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Abstract

Introduction. After hardening, a product has residual stresses: structural and thermal. The magnitude of the total stresses in
the finished part determines its crack resistance under the influence of operational loads. Quenching in a constant magnetic
field affects the process of martensite nucleation, and the kinetics of martensite transformation, as well as the processes of
martensite decomposition. However, there is currently no data available on how these changes in structure affect the stress
diagram in a heat-treated product. The aim of this study was to investigate the influence of a constant magnetic field during
hardening of iron-carbon alloys on the stress distribution across the cross-sectional area of parts.

Materials and Methods. The studies were conducted on samples of technical iron, steel 45, and ferritic malleable cast
iron. Cylindrical samples with a diameter of 16 mm and ring samples with an outer diameter of 20 and 55 mm were
used. The samples were heated in an electric furnace or an induction heating lamp generator LZ-13, and quenched in
water or mineral oil. A constant magnetic field with strength of 768 to 1600 kA/m during hardening was created in the
bore of a FL-1 electromagnet. Residual stresses were determined using the original method developed by
V.A. Blinovskii based on measuring bending deformations in hollow bodies of revolution.

Results. The change in temperature on the surface, in the core, and the temperature difference across the cross-section
of a cylindrical sample during cooling in water with and without a magnetic field was obtained. The distribution of
stresses over the cross-section after quenching with and without a field for industrial iron in still water was studied. The
stress distribution over the cross-section was studied after quenching in a field and without a field in calm water, as well
as during spray cooling of steel 45 and ferritic ductile cast iron at different rates.

Discussion and Conclusion. The obtained calculated and experimental data allowed us to evaluate possible changes in
the residual stress diagrams under the influence of a magnetic field after quenching with volumetric and surface heating.
A study of the kinetics of cooling in water under the influence of a magnetic field showed that the temperature
difference across the cross-section remained practically unchanged, but there was a decrease in the cooling capacity of
the water, which contributed to a reduction in the level of thermal stress. Hardening in a magnetic field led to a
reduction of residual stresses in iron-carbon alloys. The change in the distribution of total residual stresses during
magnetic tempering was due to a change in their structural component. The magnetic field influenced the distribution of
structural, thermal and total residual stresses. The reason for the observed effects was the change in the structural state
of steel and cast iron and the cooling ability of water-based quenching liquids under the influence of a magnetic field.
The reduction of the level of residual stresses during heat treatment in a magnetic field reduced the likelihood of brittle
fracture and cracking, led to a decrease in deformation and warping of hardened steels, and created favorable conditions
for the operation of parts under conditions of alternating loads and abrasive friction.
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AHHOTAUMSA

Bgeoenue. Tlocne 3aKanky B U3IEIUN UMEIOTCSI OCTATOYHbIE HAIPSDKEHMA: CTPYKTYpHBIE U TEIUIOBbIe. BennunHa cym-
MapHBIX HalpsHKEHU B TOTOBOM IETANM ONpEAeseT €€ TPEIIMHOCTOMKOCTh MOJ JEHMCTBHEM 3KCILTyaTallMOHHBIX
Harpy3ok. 3akajka B IMOCTOSHHOM MarHUTHOM IIOJI€ OKa3bIBACT BIMSHHE HA MPOIECC 3apOXKICHUS MapTeHCHUTA, KHHE-
THUKY MapTEeHCHUTHOTO IPEBPAIICHHs, a TAaK)Ke MPOLECChl paclaja MapTeHCUTa. B HacTosiiee BpeMsi OTCYTCTBYIOT JIaH-
HBIE O TOM, KaK yKa3aHHbIC H3MCHEHHS B CTPYKTYpE BIUSIOT HA DIIOPY HANPSHKEHUH B TEPMUUECKH 00pabOTaHHOM H3-
nenvn. Llenb paboTel — MccnenoBaHne BIMSHUS TOCTOSHHOTO MarHUTHOTO TIOJIS TIPH 3aKaJIKE JKEJIe30yTIePOANCTHIX
CIJIaBOB Ha paclipeieJIeHUe HANPSDKEHUH 110 CEUCHUIO JieTaei.

Mamepuanst u memoost. ViccienoBaHus IpOBOIMIN HA 00pa3iiax TEXHUYECKOTo Xkene3a, craii 45 1 GpeppuTHOro KoB-
KOro uyryHa. [IpuMeHsITUCh MMIMHAPHYSCKUE 00pasiibl JMaMETPOM 16 MM K KOJIBLIEBbIC 00Pa3Ilbl ¢ HAPY)KHBIM JHa-
metpoM 20 u 55 Mmm. OOpa3ibl HarpeBaJiu B 3J€KTPOIEYH WM HHAYKIHOHHBIM HarpeBOM TOKAMH BBICOKOI YacTOTHI OT
nmamnoBoro reseparopa JI3-13. 3axkanky npoBOAWIM B BOJE WM MHUHEpalbHOM Macie. IlocTosHHOe MarHWTHOE moJjie
HanpsDKEHHOCTRIO 0T 768 mo 1600 kKA/M mpu 3akaike co3maBanoch B 3azope snekrpomarHuta @JI-1. Onpenencaue
OCTaTOYHBIX HAINPSDKEHUH OCYIIECTBIBIIOCH 10 OpPUTHHANBHOW MeToanke B.A. BruHOBCKkOro, OCHOBaHHOW Ha M3Mepe-
HUM Ae(hopMaIiK U3TH0a B MOJIBIX TEIAaX BPAIICHHS.

Peszynomamut uccnedosanus. IloaydeHo n3MeHeHHE TEMIIEPaTyphl HAa TOBEPXHOCTH, B CEPJLIEBHHE U TI€pEMal TeMIIe-
patyp IO CEYCHHUIO IMIMHAPHYECKOT0 00pasia MpH OXJIaXICHUH B BoJe 03 Mo M B MarHUTHOM 1oiie. MzydeHo pac-
IIpezieieHNe HaNpsDKeHUH 110 CeUYEHMIO MOCIIe 3aKaJIKU B I10JIe M 0e3 IMoJIsl TEXHHYECKOTO JKelle3a B CIOKOWHON BOJe.
HccnenoBaHo pacnipenenenne HAIPSDKEHUH 10 CEYESHUIO MTOCTIe 3aKaJIKY B TI0JIE M Oe3 IMOJIsl B CIOKOMHOMN BOJIE, a TakkKe
TIIPY CIIPEEPHOM OXJIAXIEHUH C PA3INYHON CKOPOCTHIO cTaly 45 U (heppUTHOTO KOBKOTO YyTyHa.

Obcyxcoenue u 3axknrouenue. IlonyyeHHbIe pacyeTHBIE U IKCIIEPUMEHTAJIBHBIE TaHHBIC NTO3BOJIMIIN OLIEHUTh BO3MOX-
HBIE U3MEHEHHMS 110]] ACHCTBUEM MarHUTHOTO IMOJISI S0P OCTATOYHBIX HANPSHKEHUH MOCHe 3aBAIKU ¢ 00BEMHBIM H I10-
BCPXHOCTHBIM HAarp€BOM. I/ICCHe}IOBaHHe KHHECTUKHU OXJIAXXACHUS B BOJC IO }IeﬁCTBHeM MAar"HuTHOTI'O IIOJIA ITOKa3sallo,
YTO TIeperiajl TeMIIEPaTyphl 110 CEYSHUIO OCTABAJICS NPAKTHYECKH HEM3MEHHBIM, HO HaOI0JalIoCh CHUYKEHHE OXJIaXja-
fomIel CIIOCOOHOCTH BOABI, YTO CIIOCOOCTBOBAJIO CHIDKCHMIO YPOBHS TEIUIOBBIX HANPSDKEHWH. 3aKaka B MarHUTHOM
TI0JIe CTIIOCOOCTBOBAJIAa CHIDKEHUIO OCTATOYHBIX HANPSDKEHUH B )KENE30yTIEpPOANCTHIX cIulaBax. V3mMeHeHHe pacmpene-
JICHUS! CYMMAapHBIX OCTAaTOYHBIX HANPSKEHUH NMPH MAarHUTHOM OTITyCKE OOYCIIOBIEHO M3MEHEHHEM HMX CTPYKTYPHOH
cocTapistroniell. MarHuTHOE TOJIe OKa3bIBaeT BIMSHHE Ha paclpelelieHHe CTPYKTYPHBIX, TEIUIOBBIX W CYMMAapHBIX
OCTaTOYHBIX HampspkeHni. [IpudamHol HabmomaeMbIX 3(GQEKTOB SBISETCS M3MEHEHHE II0J ACHCTBHEM MAarHUTHOTO
IOJIsI CTPYKTYPHOTO COCTOSIHMSL CTaJM M YYT'YHa M OXJI&XKJArolled CHOCOOHOCTH 3aKaJOYHBIX JKUAKOCTEH Ha BOAHOU
ocHoBe. CHIDKEHHE YPOBHSI OCTaTOYHBIX HANpsDKEHHH NMPHU TEPMHYECKOH 00pabOTKe B MarHUTHOM IIOJI€ yMEHbIIAeT
BEPOSITHOCTh XPYIKOTO pa3pylIeHUs] W TPEIMHOOOPa30BaHus, MPUBOJUT K CHIDKCHHIO jaedopMaluii 1 KOpoOJIeHHs
3aKaJIeHHBIX CTaJleld, Co3/1aeT OJIaroNnpHsTHBIC YCIOBHS Ul pabOThI eTaleil B yCIOBUSIX 3HAKOIIEPEMEHHBIX HAarpy30K
1 abpa3uBHOTO TPEHHMSI.

KiawueBble ci1oBa: 3aKaJIka, CTaJlb, YyT'YH, OCTAaTOYHBIC HANPSIKCHUSA, MArHUTHOE II0JIE, CTPYKTYPHBIC HAIIPSKECHUS,
TCIUIOBBIC HAITPAKCHUA

BaaronapHoctu. ABTOpHI OnarofapsT peAaklUio JKypHalla 3a IEHHbIE 3aMevaHus W COTPYAHHKOB Kadeapsl
«MatepuanoBenenne u TexHonorun MeramwioBy JI'TY: 3aBemyromero kadenpoit M.C. Eropora, mpodeccopa
O.M. [Tom6poBckoro u goreHta C.A. ['pumnHa 3a MOMOIIE B MOTyYEHHH U 00CYKICHUN Pe3yIbTaToB
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3aKaJKH B MAarHUTHOM TMoJie. be30onacHocms mexHo2eHnvlx u npupoouvix cucmem. 2024;8(4):54—61. https://doi.org/
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Introduction. Residual stresses after quenching are usually divided into two main categories: structural [1, 2]
and thermal [3, 4]. Thermal stresses arise from the simultaneous influence of two factors: changes in the specific
volume of the metal with temperature and the presence of a temperature gradient in the product undergoing heat
treatment. Structural stresses are caused by dilation effects from phase transitions, especially when phase
transformations occur inhomogeneously throughout the volume of a part. Thus, the resulting stresses in a processed
product are formed through the addition of structural and thermal stress. It is known [5, 6], that the main factor
determining the magnitude of stress after quenching is the moment when the sign of thermal stresses changes relative
to the moment when structural stresses occur. The appearance of structural stresses prior to changing the sign of
thermal stresses leads to an increase in the resulting stresses in the product. Accordingly, the occurrence of structural
stresses before the sign of thermal stresses changes lowers the total stresses. The magnitude of the total stresses in a
finished part determines the reliability of machine-building products during operation [7, 8]. The influence of a
constant magnetic field during quenching of steels and cast irons is manifested through the process of martensite
nucleation, changes in the kinetics of martensite transformation, as well as changes in tempering processes occurring
directly during quench cooling. It is currently unknown how a magnetic field affects the residual stress in a heat-
treated product. The aim of this work is to investigate the influence of a constant magnetic field during iron-carbon
alloy quenching on the stress distribution over the section of parts.

Materials and Methods. In this work, samples of technical iron, steel 45, and ferritic ductile iron were studied.
Cylindrical samples with a diameter of 16 mm and annular samples with outer diameters of 20 and 55 mm were used.
The samples were heated in an electric furnace or by induction heating using high-frequency currents from a lamp
generator LZ-13. During quenching, a constant magnetic field with strengths ranging from 768 to 1,600 kA/m was
created in the FL-1 bore of the electromagnet.

The determination of residual stresses was carried out according to the original methodology developed by
V.A. Blinovskii [9]. This technique is based on measuring bending deformation in hollow rotational bodies. It provided
for cutting out an annular sector from a sample and measuring the resulting diameter changes. The resulting
deformation curve served as the initial input for calculating residual stresses using a computer.

Research Results and Discussion. When quenching steel, the temperature gradient, which caused inhomogeneous
changes in specific volume over the cross-section of the part, influenced the formation of a residual stress diagram. With a
significant temperature difference between the surface and the core at the time of martensitic transformation (such as
during through-quenching with water cooling after heating in a furnace), compressive tangential and axial stresses
developed on the surface of a solid cylinder. Conversely, quenching in oil, where the temperature difference between core
and surface was minimal at the time of martensitic transformation, resulted in tensile stresses on the surface. In this case,
the stress diagram developed in the following manner. Rapid cooling of the surface caused volume reduction, but a higher
temperature persisted within, counteracting volume decrease and leading to tensile stress in the outer layer. At the same
time, plastic deformation of  the outer layers was possible up to temperatures
Tyup(~500-550°C). With further cooling, plasticity decreased, or increased and only elastic deformations remained
possible, which led to an increase in tensile stresses. Their growth continued until the cooling of inner layers, which shifted
the maxima of tensile stresses to the center and slightly reduced surface tensile stresses. With a sufficient heating depth
(almost more than 2 mm), the reduction in the volume of central layers led not only to the complete elimination of initial
tensile stresses, but also to the appearance of compressive stresses on the surface, which persisted after the end of cooling.

When surface layers were cooled to point M, the quenching process led to an increase in volume. At the same time,
inner layers that did not undergo hardening prevented this increase, which formed tensile stresses in the inner layers and
compressions in the surface layers. As the quenching front moved away from the surface, the compressive stresses
decreased and their maximum shifted to the center. As a result, after quenching, the stresses on the surface might have a
different sign (although they might remain unchanged). The magnitude of compressive stresses in the surface layer
increased with decreasing depth of the hardened layer.

Figure 1 shows the results of the study on the kinetics of cooling in water of a 16 mm diameter sample made of
armco-iron. As can be seen, when a magnetic field was applied, the temperature drop across the cross-section of the
samples remained almost unchanged, however, time dependence Af shifted towards longer cooling durations. This was
due to a decrease in the cooling capacity of water in a magnetic field [10, 11] and contributed to more intense stress
relaxation by plastic deformation, as a result of which a decrease in the level of thermal stresses was observed (Fig. 2).
Consequently, a magnetic field during quenching affected the formation of both structural and thermal components of
residual stresses.
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Fig. 1. Temperature changes in a cylindrical sample during cooling in water:
solid line — without a field; dashed line — in a magnetic field with a strength of 1.6 MA/m;
a — on surface 1 and in core 2; b — difference in cross section
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Fig. 2. Stress distribution over the cross section after quenching of technical iron from 800°C in calm water:
solid line — without a field; dashed line — in a magnetic field with a strength of 1.4 MA/m

To assess the effect of the magnetic field on the distribution of total residual stresses in hardened and tempered
alloys, the experiments were conducted, the results of which are shown in Figure 3. After the usual hardening of annular
samples with an outer diameter of 20 mm, tensile stresses were observed on the surface. This was explained by the
small temperature difference between the periphery and the center during martensitic transformation. Therefore, their
structural component had a predominant effect on the distribution of total residual stresses. Quenching in a magnetic
field helped to reduce residual stresses in alloys with both negative (steel 45) and positive (ferritic ductile iron) changes
in the volumetric effect of martensitic transformation. This indicated that the main reason for the reduction of residual
stresses was their intense relaxation under the action of a magnetic field. An increase in the degree of martensite decay
under the influence of a magnetic field [12] caused an increase in this effect.
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Fig. 3. Stress distribution over the cross section after quenching from 1000°C in calm water,
solid line — without a field; dashed line — in a magnetic field with a strength of 1.4 MA/m;
a — steel 45; b — ferritic ductile iron

Similar patterns were observed during spray cooling with water of annular samples with a diameter of
55 mm (Fig. 4). The difference was in the fact that exposure to a magnetic field caused a decrease in surface
compressive stresses due to the prevailing influence of the thermal component of residual stresses on the total stress

diagram.
c(a), MPa o,(a), MPa
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0 . 0
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1 2 3 a, mm
a) b)

Fig. 4. Stress distribution after quenching from 1000°C with spray cooling with water v = 2 m/s: solid line — without a field; dashed
line — in a magnetic field with a strength of 768 kA/m; a — steel 45; b — ferritic ductile iron

An increase in the velocity of water flow through the sprayer to v =10 m/s led to an increase in the magnitude of
surface compressive stresses during conventional quenching. At such a flow rate, the cooling capacity and the degree of
“quenching” stress relaxation under the influence of a magnetic field changed slightly. Therefore, the observed changes
were mainly due to a structural factor: an increase in the degree of breakdown of martensite in steel 45 and an increase

in the amount of martensite in ductile iron.
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Table 1

The effect of cooling in a magnetic field after heating in a furnace on the level of residual stresses

Carbon-free alloys

Medium-carbon alloys

High-carbon alloys

Parameters Cooling medium
Water Oil Water Oil Water Oil
Compressive,
Stresses on the surface of P
. . . but less than . . . .
a solid cylinder after Compressive Compressive Tensile Compressive Tensile
. . when cooled
conventional cooling ;
in water

Change in stresses on
the surface of a solid
cylinder after cooling
in a magnetic field as a
result of:

reducing the cooling
capacity of quenching

Decrease in

Decrease in

Decrease in

.. compression compression compression

liquids P P P

increase in the amount Increase in Increase in
of martensite compression tension

increase in the decay
processes of martensite

Decrease in
compression

Decrease in
tension

Decrease in
compression

Decrease in
tension

(“in statu nascendi”)

Table 2

The effect of cooling in a magnetic field after induction (surface) heating on the level of residual stresses

Medium-carbon

Carbon-free alloys High-carbon alloys

Parameters alloys
Depth of the hardened layer
low high low high low high
Stresses on the surface of a
solid cylinder after Tensile Compressive Compressive Compressive

conventional cooling

Change in stresses on the
surface of a solid cylinder after
cooling in a magnetic field as a

result of:

reducing the cooling capacity of . . Decrease in Decrease in Decrease in
o Decrease in tension . . .

quenching liquids compression compression compression

Increase in
compression

increase in the amount of
martensite

increase in the decay processes
of martensite («in statu - -
nascendi»)

Decrease in
compression

Decrease in
compression

Discussion and Conclusion. The calculated and experimental data made it possible to estimate the possible changes
in the residual stress diagrams under the influence of a magnetic field after quenching with volumetric (Table 1) and
surface heating (Table 2). The change in the distribution of total residual stresses during magnetic release was due to a
change in their structural component.

Thus, the magnetic field affects the distribution of structural (during quenching and tempering), thermal (during
quenching) and total residual stresses. The reason for the observed effects is the change in the structural state of steel
and cast iron and the cooling capacity of water-based quenching liquids under the influence of a magnetic field. An
increase in the phenomena of martensite decay causes a decrease, and an increase in the completeness of martensite
transformation causes an increase in the level of structural stresses. A decrease in the cooling capacity of water-based
quenching liquids leads to a decrease in residual stresses as a result of intensive relaxation by plastic deformation. The
enhancement of relaxation processes under the influence of a magnetic field in most cases is the main factor in changing
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the residual stress diagram. In turn, reducing the level of residual stresses during heat treatment in a magnetic field can
reduce the likelihood of brittle fracture and cracking, as well as deformations and warping in hardened steels. This
creates favorable conditions for the performance of parts under alternating loads and abrasive friction.
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3asnenenHblil 6K1A0 ABMOPOB:
B.H. IIycToBoiT: popMHpoBaHHE OCHOBHOW KOHIETIHH, IETH M 3afad HCCIEAOBAaHHA, HAyYHOE PYKOBOJICTBO,

J0paboTKa TeKcTa, KOPPEKTHPOBKA BHIBOOB.
O0.B. lonrayeB: mNOMy4YyeHHE OSKCIEPUMEHTANbHBIX JaHHBIX, pAacueThl, aHAIU3 pe3yJIbTaTOB HCCIEIOBAHUM,

MIOJIrOTOBKA TEKCTa, (POPMYITHPOBAHHUE BHIBOIOB.
Konghnuxm unmepecog. apTopbl 3asiBJISIIOT 00 OTCYTCTBHU KOH(INMKTA HHTEpPecoB.
Bce asmopbl npouumanu u 0000punu 0KOHYameNbHbLIL 6APUAHM DYKORUCU.
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