Safety of Technogenic and Natural Systems. 2025;9(1):65-71. eISSN 2541-9129

CHEMICAL TECHNOLOGIES,
MATERIALS SCIENCES, METALLURGY
XUMHNYECKHUE TEXHOJIOI'NH,
HAYKHU O MATEPUAJIAX, METAJLJTYPI'USA

W) Check for updates
BY

UDC 669.1:66.04 Original Empirical Research
https://doi.org/10.23947/2541-9129-2025-9-1-65-71

Volumetric Changes and Structural Stresses after Quenching E E
in a Magnetic Field n .

Viktor N. Pustovoit~', Yuri V. Dolgachev"= <

Don State Technical University, Rostov-on-Don, Russian Federation E
P4 yuridol@mail.ru
EDN: JGDGMF

Abstract

Introduction. As is well known, the process of steel hardening is accompanied by volumetric changes due to the difference
in specific volumes of transforming phases. These volume changes result in structural stresses within the steel. The
presence of these stresses in a hardened product negatively affects its resistance to brittle fracture, leading, for example, to
decreased safety during operation of steel structures. In this regard, it is essential to improve heat treatment (HT) methods
that reduce quenching stresses. One promising method involves applying a permanent magnetic field during phase
transformation, which affects the kinetics of transition and resulting transformation products. However, there is a lack of
data on volumetric changes during quenching for this method. The aim of this work is to investigate the effects of
permanent magnetic fields on volumetric changes and structural stresses during steel hardening.

Materials and Methods. The research was conducted on technical iron and carbon steel 35, 45, U8, U10, Ul2.
Magnetic fields with strengths of 1.4 and 1.6 MA/m were generated in an interpolar gap of the FL-1 electromagnet,
designed by Moscow State University. Volumetric changes after conventional and magnetic quenching were
quantitatively assessed by measuring the specific volumes using hydrostatic weighing method.

Results. Concentration dependencies of changes in specific volumes of carbon steels during quenching in a magnetic
field at temperatures of 800 and 1 000°C were obtained. There were no changes in the volume effect of martensitic
transformation in iron and U10 steel when quenching at temperatures higher than 800°C. Different changes in the
volume effect were observed in steels with carbon content: from 0 to 1% — reduction in specific volume; from 1.0% to
1.2% — increase in specific volume. Calculation data showed that after quenching without a field, the level of structural
stresses increased with an increase in the carbon content in austenite and an increase in the heating temperature for
quenching. The influence of the magnetic field was reduced to a decrease in structural stresses in low- and medium-
carbon steels and their increase in high-carbon steels. At low tempering temperatures, the level of structural stresses
after quenching in a magnetic field was lower for medium-carbon 45 steel, and higher for Ul2 steel, than after
quenching without a field.

Discussion and Conclusion. The data obtained for low- and medium-carbon steels can be explained by the increased
degree of martensite decomposition “in statu nascendi” upon cooling in a magnetic field and an increase in the amount
of martensite phase in high-carbon iron alloys. The change in the volume effect caused by the increase in the amount of
martensite phase under the influence of a magnetic field prevailed over the change in the volume effect caused by its
decomposition during the quenching cooling process. The magnitude and sign of the observed effects were determined
by the carbon content in the original austenite, and there was a narrow range of concentrations for which magnetic
hardening had virtually no effect on the level of structural stresses. The effect of a magnetic field during tempering
somewhat slowed down the reduction of residual stresses in the temperature range of martensite decomposition.
Structural stresses after heat treatment in a magnetic field, without taking into account the temperature gradient across
the cross-section, were mainly determined by the effects obtained during quenching in a magnetic field. The
intensification of the phenomena of martensite decomposition caused a decrease, and an increase in the completeness of
the martensite transformation, an increase in the level of structural stresses.
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AHHOTANUA

Beeoenue. Kax n3BecTHO, 3aKajKa CTAJIN COIPOBOXKAAETCS OOBEMHBIMUI M3MEHEHUSIMH, BBI3BAHHBIMU Pa3HOCTHIO
yAenbHBIX 00BEMOB mpeBpamiaromuxcs (a3. BoszHukaromue oObEMHBIE M3MEHEHHS NMPHUBOIAT K CTPYKTYPHBIM
HanpsOKeHUs M B cTainu. IIpucyTcTBHE HampshKeHUH B 3aKaJeHHOM M3JEJIHMM CKa3bIBaeTCd OTPHUIATENIbHO Ha
CONPOTUBICHUH XPYNKOMY pa3pylLICHHIO, 4YTO OOyCJaBIMBaeT, HaIpUMeEp, CHUKECHHE O€30IacHOCTH IIpH
SKCIUTyaTalliy CTaJbHBIX KOHCTPYKIMH. B CBS3M ¢ 3THUM BaXXHBIM SBJISIETCS COBEPIICHCTBOBAHHE METOIOB
Tepmudeckoii 00pabotku (TO) cranm, KOTOpBIC MO3BOJISIOT CHU3WTH 3aKaJO4YHbIC HampsoKkeHus. HamoxeHue
MOCTOSIHHOT'O MarHWTHOTO TOJisi B Tpoliecce (a30BOTO MpEeBpalleHHs] OKa3bIBaCT BIMSAHNUE HAa KMHETHUKY Iepexoja
u oOpasyromuecs MpPOXyKTH mpeBpamieHus. s 3Toro mepcrnekTuBHOTO MeTona TO HemZoCTaTOYHO TaHHBIX 00
00BEMHBIX M3MEHEHHAX INpH 3akaike. Llenmp paboTBl — HCCIeTOBaHHE OCOOCHHOCTEH BIHMSAHUSA IMOCTOSHHOTO
MAarHUTHOTO TOJII Ha 00hEMHBIC H3MEHEHHUS U CTPYKTYPHBIC HANIPSDKCHUS TIPH 3aKalIKe CTAIIH.

Mamepuanvt u memoowt. ViccnenoBanus NpoBOJMINCH HA TEXHUYECKOM JKelle3e M yIIEePOJUCTBIX cTaisix 35, 45, V8,
V10, VYI12. MarauTHbple TONsA HampsbkeHHOCTRIO 1,4 u 1,6 MA/M  co3maBammch B MEXKIIONIOCHOM — 3a30pe
anektpomaruura ®JI-1 xoHcTpykimn MI'Y. KonudecTBeHHast oleHKa OOBEMHBIX W3MEHEHHMH TIOcie OOBIYHOH W
MarHUTHOH 3aKaJIKH BBITOJHSAIACH ITyTEM H3MEPEHHUS YACIbHBIX 00bEMOB METOJIOM I'MIPOCTATHYECKOTO B3BEIIMBAHHUS.

Pezynemamot uccnedosanus. T1oiydeHpl KOHIICHTPAIMOHHBIE 3aBUCUMOCTH W3MEHEHHUS YJIEIBHBIX O0BEMOB YIJIEPOMCTBIX
CTayiel mpu 3akaike B MarHUTHOM nojie oT Temmeparyp 800 u 1 000 °C, Ha KOTOPBIX OTMEYAIOCh OTCYTCTBHE M3MEHEHUI
00BEMHOTO 3(deKTa MapTEHCHUTHOTO NPEBPAILEHHSI B TEXHHMYECKOM kelnese u craiau Y10 npu 3akanke ot 800 °C, a Taroke
HaJIMYKe PasHbIX 10 3HAKy U3MEHEeHn 00bEMHOTO0 AekTa B craisix ¢ coaeprkanueM yriepoaa: oT 0 1o 1 % — ymeHblieHne
ynenasHoro 06séMa, ot 1,0 o 1,2 % — yBenmdeHue yneabHOro 00séMa. PacuéTHple JaHHBIE TOKA3hIBAIOT, YTO MOCHE 3aKAIKH
0e3 1oy yPOBEHb CTPYKTYPHBIX HAIPSHKEHUH BO3PACTACT C YBEMUYCHUEM COAEPIKaHUs yIIepoa B ayCTEHUTE U TOBBIIICHUEM
TeMIIepaTypsl HarpeBa TOJ 3aKajKy. BIMSHHE MarHMTHOTO TIOJS CBOJWTCS K YMEHBIICHHWIO CTPYKTYPHBIX HAIPSDKCHHI B
HI3KO- ¥ CPEIHEYTIICPOANCTHIX CTATX U K MX YBEIIIYCHUIO — B BBHICOKOYTIIEPOINCTHIX. [Ipr HU3KIX TeMIepaTrypax OTITyCKa
YPOBEHb CTPYKTYPHBIX HANPSHKEHHH IOCIE 3aKaIKH B MarHUTHOM TIOJIE JUIS CPEIHEYIJIEPOAMCTON cTaimm 45 Hike, a U
ctam Y12 — BBIIIIE, YeM MOCITE 3aKaJTKH 0€3 MOJIS.

Ooécyrncoenue u 3axnrouenue. llonmydeHHBIC NaHHBIE IUISI HU3KO- W CPEOHEYTIEPOIWCTHIX CTalel OOBSICHIIOTCS
OoJibIlIell CTENeHBIO pacnaja MapTeHcHTa in statu nascendi MpH OXJIQXKICHWM B MarHUTHOM IIOJI€ W YBEIWYEHHEM
KOJIMYECTBa MapTeHCUTHOW (a3l B BBICOKOYIJTICPOJHCTHIX CIUIaBax jkene3a. l3meHeHume oObEMHOro sddexra,
BBI3BAHHOE IPUPOCTOM IO/ JEHCTBUEM MAarHUTHOTO TMOJS KOJMYECTBA MAapTEHCUTHOW (as3bl, NpeBaMpyeT Hal
n3MeHeHneM o0bEMHOTO0 3¢ dekTa, 00yCIOBISHHOTO €e pachagoM B MPOIECCe 3aKaJOYHOTO OXJIaX/eHus. Bennuuna n
3HaK HaONOAaeMbIX dPPEKTOB ONPENEIIIOTCS COACPKAHUEM YTIIIepoJia B HCXOJHOM ayCTEHHTE, IIPUYEM CYILIECTBYET
Y3KHH JUana3oH KOHIEHTPAXH, A1 KOTOPhIX MarHUTHAS 3aKajlka He OKa3bIBAeT MPAKTHUECKN HUKAKOTO BO3JCHCTBHUS
Ha YpOBEHb CTPYKTYPHBIX HampspKeHuil. JleficTBHEe MarHWTHOTO TOJNS BO BpPEMS OTIIyCKa HECKOJBKO 3aMeysieT
CHIDKEHHE OCTATOYHBIX HANPsHKCHUH B TEeMIIEPaTypHOM MHTEpBalle pacmana MapreHcuTa. CTpyKTypHBIE HanpsKEHHUS
IocIie TepMUYECKOH 00pa0OTKM B MarHUTHOM IIoyie 0e3 yd4éra TeMIepaTypHOTro TpajiieHTa M0 CEYCHHUI0 B OCHOBHOM
omnpenearores dhdexramMu, TOTyIeHHBIMI IPH 3aKaJIKe B MATHUTHOM IT0Jie. Y CHJICHHE SBIICHHN paciiaja MapTEeHCHTA
BBI3BIBACT CHIDKCHHE, A YBEJIMUYCHHE ITOJTHOTHI MapTEHCHTHOTO INPEBPAIEHHsS — IOBBIIICHHE YPOBHS CTPYKTYPHBIX
HaANPSKCHUM.

KuarwueBble ciioBa: 3aKaJiKa, CTaJlb, 00BEMHBIE N3MCHCHUSA, CTPYKTYPHBIC HAIPSAKCHUA, MAarHUTHOC IOJIC, OTITYCK
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BaarogapHocTu. ABTOpHl 0OnarozapsAT pelakUMIO >KypHajda 3a LEHHbIE 3aMe4YaHHsi II0 COJEPXKAHHIO CTaTby,
COTPYJIHHUKOB Kadeapsl «MatepuanoBenenue u texnoiornu meramwios» AI'TY, mpodeccopa F0.M. JlomOpoBckoro u
nmoueHTa C.A. ['pumnHa, 32 TOMOIIE B IMTOyYEeHUH U 00CYKICHHN PE3yIbTaTOB.

Juasi uutupoBanus. Ilycrosoiit B.H., lonraues FO.B. O0bEMHBIE M3MEHEHHSI U CTPYKTYPHBIE HANPSOKEHUS B CTaNA
Tociie 3aKkallki B MAarHWTHOM Tone. bBezonacHocms mexHozeHnblx u npupoonvix cucmem. 2025;9(1):65-71.
https://doi.org/10.23947/2541-9129-2025-9-1-65-71

Introduction. It is known that steel hardening is accompanied by volumetric changes [1] caused by the difference in
specific volumes of converting phases. The resulting volumetric changes [2] lead to structural stresses in steel [3]. The
presence of stresses in a hardened product [4] has a negative effect on the resistance to brittle fracture, which, for
example, leads to a decrease in safety during operation of steel structures [5].

The application of a permanent magnetic field during phase transformation affects the transition kinetics and the
resulting transformation products. In [6, 7], the results of studies of changes in the fine structure and phase composition
of steels during quenching in a magnetic field are presented. It has been shown that when exposed to a magnetic field,
multiplicative nucleation of martensite crystals occurs and the rate of transformation increases, as well as the
temperature of M, to M, increases with the formation of stress martensite in the range of superplasticity of the
transformation [8, 9]. This leads to an increase in the volume fraction of x-martensite due to the early activation of the
tempering stage of the freshly formed a-phase, and a decrease in the volume fraction of A in tool steels, significant
thinning in the multiplet profile of the X-ray reflection {211}. The combination of these circumstances leads to changes
in phase composition of steels, as well as in structure and properties of transformation products after quenching in a
magnetic field.

The development of heat treatment methods that reduce quenching stresses is relevant. The above data on a
promising maintenance technology involving an external magnetic field indicate that structural changes occurring under
the influence of a magnetic field during quenching can affect the bulk and stress state of steel. However, a detailed
research of the effect of the magnetic field on changes in the stress state of hardened steels has not been conducted
before. Therefore, the aim of this study is to investigate the volumetric changes and structural stresses that occur due to
the application of a permanent magnetic field during the hardening process of steel.

Materials and Methods. The research was conducted on ingot iron and 35, 45, U8, U10, Ul2 carbon steels.
Magnetic fields with strengths H=1.4 and 1.6 MA/m were created in the interpolar gap of an FL-1 electromagnet
designed by Moscow State University.

Volumetric changes after conventional quenching and with the application of a magnetic field were quantified by
measuring the specific volume by hydrostatic weighing. At the first stage, the samples were weighed in air (Pg). Next,
the samples, suspended on a thin nylon thread 8@ + 18,» were weighed in distilled water (Px). The value of the specific
volume, taking into account the density of distilled water dx and air g, was determined by the following expression:
S Tt S

Py (8% —3s) 8 '

Results. The graph shown in Figure 1 demonstrates the effect of the magnetic field on volumetric changes during
martensitic transformation in carbon steels, while the value of the specific volume occurring during conventional
quenching was assumed to be zero. It can be noted that the sign of the change in specific volume and its magnitude
were correlated with the temperature of heating for quenching and the carbon content in the steel.
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Fig. 1. Relative changes in specific volumes of steels during quenching in an external magnetic field
H=1.6 MA/m: 1 — from 800°C; 2 — from 1,000°C
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In Figure 1, which shows the dependence of the change in specific volume on the carbon content, the following
distinctive features can be observed. First, there is no volumetric conversion effect in pure iron and U10 steel when
quenched at a temperature higher than 800°C. Additionally, there were differences in the sign in the volumetric effects
change in steels with a carbon content of 0 + 1.0 and 1.0 + 1.2%.When quenching with a magnetic field, there was a
decrease in specific volume for steels with 0+ 1.0 % C and an increase for steels with 1.0 +~1.2% C. The largest
changes in specific volume occurred at 0.5 and 1.2% carbon. As the quenching temperature increased, the magnitude of
the field effect changed and the point with no volume change shifted to lower carbon steel

The occurrence of structural stresses in the alloy was facilitated by volumetric changes during phase transformation,
as well as their heterogeneous distribution across micro-volumes [10, 11]. Structural stresses could be calculated using
the calculation method presented in [12], which made it possible to determine tangential, axial, and radial stresses in a
fully cylinder, assuming that there was no temperature gradient in the analyzed section. The impact of the magnetic
field on structural stresses during quenching could be estimated using an expression for calculating the tangential
component of stresses on the surface:

E-l
O =—7——, )
2(1-p)
where [ — relative value of the structural deformation at the transformation stage; £ — modulus of elasticity;

pu — Poisson's ratio.

When estimating /, volumetric characteristics of the phases and measurement data of specific volumes of samples of
such a small size were used, that the temperature difference between the core and the surface could be ignored. The data
in Table 1 show that for the case of conventional quenching, structural stresses increased with the carbon concentration
in the initial phase and with the quenching temperature.

Table 1
Structural Stresses (o) under Various Quenching Conditions
Steel o:, MPa, at the quenching temperature, °C* Steel o:, MPa, at the quenching temperature, °C*
ee ec
800 1,000 800 1,000
-600.9 -621.2 —795.4 -923.2
45 Ul10
—549.6 -564.5 -795.4 -1028.7
-774.9 —903.8 —798,6 —888.3
U8 U12
—-766.6 -939.4 -819,7 —-1007.0
*Numerator — quenching without a magnetic field; denominator — in H = 1.6 MA/m.

Table 2 provides the calculation results of the structural stresses caused by transformations during hourly tempering
of carbon steels hardened at a temperature higher than 1,000°C.

Table 2
Structural Stresses after Quenching and Tempering
Steel Magnetic field |o., MPa, at the tempering temperature, °C (taking into account the austenite yield strength)
strength,* MA/m 20 100 150 200 250 300
0/0 —421.1 -254.1 -205.3 -163.7 -140.8 -122.2
45 0/1.4 —421.2 -273.0 —215.4 -162.9 —-140.7 -122.2
1.6/0 -364.5 —226.1 -196.7 -164.8 -141.1 -122.1
1.6/1.4 -364.5 —234.4 —200.4 -165.4 -141.7 -122.1
0/0 —688.3 —-527.8 —490.7 —-536.4 -527.0 —484.2
—_ 0/1.4 —688.3 —584.6 -536.5 —573.7 -531.4 —484.2
1.6/0 -807.0 —691.7 —634.6 -627.8 -530.7 —484.1
1.6/1.4 -807.0 —741.6 —670.1 -671.3 -532.7 —484.1
* Numerator — for quenching, denominator — for tempering.



https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2025;9(1):65-71. eISSN 2541-9129

Discussion and Conclusion. The effects observed in Figure 1 for steels with low and medium carbon content are
due to tempering processes occurring directly during quenching cooling in a magnetic field. For steels with high carbon
content, the increase in volume fraction of the a-phase is responsible for these effects. An analysis of theoretical
calculations [1] shows that for steel 45, after quenching in a magnetic field, a change of Av =-9 - 10 cm’/g is caused
by a decrease of 0.04 + 0.05% C in martensite. The observed change in Av =22 - 107 cm%/g for steel with a carbon
content of 1.2% is due to an increase in the volume fraction of the a-phase by 4-5%, assuming that the carbon content
in martensite does not change during quenching in a magnetic field compared to conventional quenching.

The comparison of the graph data in Figure 1 with the results of the study on the fine structure of conventional and
magnetic quenched martensite [6, 7] allows us to conclude that the change in the volumetric effect caused by an
increase in the martensite phase under the influence of a magnetic field prevails over the change in the volumetric effect
caused by its decay during quenching cooling.

The effect of the field is manifested in a decrease in structural stresses in steels with low and medium carbon content
and their increase in steels with high carbon concentration (see data in Table 1). For example, after quenching
0.45% and 1.2% C steels in a magnetic field with a temperature higher than 1,000°C, the level of structural stresses in
the first case decreases by 10%, and in the second case increases by 13%. Comparing the obtained results with the data
of X-ray diffraction studies [6, 7], it can be noted that the sign and magnitude of the effects are determined by the
concentration of carbon in the initial y-phase. It is characteristic that for certain concentrations, quenching in a magnetic
field has a slight effect on the values of structural stress. These effects of the magnetic field can be explained by the
strengthening of tempering processes during the formation of martensite during quenching for steels with low and
medium carbon content, and by increasing the volume fraction of martensite for steels with a high carbon content.

The formation of residual stresses during the quenching of steel [13, 14] begins, as is known, at 7y, — temperature
of the transition of the material from a plastic state to an elastic one. Therefore, the structural stresses that occur during
quenching [15, 16] are composed of stresses caused by a change in the specific volume of the alloy during cooling from
a temperature of Ty, to M,. The calculation of the latter by formula (2) shows that when the alloy is cooled
to M, temperature, tensile stresses occur on the surface of a continuous cylinder that exceed the yield strength of
austenite (200 MPa) for all the alloys studied. In this regard, after quenching, the stresses on the surface of the solid
cylinder will be less than those shown in Table 1 by the value of the yield strength of austenite.

According to Table 2, it can be seen that at low tempering temperatures, the level of structural stresses after
quenching in a magnetic field is lower for medium-carbon steel 45, and higher for U12 steel than after quenching
without a field. The effect of the magnetic field during tempering slows down the reduction of residual stresses in the
temperature range of martensite decomposition.

Thus, the magnitude of structural stresses after heat treatment in a magnetic field in the absence of a temperature
gradient across the cross-section is largely determined by the effects obtained during quenching in a magnetic field. An
increase in the phenomena of martensite decomposition causes a decrease, and an increase in the completeness of the
martensite transformation causes an increase in the level of structural stresses.
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