YUYCHUE BIMSHUSA MaTHUTHOTO ITOJI1 HAa KHHETHKY HarpeBa TBY mpoBommioch Ha
oOpasuax u3 ctanu 45, nepautHoro ceporo (CU30) u deppurHoro koBkoro uyryHa (K430-6). MccrnemoBanue pacmpe-
JIeTICHUs] TEMIIEpaTyphl [0 ceYeHHI0 peppoMarHUTHOIO MaTepuaia NPy HHAYKIIMOHHOM HarpeBe BO BHEIIHEM MarHUT-
HOM TIOJIe OCYIIECTBIBIIOCH HA CIIEIMANIBHBIX 00pa3lax M3 TEXHHYECKOTO JKene3a, CTaind 45 U ceporo MepiIuTHOTO 9y-
ryna CU30. M3ydyeHue mpoIiecCcoB 3JSKTPOOTIIYCKa MTPOXOAMUIO Ha 00pasiax u3 cTaaud ¥ 8A ¢ HCIOJb30BAHUEM JTAMITO-
BOro reneparopa (temreparypa HarpeBa — 450 °C, ckopocts HarpeBa — 750 °C/c). UccnenoBanuch n3MeHeHust oamia
AyCTECHHUTHOTO 3€pHA IMOCJe CKOPOCTHOTO HATpEeBa ¢ BHEIIHUM MTOJMAarHUYMBAaHHEM Ha 00pa3laxX CTAIH C TOHIKEHHON
npokaguBaeMocTsio SSIIII. [l uccneqoBaHus MPOIIECCOB TEPMUIECKOH 00pabOTKH B MAarHUTHOM IIOJIE TIPH TIPOBEIe-
HHUH DKCIIEPUMEHTOB C HArPEBOM 00pa3lloB TOKAMU BBICOKOH YaCTOTHI CO3/aH 3JIEKTPOMATHUT CIIEIHaIbHON KOHCTPYK-
WY TS HATOJKEHUS BHEIITHETO TIOCTOSIHHOTO MarHUTHOTO TTOJIS.
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Pezynomamut uccnedosanus. 110CTpOCHBI TEOPETHUECKIE KPUBBIE U YCIOBHI HarpeBa 0€3 MO U C HAJOKCHUEM
BHEIIIHET0 TIOCTOSHHOT'O MarHUTHOTO NOJIs. DKCIepHUMEHTAIbHbIE JAHHBIE O BIMSHUM BHEUTHETO TOCTOSIHHOTO MAarHUT-
HOTO TI0JI HA MHIYKIIMOHHEIN HArPeB B MOBEPXHOCTHOM CJIO€ PA3IUYHBIX MATEPHAJIOB OBUIH CBEJCHEI B KHHCTHICCKHE
auarpaMMel. Jloka3aTebCTBOM TOTO, YTO HAOIOJaeMble N3MEHEHHS CBS3aHBI HMEHHO C yBEJMYEHUEM TIyOWHBI TIPO-
HUKHOBCHHSA BUXPEBBIX TOKOB, ABJIAIOTCA ONBITHBIC TaHHBIC, MMOJTYUYCHHBIC HA HUJIUHAPUYCCKUX o6pa3uax n3 ctamu 45 ¢
pa3HON TONMIUHON CTeHKHU. IIpuBeseHbl KMHETUUECKHE KPUBBIE OLIEHKU TEMIEPaTypHOIo Mo (1o IIeCTH TOYKaM Ha
pas3Hoii TiryOmHe) B mporuecce HarpeBa TBY ¢ BHEITHUM MOAMarHMYMBaHuEeM U O0e3 Hero. [lorydeHsl SKCriepuMeHTab-
Hble JJaHHbIE, TIOKA3bIBAIOIINE pACHpe/elieHne MUKPOTBEPIOCTH IO CEYEHHI0 o0pasia U3 crajid Y8 mocie 3akaiky,
3aKaJKH M DJIEKTPOOTIYCKa, 3aKAJIKH U AJIEKTPOOTITyCKa ¢ BHEIIHUM IOAMAarHUYUBAHUEM M 3aKAJIKH U OOBEMHOTO OT-
IMycKa, a TAaKXKe pe3yJlbTaThl MccienoBaHus Oamna aycTeHHTHOro 3epHa ctamu SSIIIT mocie cKOpoCTHOTO HarpeBa ¢
BHEIIHUM TIOAMAarHUYMBAHUEM B OOBITHOTO (MEIVIEHHOT0) IITyOMHHOTO Harpena.

Obcyacoenue. HanoxxeHre BHEIIHETO MOCTOSIHHOTO MAarHUTHOTO IMOJIS BBICOKOW HaNpsDKEHHOCTH HA 3Tale MepBOro
KBa3UCTAI[MOHAPHOTO TpOIecca MPUBOIUT K CHHKEHHIO CKOPOCTH MHIYKIIMOHHOTO HarpeBa (peppoMarHUTHOTO Mare-
pHaia ¥ yBeJIMYEHHIO NTyOUHBI €ro paBHOMEPHOTO nporpesa. Beire Touku Kiopu BiIMsHUE MarHUTHOTO IIOJISI HE CKa-
3BIBACTCA HM3-3a MOV MarHUTHOW BOCHPUHUMYMBOCTH MaTepHalia, TOITOMY CKOPOCTh HarpeBa OCTaeTCsl TaKOH ke, Ka-
Kasi Obl1a OBl B ATOM TeMIlepaTypHOM HHTepBajie 0e3 mois. Kpome Toro, BBHIYy HE3HAUMTEIbHOW Pa3HUIIbI 3HAUCHUN
MarHATHON MPOHHMIIAEMOCTH HIDKE M BBIIIE TOUKH Kropu mpu HarpeBe B Iojie TepMHUUYECKasi KPHBas HE UMEET CTOJb
3aMEeTHOTO Tepernda, XapaKTepHOTO U KHHETHIECKUX KPUBBIX IPH MEPEeX0e MOBEPXHOCTHOTO CIIOSI B TTapaMarHuT-
HOE COCTOSIHHE. DKCIEPUMEHTHI C AIIEKTPOOTITYCKOM JI0OKA3aJId, 9TO ¢ HAIO)KEHHEM BHEITHETO TIOJS YAAeTCs OTIYCTHTh
MaTepHan Ha HeoOXOIMMYIO TIIyOnHY M HOSBIISIETCS BO3MOXKHOCTD €r0 IIpoBeAeHus Ha oHo# ycraHoBKe TBU. Pazmep
3epeH ayCTEHHTa II0CJIe CKOPOCTHOTO HarpeBa ¢ MOAMArHMYMBAHUEM yMEHBIIAETCS, 110 CPABHEHHIO C OOBIYHBIM TIIy-
OWHHBIM HATPEBOM CTAJU C TIOHIDKEHHOH MPOKATMBACMOCTBIO, UYTO YCTPAHSIET MPoOIeMy HHAYKIIMOHHOTO HAarpeBa CTa-
JIel C MOHMKEHHON TPOKaJIUBAEMOCTBIO.

3akniouenue. Pe3ynpTaTsl UCCIENOBaHUS NTOKA3alIH, YTO HAJIOKEHHUE BHEIIHETO MAarHUTHOT'O MOJIS TI03BOJISIET peaIn30-
BaTh AP PeKThl yNpoYHEeHHs NPU HArpeBe ¢ OoJiee BRLICOKMMH YaCTOTAMHU M YCTPAHUTh HEJIOCTATKU TaKOI'0 HAarpesa.

KutioueBble ci1oBa: crajib, YyTyH, MarHuTHOE mosje, TBY, a1eKTpooTIyCcK, CKOPOCTHOM HAarpeB, 3aKajika

BbaarogapHocT. ABTOpPHI GIIarofapsT peJakiHio KypHaa 3a LeHHbIE 3aMeYaHHs1 TI0 COJIEPXKAHUIO CTaThU, COTPYJHUKOB
kadenpsl «MarepuanoBenenne u texHoiornu meramuiop»y JAI'TY: 3aBexyromero kagenpoit M.C. Eroposa, mpodeccopa
O0.M. lom6poBckoro u gorenTta C.A. ['pumrHa, 32 TOMOIIIH B TOMYYEHUH U 00CYXIICHUN PEe3yIbTaTOB.

Jns muruposanus. ITycrosoir B.H., Jlonraues 10.B. Mccnenosanue nporeccos anekrpoHarpesa TBY B MarHuTHOM Hone.
bezonacnocms mexroeennvix u npupoonsix cucmem. 2025;9(4):331-340. https://doi.org/10.23947/2541-9129-2025-9-4-331-340

Introduction. The basic principles of the heat treatment technology of steel in a magnetic field (HTMF) are
described in the monograph [1]. This technology allows obtaining structural states and properties that are not achievable
under normal conditions. One of the advantages of HTMF is its efficiency in the piecewise processing of products [2],
for example, by using high-frequency currents (HFCs) as a heating source [3].

Due to the fact that more noticeable hardening effects can be observed when heating with HFCs at high speeds
compared to using machine generators, it would be beneficial to harden at higher frequencies. However, the increase in
the frequency of the generator results in a decrease in the depth of penetration of eddy currents and an increase in
unevenness of heating across the cross-section. The theoretical and practical aspects of HFC heating of metal products
have been well presented in [4, 5]. Meanwhile, there is a lack of information about changes that occur during high-
speed induction heating with an external permanent magnetic field, especially in the context of ongoing phase
transformations in steels.

Qualitative data have been experimentally obtained [4] that the application of a constant external magnetic field
during HFC quenching can lead to an increase in the penetration depth of eddy currents, which, in turn, increases the
uniformity of heating at the stage of the first quasi-stationary electric heating process [6]. From a technological point of
view, the most appropriate application of this phenomenon is for high-speed electric tempering [7, 8], since there is a
problem of insufficient HFC heating depth of the ferromagnetic hardened layer, which makes it necessary to use
another generator operating at a lower frequency for heating for tempering. Currently, there are no quantitative
estimates of the effect of an external magnetic field on changes in the kinetics of electric heating and the depth of
penetration of eddy currents.

In connection with the above, the authors of this research aim to study changes in the kinetics of HFC heating of
iron-carbon alloys under the influence of an external permanent magnetic field, and based on the results obtained,
consider the possibilities for their technological application.
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Materials and Methods. Theoretical assessment of the influence of an external magnetic field on changes in the
kinetics of electric heating and the depth of penetration of eddy currents was based on the general theory of induction
heating kinetics [9, 10]. The equation of thermal conductivity in the case of heating steel to the temperature of magnetic
transformations in the surface layer was used with the introduction of dimensionless quantities of time (Fourier criterion

F0=(;—;), temperature (Kirpichev criterion K,ﬂ=ﬁ), without taking into account the transient process of power
2T,
redistribution (P) and had the form:
X
2 ch2k—
K{':E]+l[£] _14_%_ R (1)
2\ R 6 4k 2ksh2k

where R — cylindrical sample radius.

p=R_p m
o 2p

where 8 — eddy currents penetration depth; p — relative magnetic permeability of the material; o — magnetic
permeability of air; f— current frequency; p — electrical resistivity of the material; A — thermal conductivity
coefficient; o — temperature conductivity coefficient; 7(x, T) — temperature as a function of time (1) and distance from
surface (x); 7o — initial temperature.
The experimental study of the effect of the magnetic field on the kinetics of HFC heating was conducted on samples of
45 steel, pearlitic gray (SCh30) and ferritic ductile iron (KCh30-6). Thermocouple readings from the surface layer were
recorded using an analog-to-digital converter (ADC) L-CARD E14—440 (bit depth — 14 bits, conversion frequency —
up to 400 kHz). Solid cylindrical samples of & 0.8 mm made of various materials were used, as well as hollow samples
of 45 steel with wall thicknesses of 1 and 2 mm.

The temperature distribution over the cross-section of a ferromagnetic material during induction heating in an
external magnetic field was studied on special samples (Fig. 1) made of technical iron, 45 steel and gray pearlitic cast
iron SCh30. As can be seen in Figure 1, temperature control was carried out on a sample at six points located at

distances from the edge of 1,3,5,7,9, and 11 mm. In each of the & 0.6 mm holes, a & 0.2 mm chromel-alumel
thermocouple was installed, connected to one of the 16 differential ADC L-CARD E14-440 input channels, which
transmitted data to a PC with simultaneous recording of all channels in the LGraph2 software.

150°

10

33

Fig. 1. Design of samples for temperature field assessment

The study of electric tempering processes was conducted on USA steel samples using a lamp generator. Electric
tempering was performed at 450°C, the heating rate was 750°C/s. The usual oven tempering process lasted for one
hour. Microhardness was measured on a PMT-3 device at a load of 100 g.

Changes in the austenitic grain score after high-speed heating with external magnetization were studied on 55PP
steel samples of & 18 mm. Heating was carried out to a temperature of 950°C using machine (heating rate in the field of
phase transformations — 8°C/s) and lamp (90°C/s) generators. The boundaries of the austenitic grain were studied by
chemical etching in a one percent picric acid solution heated to 60°C with the addition of detergent. Histograms were
constructed based on the measurement results of the largest grains d; visible in the plane of the slot in 20 fields of view
at magnification x 1000. The average true grain diameters were calculated using the formula:

5:%—2”; : @
g
H d.f

where n; — number of measured sections in the j dimension group; K — number of groups.
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The task of studying the processes of high-speed HTMF in relation to high-speed HFC heating had a number of
technical difficulties associated with the imposition of an external permanent magnetic field around the inductor, and
therefore a special electromagnet was designed with a number of features. The axes of the cores were as close as
possible to the panel of the high-frequency generator, which determined the use of a core and coils of rectangular cross-
section. The magnetic circuit of the electromagnet had a double reverse yoke. Water-cooled conical pole tips were used.
The core cross-section relative to the yoke was increased by 130%, which reduced its magnetic resistance and
minimized the dissipative flow. The conical shape of the tips made it possible to increase the field strength in the
working air gap of 50 mm to 600 kA/m.

Results. Based on equation (1), theoretical curves were constructed for heating conditions without a field and with
an external permanent magnetic field (Fig. 2). The calculation was performed for a cylindrical sample with a diameter
of 8 mm made of steel with a ferritic structure: p=36-10° Ohm-m; p=1000 — at a temperature of 20°C;
p =1 — above the Curie point; L =7 at a temperature of 20°C in a magnetic field with a strength of 160 kA/m (taking
into account the external demagnetizing factor of the sample); /=440 kHz; assuming that the Curie point corresponded
to dimensionless temperature K; = 1.13. From the appearance of the curves, it was possible to judge about the greater
uniformity of the heating process in the presence of external magnetization.

K

1.0F

0.5

0.0 0.5 1.0 1.5 Fy

Fig. 2. Theoretical curves of high-speed heating without an external magnetic field (solid line) and with it (dashed line)

Experimental data on the effect of an external permanent magnetic field on induction heating in the surface layer of
various materials were summarized in kinetic diagrams and shown in Figure 3.

t, °C t, °C t, °C t, °C
1,000 1,000 1,000 1,000
800 800 800 800
600 600 600 600
400 400 400 400
200 200 200 200
0 2 4 us 0 2 4 us 0 2 4 us
a) b) c) d)

Fig. 3. Thermal curves of induction heating without a magnetic field (solid line) and with a magnetic field (dashed line)
on samples made of: a, b — 45 steel; ¢ — KCh30-6; d — SCh30

The proof that the observed changes were associated precisely with an increase in the penetration depth of eddy
currents was experimental data obtained on cylindrical samples made of 45 steel having different wall thicknesses

(1 and 2 mm and a solid cylinder & 8 mm). Figure 4 provides their heating curves.

Chemical Technologies, Materials Sciences, Metallurgy

335



https://bps-journal.ru

336

Pustovoit VN, et al. Study of the Processes of Electric Heating Using High-Frequency Currents ...

t, °C > t, °C t,°C
1,000 gl 1,000 . 1,000
800 il 800 [ 7 800 gl
11 ” ’
600 /) 600 [ K 600 ,/
II I’
400 K 400 [ 400
I /! /!
! I/ /
200 200 -/, 200F [/
i’ !
0 1 2 3 1S 0 2 4 1,8 0 3 6 T5
a) b) ¢)

Fig. 4. Thermal curves of samples without an external field (solid line) and in a magnetic field (dashed line)
with a wall thickness of: a — 1 mm; b — 2 mm; ¢ — solid cylinder of & 8 mm

The temperature field assessment results (at six points at different depths) during HFC heating with and without

external magnetization are shown in Figures 5 and 6. Figure 5 shows kinetic curves for perlite gray cast iron SCh30,
and Figure 6 — for 45 steel.

£, °C : 1, °C

: 1

900 3 900 2

3

4 4
800 5 800

6

5

700 700 6
600 600
500 500
400 400
300 300
200 200
100 100

2 4 6 8§ 10 12 7,8 6 8§ 10 12 T8
a) b)

Fig. 5. Heating curves of SCh30 (¢ — without a field; » — in a magnetic field) at a distance from the surface: 1 — 1 mm;

2—3mm;3—5mm;4—7mm;5—9mm;and 6 — 11 mm

When heated in a magnetic field, the penetration depth of eddy currents did not depend on the structure of the
material and turned out to be ~10 (for pearlite) and 17 (for ferritic) times more than when heated without a field. This
indicated the possibility to implement in practice the quenching mode with electric tempering when heated from a
single generator, since without magnetization it was impossible to warm up the entire hardened zone. Figure 7 shows
experimental data showing the distribution of microhardness over the cross section of a US8 steel sample after
quenching, quenching and electric tempering, quenching and electric tempering with external magnetization, quenching
and volumetric tempering.


https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2025;9(4):331-340. e[SSN 2541-9129

100 . 2 . L L 100 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5 6
Distance from the surface, mm Distance from the surface, mm

Fig. 7. Microhardness distribution over the cross section after:
1 — HFC quenching; 2 — HFC quenching and electric
tempering without magnetization; 3 — HFC quenching and
electric tempering with magnetization; 4 — HFC quenching and
volumetric tempering in the furnace

Fig. 6. Temperature distribution at different distances from the
surface under normal heating (solid line) and with external
magnetization (dashed line) at time points
1—3s;2—6s;3—7s;4—11.5s

Carbon steels with reduced through-hardening capability can be subjected to HFC surface quenching [11, 12], but
they have low heating rate in the region of phase transformations, which leads to a large austenite grain size (and,
consequently, reduced mechanical properties in the surface layer). It turns out that the characteristic features of the fine
structure of austenite, which are caused by induction heating, are offset by grain growth — high structural strength is
lost. Figure 8 shows the results of a study of the austenitic grain score of 55PP steel after high-speed heating with
external magnetization and conventional (slow) deep heating.
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Fig. 8. Size distribution of y-phase grains with HFC heating: @ — with an external magnetic field; 6 — without a field
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Discussion. Changes in the kinetics of heating by high-frequency currents were observed when an external
magnetic field was applied, the strength of which was sufficient for magnetic saturation. This effect led to a change
in the magnetic properties of the processed steel, specifically, to a decrease in its magnetic permeability [13]. This
behavior was natural for magnetization at the paraprocess stage; it, in turn, caused a decrease in k coefficient, which
was inversely proportional to the depth of eddy current penetration and the specific thermal power. This can be
compared to the increase in the current penetration depth into a metal during its transition from a ferromagnetic to a
paramagnetic state. However, there is a physical difference in the nature of the paramagnetic state of a metal and the
state of a ferromagnetic magnetized in the paraprocess region. They are similar only in terms of their small relative
magnetic permeabilities. Thus, the presence of an external magnetic field at the stage of the first quasi-stationary
process lead to a decrease in the rate of induction heating of the ferromagnetic material and an increase in the depth
of its uniform heating.

The magnetic susceptibility drops sharply above the Curie point, so the external magnetic field does not affect the
heating rate at these temperatures. At the same time, due to the small difference in magnetic permeability below and
above the Curie point in the presence of an external field, there is no change in the heating curve that would indicate a
transition of the surface layer to a paramagnetic state. In fields with higher intensities, the heating curve turns into a
straight line (with the tangent of the angle of inclination to the time axis corresponding to the heating rate above the
Curie point). A comparison of the dependencies in Figures 2 and 3 shows the similarity of the general patterns and
confirms the validity of the earlier conclusions.

Regardless of the material used, in all the cases shown in Figure 3, the following patterns are observed: at the initial
stage of heating, if an external magnetic field is applied, the heating rate decreases up to the Curie point. In the presence
of an external magnetic field, the difference in the heating rate near the critical point in the diagram is less abrupt. At
the end of the phase transformation, the heating rates with and without a field are practically compared.

As can be seen in Figure 4, the heating curves for conventional HFC heating and with the application of an external
field converge as the wall thickness of the sample decreases, until they almost completely coincide for a thickness of
1 mm. This phenomenon can be explained by the fact that the wall thickness approaches the penetration depth of eddy
currents in the absence of external magnetization.

Figure 5 clearly demonstrates that the influence of a magnetic field significantly reduces the temperature variation
near the surface during the initial stages of heating. Without the use of a magnetic field, the variation is approximately
250°C over the entire depth under study and about 50°C from the surface to a point at a distance of 1 mm. However,
after reaching the Curie point, the patterns of temperature distribution become similar, although there is a more
significant decrease in surface temperature for the sample processed without applying an external field.

As can be seen in Figure 6, a similar pattern is observed in the 45 steel sample, with a greater uniformity of heating
across the cross-section when an external magnetic field is applied up to the Curie point. When the surface layer of the
sample heated in the field reaches the Curie temperature, the depth of current penetration into the material changes
slightly (curves 3 and 4), since there is no sharp decrease in magnetic permeability. And in a sample that was heated
without a field, after the transition to the paramagnetic state, the induced power is redistributed and heat is removed
from the surface to the core, which causes a decrease in the temperature difference across the cross section. In this case
(curve 4), the temperature distribution patterns turn out to be the same for both heating modes, but with greater
uniformity of heating in the case of magnetization.

As shown by experiments with electric discharge (Fig. 7), it is not possible to harden the material to the desired
depth without applying an external field. The hardening occurs at a maximum depth of 1 mm, with a hardened layer that
is three times deeper. At the same time, electric discharge with magnetization allows for a greater depth of hardening,
which can be achieved using the same setup. Additionally, the hardness achieved through electric tempering with
magnetization is greater than that achieved through conventional furnace tempering.

Histograms of the distribution of austenite grain sizes after high-speed magnetization and conventional deep heating
of steel with reduced hardenability show that, in the first case, the average grain diameter is 12.96 um smaller (Fig. 8).
Therefore, problems with austenite grain growth that occur during induction heating of steels with reduced
hardenability can be avoided by using external magnetization.

Conclusion. The results of the study show that the application of an external magnetic field at temperatures below
the Curie point increases the penetration depth of eddy currents, which, in turn, contributes to a more uniform heating of
the material. This allows for the realization of hardening effects when heating at higher frequencies, eliminating the
disadvantages of this type of heating that occur without magnetization. The observed changes in the presence of
magnetization during heating of HFC are explained by a decrease in the magnetic permeability of the processed
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material, which is directly proportional to the depth of penetration of eddy currents. When the Curie point is reached,
this effect levels off. It has been demonstrated that with the application of an external magnetic field, it becomes
technologically possible to conduct high-speed electrical tempering on a single generator to achieve higher hardness
values compared to conventional tempering. It is also recommended to use high-speed magnetization for HFC surface
hardening of steels with reduced hardenability, as it eliminates the problem of coarse austenitic grains that can occur
during conventional deep heating.
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