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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 U8A steel using a vacuum tube generator (heating 
temperature — 450℃, heating rate — 750℃/s). Changes in austenite grain size after high-speed heating with external 
magnetization have been examined on samples of reduced-hardenability 55PP 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. 
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Оригинальное эмпирическое исследование 

Исследование процессов электронагрева токами высокой частоты в магнитном поле 
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Аннотация 
Введение. При нагреве железоуглеродистых сплавов токами высокой частоты (ТВЧ) на высоких скоростях мо-
гут наблюдаться более значимые эффекты упрочнения, чем при применении машинных генераторов. Поэтому 
проводить закалку в таких условиях было бы целесообразнее, однако повышение частоты генератора влечет за 
собой уменьшение глубины проникновения вихревых токов и ведет к большей неравномерности прогрева по 
сечению. Наложение постоянного внешнего магнитного поля при закалке ТВЧ может приводить к увеличению 
глубины проникновения вихревых токов и более равномерному прогреву. Но в научной литературе еще недо-
статочно сведений о влиянии внешнего магнитного поля на процессы нагрева ТВЧ, а также на фазовые пре-
вращения в сталях. В настоящий момент количественных оценок влияния внешнего магнитного поля на изме-
нение кинетики электронагрева и глубины проникновения вихревых токов не имеется. В связи с вышесказан-
ным цель авторов настоящей статьи — изучить изменения в кинетике нагрева ТВЧ железоуглеродистых спла-
вов при наложении внешнего постоянного магнитного поля и на этой основе рассмотреть возможности приме-
нения данной технологии. 
Материалы и методы. Теоретическая оценка влияния внешнего магнитного поля на изменения кинетики 
электронагрева и глубины проникновения вихревых токов дана на основе общей теории кинетики индукцион-
ного нагрева. Экспериментальное изучение влияния магнитного поля на кинетику нагрева ТВЧ проводилось на 
образцах из стали 45, перлитного серого (СЧ30) и ферритного ковкого чугуна (КЧ30-6). Исследование распре-
деления температуры по сечению ферромагнитного материала при индукционном нагреве во внешнем магнит-
ном поле осуществлялось на специальных образцах из технического железа, стали 45 и серого перлитного чу-
гуна СЧ30. Изучение процессов электроотпуска проходило на образцах из стали У8А с использованием лампо-
вого генератора (температура нагрева — 450 ℃, скорость нагрева — 750 ℃/с). Исследовались изменения балла 
аустенитного зерна после скоростного нагрева с внешним подмагничиванием на образцах стали с пониженной 
прокаливаемостью 55ПП. Для исследования процессов термической обработки в магнитном поле при проведе-
нии экспериментов с нагревом образцов токами высокой частоты создан электромагнит специальной конструк-
ции для наложения внешнего постоянного магнитного поля.  
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Результаты исследования. Построены теоретические кривые для условий нагрева без поля и с наложением 
внешнего постоянного магнитного поля. Экспериментальные данные о влиянии внешнего постоянного магнит-
ного поля на индукционный нагрев в поверхностном слое различных материалов были сведены в кинетические 
диаграммы. Доказательством того, что наблюдаемые изменения связаны именно с увеличением глубины про-
никновения вихревых токов, являются опытные данные, полученные на цилиндрических образцах из стали 45 с 
разной толщиной стенки. Приведены кинетические кривые оценки температурного поля (по шести точкам на 
разной глубине) в процессе нагрева ТВЧ с внешним подмагничиванием и без него. Получены эксперименталь-
ные данные, показывающие распределение микротвердости по сечению образца из стали У8 после закалки, 
закалки и электроотпуска, закалки и электроотпуска с внешним подмагничиванием и закалки и объемного от-
пуска, а также результаты исследования балла аустенитного зерна стали 55ПП после скоростного нагрева с 
внешним подмагничиванием и обычного (медленного) глубинного нагрева. 
Обсуждение. Наложение внешнего постоянного магнитного поля высокой напряженности на этапе первого 
квазистационарного процесса приводит к снижению скорости индукционного нагрева ферромагнитного мате-
риала и увеличению глубины его равномерного прогрева. Выше точки Кюри влияние магнитного поля не ска-
зывается из-за малой магнитной восприимчивости материала, поэтому скорость нагрева остается такой же, ка-
кая была бы в этом температурном интервале без поля. Кроме того, ввиду незначительной разницы значений 
магнитной проницаемости ниже и выше точки Кюри при нагреве в поле термическая кривая не имеет столь 
заметного перегиба, характерного для кинетических кривых при переходе поверхностного слоя в парамагнит-
ное состояние. Эксперименты с электроотпуском доказали, что с наложением внешнего поля удается отпустить 
материал на необходимую глубину и появляется возможность его проведения на одной установке ТВЧ. Размер 
зерен аустенита после скоростного нагрева с подмагничиванием уменьшается, по сравнению с обычным глу-
бинным нагревом стали с пониженной прокаливаемостью, что устраняет проблему индукционного нагрева ста-
лей с пониженной прокаливаемостью.  
Заключение. Результаты исследования показали, что наложение внешнего магнитного поля позволяет реализо-
вать эффекты упрочнения при нагреве с более высокими частотами и устранить недостатки такого нагрева.  

Ключевые слова: сталь, чугун, магнитное поле, ТВЧ, электроотпуск, скоростной нагрев, закалка 
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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. 

https://doi.org/10.23947/2541-9129-2025-9-4-331-340
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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= α·τ

R2), temperature (Kirpichev criterion Ki=
PR

λ[T(x,τ)–T0]
), without taking into account the transient process of power 

redistribution (P) and had the form: 

 
2

1
0 2

21 1 1 ,
2 6 4 2 2i

xch kx RK F
R k ksh k

−  = + − + − 
 

 (1) 

where R — cylindrical sample radius.  

 0 ,
2

R fk R µ µ
= =
δ ρ

  

where δ — eddy currents penetration depth; μ — relative magnetic permeability of the material; μ0 — magnetic 
permeability of air; f — current frequency; ρ — electrical resistivity of the material; λ — thermal conductivity 
coefficient; α — temperature conductivity coefficient; T(x, τ) — temperature as a function of time (τ) and distance from 
surface (x); T0 — 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. 

 

Fig. 1. Design of samples for temperature field assessment  

The study of electric tempering processes was conducted on U8A 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 dj visible in the plane of the slot in 20 fields of view 
at magnification × 1000. The average true grain diameters were calculated using the formula: 

 
1

π ,
2

j

k j
j

j

n
D n

d=

= ∑
∑

 (2) 

where nj — number of measured sections in the jth dimension group; k — number of groups. 

https://bps-journal.ru/
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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: ρ = 36 ⋅ 10–8 Ohm⋅m; μ = 1000 — at a temperature of 20°C;  
μ = 1 — above the Curie point; μ = 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); f = 440 kHz; assuming that the Curie point corresponded 
to dimensionless temperature Ki = 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. 

 
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.  

    
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; c — 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. 
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a) b) c) 

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

  
a) b) 

Fig. 5. Heating curves of SCh30 (a — without a field; b — in a magnetic field) at a distance from the surface: 1 — 1 mm;  
2 — 3 mm; 3 — 5 mm; 4 — 7 mm; 5 — 9 mm; 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 U8 steel sample after 
quenching, quenching and electric tempering, quenching and electric tempering with external magnetization, quenching 
and volumetric tempering. 

https://bps-journal.ru/
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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 — 3 s; 2 — 6 s; 3 — 7 s; 4 — 11.5 s  

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 

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. 

  
a) b) 

Fig. 8. Size distribution of γ-phase grains with HFC heating: а — with an external magnetic field; б — 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℃ over the entire depth under study and about 50℃ 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 µm 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 

https://bps-journal.ru/
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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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