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Abstract

Introduction. 1t makes practical sense to change the properties of steels with a bainite structure, as with bainite
transformation under the influence of a magnetic field, it is possible to improve the ductility of the steel while
maintaining or even increasing its strength. Scientific research in this area has focused on the influence of the magnetic
field on thermodynamics and on the change in the phase transformation scenario. However, there is no detailed
description in open sources of the effect of a magnetic field on the structure and properties of the products of
intermediate bainite transformation. The aim of the work is to study the peculiarities of the influence of an external
magnetic field on the scenario and kinetics of phase transformation of steel.

Materials and Methods. The study was conducted using samples made of 65G steel. Their chemical composition was
monitored using a Magellan Q8 optical emission spectrometer. Heat treatment (resistive heating) was carried out in an
IMASH 20-75 installation for high-temperature research. The heating temperature was approximately 1000 degrees
1000°C, and the holding time was 10 minutes. The sample was cooled down using water-cooled electrical contacts. An
external magnetic field with a strength of 400 kA/m and 800 kA/m was created by an electromagnet integrated into the
vacuum chamber of the installation.

Results. The experiments confirmed the potential for altering the transformation pathway from pearlite into bainite in
the presence of an external magnetic field of up to 1 MA/m. Images of the microstructure and surface relief of samples
after cooling in a magnetic field were obtained. Kinetic changes and dependencies of the volumetric transformation
rates on the duration of isothermal exposure were analyzed. It has been found that exposure to a constant magnetic field
of 1.6 MA/m increased the volumetric transformation rate by 1.808 times (for 65G steel) and by 1.687 times (for
45Kh steel).

Discussion and Conclusion. The results of observations of changes in the surface relief during cooling in the absence
of a magnetic field, and in magnetic fields of various strengths, were recorded. This has allowed us to draw the
conclusion that the external magnetic field stimulates the bainitic transformation instead of the original pearlitic one.
Microstructural changes can be explained by the influence of the magnetic field on the initial phase magnetic state.

Keywords: bainite transformation magnetic stimulation, pearlite transformation, improvement of steel properties,
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AHHOTAIUSA

Beeoenue. V13meneHne CBOWCTB cTanell ¢ OCHHUTHOW CTPYKTYpOH MMEEeT MPaKTHYECKUH CMBICH, T. K. PpU OCHHUTHOM
MIPEBpAIEHUH IO/ BO3/IeiICTBIEM MarHUTHOTO IOJIsI BO3MOXKHO YJTyYIIIEHHE [UIACTUYHOCTH CTAIH MPU COXPAHEHUH WU
TIOBBIIIIEHUN €€ IPOYHOCTHBIX MoOKaszaTened. HaydHbple u3bICKaHUS B 3TOH cdepe Kacaauch BOIPOCOB BIUSHUSA
MarHUTHOTO TIOJISI HA TEPMOAWHAMUKY M CMEHY CIieHapus (a3oBoro npespameHns. OZHaKO B OTKPBITHIX HCTOYHHUKAX
HET AETAJbHOTO ONMHCAHHS BO3JICHCTBHS MArHUTHOTO IOJIS HAa CTPYKTYPY M CBOWCTBA MPOIYKTOB IPOMEKYTOYHOTO
OeitHuTHOTO TpeBpameHus. Llenp paboTel — HccieI0BaHNE OCOOEHHOCTH BIHMSAHUS BHEIIHETO MAarHWTHOTO TOJIS Ha
CIIeHapHi ¥ KNHETHKY ()a30BOT0 IPEBPAICHUS CTaIIH.

Mamepuanvt u memoowt. VicciemoBaHue TPOBOIMIOCH Ha oOpasmax w3 cramu 650, Ux xumudeckuit cocraB
KOHTPOJIMPOBAJIM IPHU TOMOLIM ONTHKO-3MHUCCHOHHOTO criekTpomerpa Magellan Q8. Tepmuueckyro o0paboTKy
(pe3UCTUBHBIN HArpeB) MPOBOAMIM B YCTaHOBKE JUIsI BBICOKOTEMIEpATypHBIX wuccienoBanuii «MMAII 20-75».
Temneparypa narpeBa — okousio 1000 °C, Bpemst Bbimepkkn — 10 MuHyT. OOpasery OXJaXIad INpH HOMOIIN
BOJIOOXJIXKIAEMBIX JJIEKTPOKOHTAKTOB. BHemHee MarHutHoe mone HampspbkeHHocThio 400 kA/M u 800 kA/m
CO03/1aBaJIOCh ANEKTPOMArHUTOM, HHTETPUPOBAHHBIM B BAKYYMHYIO KaMepy YCTaHOBKH.

Pesynomamut uccnedoeanusa. ODKCIEPUMEHTHl TOATBEPIMIM BO3MOXKHOCTH CMEHBI CIIGHApHUsA TPEBpALICHUS C
HEepJIIMTHOTO Ha OCWHHUTHBIN MPU BO3JCWCTBUM BHEIIHUM MarHUTHBIM mojeM 1o 1 MA/M. TlomydeHsl u300paXkeHuUs
MHKPOCTPYKTYPBI U TIOBEPXHOCTHOTO pelnbepa 00pas3moB Mmocie OXIaxIeHUsI B MarHUTHOM none. IIpoanann3npoBaHbl
KMHETHYECKHE HM3MEHEHHS W 3aBHCHMOCTH OOBEMHBIX CKOPOCTEH IpEBpAlICHUs] OT BPEMEHH H30TEPMHUIECCKON
BBIICP)KKH. Y CTAaHOBIIEHO, YTO JEHCTBHE MOCTOSTHHOTO MAarHUTHOTO TOJS HampspkeHHOCThIo 1,6 MA/M yBenmuamBaet
00BeMHYT0 CKOPOCTH TipeBpameHus B 1,808 paza (ms cranmm 6517) u B 1,687 pasa (st ctamu 45X).

Obcyscoenue u 3axnrouenue. 3apUKCUPOBAHBI PE3yNIFTATH HAOTIOACHUI 32 M3MECHEHHEM IOBEPXHOCTHOTO pelbeda
TIPY OXJIaXK/IEHUN 0€3 MAarHUTHOTO TOJISt ¥ B MarHUTHBIX TOJISIX Pa3IMYHOM HAINpPsHKEHHOCTH. DTO MO3BOJIIIIO ClENaTh
BBIBOJI O CTHMYJISIIMM BHEIIHMM MarHUTHBIM MOJeM OEHHHTHOro MNpEeBpalleHHs BMECTO HCXOIHOTO MEPIUTHOTO.
MUKpOCTPYKTYpHBIE U3MEHEHHUS OOBSICHSIIOTCS BIMSTHUEM I10JIs1 HA MAaTHUTHOE COCTOSIHUE UCXOIHOM (ha3bl.

Ki1roueBble ciloBa: MarHUTHOE CTHMYJMPOBAaHHE OCHHHTHOTO NPEBpAILCHHUS, TIEPIUTHOE NpEBpalleHNe, YIydlleHHe
CBOMCTB cTaseil, MUKpOCTPYKTYPHbIE U3MEHEHHUS! CTallei, BAKYYMHOE TpaBJIeHHEe, MarHUTOCTPUKLIMOHHbIE AedhopManin

Jas  mmrupoBanmsi. [lonrayes 10.B., Ilycrosoiir B.H., Hedenos [I.B. Crumynsuus OeWHHTHOrO —CLEHapHs
MpeBpaIIeHUs] BHEITHIM MAarHUTHBIM ToJieM. Be3onacHocmbv mexHozeHHbIX U npupooHwvix cucmem. 2023;8(1):88-96.
https://doi.org/10.23947/2541-9129-2024-8-1-88-96

Introduction. As it is known, the magnetic field affects thermodynamics[1], in particular, the equilibrium
temperature of phase transitions [2]. A significant shift in critical temperatures can be achieved only when using
sufficiently strong (pulsed) magnetic fields [3], which is associated with certain technical difficulties when implemented
in production conditions. The experiments indicate the appearance of a-phase in structural and tool steels under the
action of fields with strength of 1.6-2.4 MA/m [1]. These processes take place at temperatures that are much higher
than equilibrium and do not fit into the shift assumed by thermodynamic estimates [4]. The influence of an external
magnetic field during the heat treatment of steel is expressed in an increase in the rate [S] and dispersion of
transformation products [6]. It is known from [7] that during intermediate (bainitic) transformation under the influence
of a magnetic field with strength of up to 2 MA/m, structural changes allow for a greater margin of plasticity while
maintaining or slightly increasing strength parameters.

The regions with a short-range magnetic order in the y-phase undergo magnetostriction under the action of an
external magnetic field. This is due to the magnetic inhomogeneity of austenite [8] and causes a change in the field of
elastic forces of the lattice, and the energy of formation of the critical nucleus of the a-phase decreases. The external
magnetic field increases the number and size of ferromagnetic clusters [1]. As a result, the number of nucleation centers
multiplicatively increases during cooling in a magnetic field.

It is shown in [9] how the short-range magnetic order in austenite affects the change of the phase transformation
scenario. It is known from [10] that the magnetic state of y-phase determines the transformation of ferromagnetic o-
phase into one or another product. It can be ferrite, perlite, bainite or martensite.
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The aim of the presented work is to experimentally verify the possibility of changing the pearlite transformation
scenario to a bainite one when exposed to an external magnetic field up to 1 MA/m. In addition, it is necessary to
evaluate the change in the kinetics of bainite transformation when the field is applied.

Materials and Methods. Samples of one melting made of 65G steel were used. Their chemical composition was
monitored using a Magellan Q8 optical emission spectrometer (Table 1).

Table 1
Average content of elements in the samples
Mass fraction, %
Steel grade
C Si Mn Cr S P Cu Ni
65G 0.65 0.20 0.97 0.21 0.009 0.0012 0.08 0.13

Polished samples were placed in a vacuum chamber of an IMASH 20-75 high-temperature research facility. This
equipment provided vacuum in the working chamber of 1.3-107° + 6.6-107° Pa. This made it possible to implement the
vacuum etching method. The structure was revealed as a result of evaporation in a vacuum at high temperature under
the influence of surface tension. Upon cooling during phase transformations accompanied by shear processes, a
corresponding relief appeared on the surface of the sample.

The samples were subjected to resistive heating to ~ 1000°C for 10 minutes and cooled with heat removal to water-
cooled copper electrical contacts at a rate of ~28+32 °C/s. In accordance with the diagram of the isothermal
decomposition of austenite of 65G steel, the obtained cooling rate corresponded to the intersection of the nose of the
area of the beginning of the pearlite transformation. The high heating temperature contributed to the growth of the
austenitic grain and vacuum etching of its boundaries, which was required for video recording of surface relief changes
during phase transformation.

To measure the temperature, thermal junctions were welded in the middle of the sample. During cooling, the
processes occurring on the surface were recorded using an Eakins digital eyepiece. The obtained data on the
microstructure of the surface relief and inside the sample were processed to determine the volume fraction of the
structural components. For this purpose, SITAMS 800 analytical software was used in 16+25 fields of vision.

External magnetic field was created by an electromagnet integrated into the vacuum chamber of the installation [11].
The experiments involved fields with a strength of 400 kA/m and 800 kA/m. Samples without a field were processed in
the same way, but with an electromagnet removed from the vacuum chamber.

Results. With the bainitic or martensitic shear character of the transformation, a relief should appear on the surface
of the polished sample. If this did not happen, we were talking about a pearlitic transformation. Under experimental
conditions, the cooling rate was insufficient for quenching 65G steel with martensite. One could expect competition
between pearlite and bainite transformations depending on the presence or absence of an external magnetic field during
the cooling process.

Figure 1 shows screenshots of video frames of changes in the surface relief observed during the transformation of
supercooled austenite at various points in time (t). Each line in Figure 1 corresponds to the specified strength of the
external magnetic field (H).

H, kA/m

400

800

T, ms

1875

Fig. 1. Change in surface relief during cooling depending on strength of the external magnetic field (H, kA/m)
and transformation time (t, ms)
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Figure 2 shows the microstructures of the surface relief and inside the samples after various processing modes.

o

Fig. 2. Microstructure of the surface relief (@, b, ¢) and inside t he sample (d, ¢, f) after processing:
a, d — without a field; b, e — in a magnetic field with a strength of 400 kA/m;
e, f— in a magnetic field with a voltage of 800 kA/m

When processing without a field, changes in the surface relief were observed only in individual small formations
(1st line of Fig. 1 and Fig. 2 @). On the video recording of austenite grain cooling, the propagation of the wave process
over the surface was slightly noticeable. Apparently, this was a reflection of phase transformation. Microstructural
analysis of the inner layers of the sample showed the presence of an overwhelming amount (98%) of the pearlitic
structure (Fig. 2 d).

With the imposition of an external magnetic field, the surface relief was formed by nascent and growing bainite
needles (the 2nd line of Fig. 1 and Fig. 2 b). These crystals could not be classified as martensitic because of their slow
growth (Fig. 1). With increasing field strength, the intensity of shear transformation on the surface increased (Line 3 of
Fig. 1 and Fig. 2 ¢), a batch bainite was formed.

Under the action of a magnetic field with a strength of 400 kA/m, the volume fraction of bainite increased three-
fold — up to 6% (Fig. 2 e) compared with treatment without a field. In a magnetic field with a strength of 800 kAm, the
volume fraction of bainite was already 8+10%. This allowed us to conclude that it stimulated the change of the scenario
of transformation from pearlite to bainite during processing in an external magnetic field.

If the initial phase (austenite) was kept as long as possible during cooling, then the short-range magnetic order
(magnetic inhomogeneity), which increased in it with a decrease in temperature, would lead to an athermal martensitic
transformation scenario to its critical extent. This was known from [9]. It was shown in [1] that the superposition of an
external magnetic field during cooling of austenite led to additional, forced magnetic stratification of austenite due to an
increase in the number, size and time of stable existence of ferromagnetic clusters. Under the conditions of the current
experiment, artificially enhanced by an external field, the short-range magnetic order in the y-phase promoted the
bainite transformation instead of the pearlite one, which was natural for these cooling conditions without superposition
of the field.

Under the influence of a magnetic field, the kinetics of the bainite transformation changed significantly. This was
evidenced by the increase in the bainite reaction noted during the experiment with an increase in the magnetic field
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strength. In addition, [7] considered the imposition of an external magnetic field with a strength of 1.6 MA/m during
isothermal exposure of various steels. The results of this work also confirmed the above statement about the kinetics of
transformation.

To clarify the mechanism of the influence of an external magnetic field on the kinetics of an intermediate
transformation, the following factors were taken into account:

— specifics of the growth of bainite crystals, which depended on the rate of removal of carbon atoms from the y/a
boundary;

— structural stresses arising during transformation due to changes in the specific volume of the transforming phases.

This approach was due to the fact that relaxation processes at the interface were strongly inhibited at low
temperatures [12]. In such a situation, the stress gradient caused the drift of carbon atoms in spite of the concentration
heterogeneity. This played a decisive role in the rate of growth of the lower bainite. The movement of C atoms led to a
decrease in its concentration in the volumes of the y-phase along the growth front of the bainite plates. As a result, a
concentration gradient-controlled diffusion flow occurred. It was directed towards the growing crystal and reduced its
growth rate. Dependencies describing these processes were found in the works of L.N. Alexandrov and
B.Ya. Lyubov [13].

Magnetostrictive deformations occurred under the influence of an external magnetic field. Their elastic energy could
make a certain contribution to the energy of interaction of diffusing atoms with the field of structural stresses. An increase
in carbon drift and an increase in the growth rate of a-phase crystals should be expected. The rate of growth by the drift
mechanism in accordance with the calculations of L.N. Alexandrov and B.Ya. Lyubov is described by the dependence:

2PD

V= o~ 1)

Cﬂq) ;
R kT|1-| 22
CO

Here D — carbon diffusion coefficient in austenite; R, — radius of the critical nucleus under the supercooling;
Cu.p and Cy — carbon concentration in the a-phase and the initial austenite respectively. P characterizes the energy of
interaction of diffusing atoms with the field of structural stresses caused by dilation of € with a change in volume during
the transformation process, and is found from the ratio:

p=S g dwem @)
9" (3-av)(1-m)
where 7, — radius of the carbon atom; @ — parameter characterizing the dependence of the lattice constant on the
concentration of atoms of the dissolved element in solid solutions; £ — Young's modulus; v — Poisson's ratio;
p=(£/2)-(1-v)— Lame coefficient (shear modulus in the direction [100]); m = (a — b) - (a + b), where a and b —
dimensions of the semi-axes of the crystal in the form of an ellipsoid of rotation.
The calculation according to formula (1) was carried out for carbon steel at: Co=10.7; m =0.9; v=0.3; u = 73.5 hPa;

131 1 em®
3 3;)2]/ To j cm ;£€=0.01; =0.02. Value R, was determined from the ratio Ry, =20/ AFj.

Surface tension at the coherent boundary ¢ =0.2J/m? AF, at T=600K was 315 MJ/m3. Value C,y =04 was
determined as the concentration corresponding to the temperature of the beginning of the martensitic transformation
(600 K). The growth rate of a-phase crystals found in this way was ~ 8-10® cm/s, i.e. it was a value of the same order
as Vep ~ 107 cm/s, obtained experimentally for 65G steel when videotaping isothermal relief formation.

When the magnetic field was turned on, the measurement of the growth rate gave the same results, i.e. the effect of
magnetostrictive stresses on the intensification of drift was not experimentally detected.

Let us suppose the elastic displacement was equal to the true magnetostriction of the paraprocess A = 0.5-107 [14].
In this case, at H=1.6 MA/m and ¢ =400°C the stresses from magnetostriction were o) = E; = 10 MPa. They made a
very small contribution to the energy of interaction of diffusing atoms with the field of structural stresses. This was
explained by the fact that the magnitude of magnetostriction was two to three orders of magnitude less than the
magnitude of dilation (0.01 = 0.07 [15]) at a shear y—a transition. For this reason, the estimation of the contribution of
magnetostriction according to formula (1) gave a vanishingly small difference in the values of the growth rate during
processing without a field and in a magnetic field.

The acceleration of the bainite formation process can actually be estimated using the A.N.Kolmogorov
equation [16], which establishes a relationship between the degree of transformation, the rate of nucleation and the
growth of the centers of a new phase. The change in the volumetric rate of transformation in a magnetic field due to a
decrease in the formation of a ferromagnetic nucleus of critical size [1] can be found by formula:

D =0.0999 exp(
c
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L4
L)—H:exp Y- 1+i , 3)
Vo kt Af

where v — volumetric rate of transformation (indices 0 and H, respectively, indicate the processing conditions without a
field and in an external magnetic field); W — energy of formation of an equilibrium nucleus; / — magnetization; H —
magnetic field strength; Af — specific "chemical" driving force; Af* — free energy of formation of one ferromagnetic
cluster [1].

According to the classical theory of L. Kaufman and M. Cohen [17], the nucleation energy of the centers of new phases
is equal to:

W= 952,7-0%c> _
(Af+Af* )4

Here Af* — process of formation of ferromagnetically ordered clusters in austenite; 8 — parameter that takes into

“

account the influence of elastic deformation energy; o — surface tension. It is known from [17] that
0%6° =9.92 - 10'° J¥/m'2,

Calculations were performed for temperatures of 543 K (65G steel) and 628 K (45Kh steel) at a magnetic field strength
of H=1.6 MA/m. Energy of formation of the equilibrium nucleus ¥ was determined at a specific chemical driving force
Af= 150 MJ/m? taking into account the field strength and the average size of the ferromagnetic cluster ~ 1.8 nm [1], for
which value Af* =0.63 MJ/m*> was obtained. Calculation by formula (3) gave for the bainitic transformation in
65G steel vu/vy = 1.804, and in 45 Kh steel vp/vy = 1.665.

Dependencies of the volumetric conversion rate (Fig. 3) were obtained using experimental data [7] on the degree of
bainitic transformation in 65G and 45Kh steels at different times of isothermal exposure without a field and in a
magnetic field with a strength of 1.6 MA/m.

1.5 | |

-
=
I
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Volumetric conversion rate, %/s
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Volumetric conversion rate, %/s

0.75

| | |
0 50 100 150 200

Time, s

b)

Fig. 3. Dependencies of volumetric conversion rate (vertical axis, %/ s) on time of isothermal exposure: a — for 65G steel at a
temperature of 375°C; 6 — for 45Kh steel at a temperature of 320°C. The blue curve reflects processing data without a field, the red
one — in a magnetic field. Experimental points are marked on each line

Figure 3 allows us to consider the ratio of the volumetric conversion rate during processing in the field to processing
without the field vn/vy at the very beginning of the bainite reaction (extrapolated value in t=1 s). For 65G steel, it turns
out to be 1.808, for 45Kh steel — 1.687. This is close to the theoretical estimates given above: 1.804 for 65G steel and
1.665 for 45Kh steel. In the process of transformation, the speeds change. If we consider the very first experimental
points on the graphs, then:

— for 65G steel at =40 s vy/v = 1.75;

— for 45Kh steel at t=28 s vu/v = 1.629.

As the isothermal exposure time increases, the volume velocities become less correlated with the calculated values.

Conclusion. It has been experimentally established that by using an external magnetic field, it is possible to change
the transformation scenario from pearlite to bainite. This is explained by an increase in the degree of short-range
magnetic order in austenite as a result of an increase in the number and size of ferromagnetic clusters in the gamma
phase under the influence of a magnetic field. With an increase in its voltage, the magnetic heterogeneity of austenite
increases. As a result, the rate of bainite transformation increases. The calculated values of the increase in the
volumetric rate of transformation under the action of an external magnetic field are in good agreement with
experimental data for the initial rates of bainite transformation.
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