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ANALYSIS OF CONTINUOUS INDUCTION HARDENING OF STEEL CYLINDER ELEMENT MADE OF STEEL 38Mn6

ANALIZA PRZELOTOWEGO HARTOWANIA INDUKCYJNEGO WALCA ZE STALI 38Mn6

The paper presents analysis of surface induction hardening of a cylindrical element made of steel 38Mn6. The
mathematical model of the non-stationary process is elaborated. Calculations of coupled electromagnetic and temperature
fields are provided by means of the Flux 2D software. Computations are compared with the measurements realized at the
laboratory stand located in the Silesian University of Technology. The expected hardness distribution within the surface layer
is noticed.
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W artykule przedstawiono analizę indukcyjnego hartowania powierzchniowego elementu cylindrycznego wykonanego
ze stali 38Mn6. Do obliczeń opracowano model matematyczny niestacjonarnego procesu hartowania. Obliczenia sprzężonych
pól elektromagnetycznych i temperatury wykonano za pomocą oprogramowania Flux 2D. Obliczenia zostały porównane
z pomiarami na stanowisku laboratoryjnym, które znajduje się w Politechnice Śląskiej. Celem badań było uzyskanie
odpowiedniego rozkładu twardości w warstwie powierzchniowej.

1. Introduction
Induction surface hardening is a kind of the heat
treatment technology where only a working surface layer
of the steel element or its selected part is heated inductively
and then immediately cooled by merging into a quenchant
or by spraying while remaining parts of the element are
practically not treated. As a result a thin surface layer with
required values of hardness and microstructure is obtained
[1-5]. The internal part of the treated element remains soft
with not changed values of hardness and with the practically
the same microstructure as before starting the process. The
carburization is typically used as the conventional surface
hardening method. It is characterized by a treatment of
the element at a high temperature for several hours in
a carbonaceous atmosphere. This method is characterized by
high quality, but its important disadvantage is a huge energy
consumption. Similar features of the quality of the treated
element, but with a several times lower specific energy
consumption could be achieved by means of induction
surface hardening [6-10].
The induction surface hardening process consists of two
consecutive stages with a short technological break between
them. First the hardened element is heated inductively
during as short as possible period of time (often not more
than a second or a couple of seconds) to the hardening

temperature. Then after a short break necessary for switching
off the inductor and its removal the element is immediately
cooled by a suitable quenchant. Due to big heating rates
characteristic for induction heating in order to obtain the
uniform austenite microstructure before quenching it is
necessary to heat the element to the temperature distinctly
bigger than the classical austenization temperature Ac3. The
austenization temperature for induction surface hardening
depends on speed of heating and in order to avoid taking to
computations incorrect data the best solution is to determine
it by measurements. More detailed description of physical
background of the induction surface hardening process as
well as some practical examples are presented for instance
in [11-15]. An obstacle in application of modern induction
surface hardening technologies to industry seems to be a lack
of precise and simple computation methods facilitating
design, control and exploitation of such devices. From the
other side the development of information technology creates
better and better conditions for mathematical modelling of
various, even complicated technological processes. For
engineering computations the most suitable seem to be
FEM based numerical methods making possible to calculate
selected parameters of the process with the expected accuracy.
However the modelling of the induction surface hardening is
still a challenge and requires many new research activities
[16-20].

*  SILESIAN UNIVERSITY OF TECHNOLOGY, FACULTY OF MATERIAL SCIENCE AND METALLURGY, DEPARTMENT OF COMPUTER SCIENCE, 8 KRASIŃSKIEGO, 40-019 KATOWICE STR.POLAND

  Corresponding author:albert.smalcerz@polsl.pl

#

2862
The paper presents numerical modelling of induction
surface hardening process of steel cylinder. The computations
are compared with experiments provided at a laboratory
stand. First a short description of the technical problem is
provided, then the mathematical model is described, next
some computations are presented and compared with the
measurements. And finally the conclusions and aims of further
research activities are formulated.
2. Description of the technical problem

as follows: 0.34 – 0.42 % C, ≤0.4 % Cr, ≤0.1 % Mo, 1.40 –
1.65 % Mn, 0.15 - 0.35 % Si, ≤0.035 % P, ≤0.035 % S, and
≤0.63 % Ni.
The relative magnetic permeability is assumed as equal
to μr = 100. The austenitizing temperature of the steel is
approximately 820÷850 °C. For fast induction heating (heating
rate vh = 200°C/s ) it is necessary to take bigger value of the
modified austenization temperature. Finally the hardening
temperature Th = 910°C. The process is realized as continual.
The view of inductor-sprayer system and its principal
dimensions are shown in Fig.3.

The technical problem presented in the paper is to
propose the induction surface hardening system for the steel
cylinder being a part of the classical Rack & Pinion gear used
in automotive industry (Fig.1 left). The geometry hardened
layer is depicted in Fig. 1 right.

Fig. 3. View of inductor-sprayer system

Fig. 1. View of steel cylinder used for investigations (left) and
its geometry (right)

The geometry of the investigation element is shown in
Fig. 2. Basic dimensions of the element are as follows:
• total length of the element l = 85 mm,
• length of its cylindrical part lc = 52 mm,
• length of hardened layer lh = 40 mm,
• thickness of hardening layer b = 0.6 mm,
• diameter of toothed part D =12 mm,
• diameter of cylindrical part 8 mm.
The material properties and their dependence on
temperature is collected in Tab.1.
The element is made of steel 38Mn6. The hardening
layer is required to be complete hardening with the martensite
microstructure and the hardness of 52 - 56 Rockwell degrees
(HRC). The chemical composition of the investigated steel is

•
•
•
•
•
•

Basic dimensions of inductor-sprayer system as follows:
total length of the element l = 150 mm,
distance between busbars Db = 4 mm,
height of inductor h = 10 mm,
width of inductor b = 5 mm,
diameter of inductor part 20 mm,
diameter of sprayer part 37 mm.

The induction heating is provided by one coil ring
inductor. Cooling is realized by spraying. As a quenchant the
polymer solution Osmanil E2 is applied.
3. Mathematical and numerical models
The mathematical model of the continuous induction
surface hardening is given by a set of non-linear and nonstationary partial differential equations for electromagnetic
and temperature fields. Both fields may be considered as direct
coupled [21-30].
The electromagnetic field is described by the equation for
the magnetic vector potential A
TABLE 1

Material properties of steel 38Mn6
Temperature,°C

Coef. of thermal
expansion,
10-6×K-1

Thermal conduction,
W·m-1·K-1

Specific heat, J·kg1·K-1

Electrical
conductivity, MS·m-1

Density,

20
100
200
300
400
500
600
700

11.9
12.5
13
13.6
14.1
14.5
14.9
15.4

46.7
47.8
46.7
44.1
41.1
38.2
35.3
32.4

461
496
533
568
611
677
778
884

4.48
3.73
2.96
2.35
1.89
1.55
1.27
1.04

7820
-

kg·m-3
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(1)
where γ denotes the electrical conductivity, µ is the magnetic
permeability, v – velocity of inductor sprayer movement and
J z field current density in the inductor.
The solution of (1) is still very complicated and time
consuming. The reason of that is too big disproportion between
the field current frequency f being in a range of hundreds kHz
(it means a period of ms or less) and time of heating equal to
several seconds (often even less). Such a problem formulation
requires a big number of the time steps and taking into account
non-linear dependence of the magnetic permeability on the
induction flux density. There is a reason to introduce the
next simplification: to consider the electromagnetic field as
harmonic and describe it by the Helmholtz equation for the
phasor of the magnetic vector potential A

curl ( curl A ) + j ⋅ (ωγµ A + v × curl A) =µ J z

(2)

where j denotes the imaginary unit and ω is the angular
frequency.
However it means that the magnetic permeability may be
considered as constant in any cell of the discretization mesh.
Eddy current density induced in the element is given by (3)

J ind = j ⋅ ωγ A

∂T
= − pv
∂t

(4)

where λ denotes heat conduction, ρ is the density, c p is the
specific heat at constant pressure and pv is the volumetric
power density generated by the electromagnetic field.
The volumetric power density consists of the parts: the
Joule losses and the hysteresis losses. The volumetric Joule
losses wJ are given by (5)

pJ =

J ind

γ

2

(6)

where n denotes the unit outward normal, αc,h is the convection
heat transfer, Tc is the temperature of the convection
surroundings, σo is the Stefan-Boltzmann constant, ε is the total
emissivity of radiation surfaces, Tr represents the temperature
of the surrounding radiation surface.
In case of the discussed problem as the radiation surface
the internal surface of the coil is taken. For cooling the
equation (4) is modified by neglecting the right hand term pv.
The boundary condition along the surface of the element is
given by convection only.

∂T
-=
λ
α c,c (T − Tq )
∂n

(7)

where αc,c denotes the convention heat transfer coefficient for
intensive cooling, Tq temperature of quenchant.
All material properties and heat transfer parameters are
considered as temperature-dependent.
The numerical model is shown in Fig. 4.

(3)

At the external artificial boundary taken at a sufficient
distance from the inductor-sprayer system the Dirichlet
condition for the phasor of the magnetic vector potential
is applied. The analyzed problem is axi-symmetric. So
the magnetic vector potential has only one nonzero component
and equation (2) may be considered as the scalar equation for
the tangential component of the magnetic vector potential.
Distribution of non-stationary temperature field in the
element is given by the Fourier-Kirchhoff equation:

div ( λ gradT ) -ρ c p

∂T
-λ = α c,h (T − Tc ) + σ o ⋅ ε ⋅ (T 4 − Tr4 )
∂n

(5)

The volumetric hysteresis losses pH may be determined
by measurements. For the analyzed problem they can be
neglected as very low in the comparison with the volumetric
Joule losses. The boundary condition along the surface of the
element is given by the convection and radiation [30].

Fig. 4. The calculation model (on left) and meshing (on right) 1 –
element, 2 – coil, 3 – sprayer, 4 – air, 5 – axis of symmetry, A, B initial
and final position of inductor respectively

For each subdomain the non stationary induction heating
is provided and then its stationary cooling. As the initial
temperature of the next step the final distribution of the
previous step is taken.
4. Computations and measurements
Several simulations are provided by means of 2D Flux
software. Computations are verified by measurements realized
at the laboratory stand located in the Silesian University
of Technology. In order to evaluate the induction surface
hardening process some points for a comparison of calculated
and measured temperature are selected (their location is shown
in Fig. 5). Calculation points are located in two groups:
• at the surface of cylinder in the middle of each part
(S1¸S4),
• at the surface of the cylinder but at one part only (P1¸P4).
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Measurements are provided at the universal laboratory
stand equipped with transistor generator MOSFET of 10 kW
power and nominal frequency 300 – 500 kHz. The device
makes possible to control a precise location of inductor with
respect to the element, regulation of movement and if necessary
also rotation velocity. Some parameters are presented in Tab.2
TABLE 2

Cases of calculations

a)

b)

Fig. 5. Location of points selected for comparison of calculated and
measured temperature a) S1 - S4 b) P1 - P5

Power, kW

Flow-rate,
l/ min

Velocity,
mm/s

Current, A

Frequency,
kHz

9

6.4

5

910

454

A way of computations is presented in Fig. 6.

Position A; Time-0s

Posit. B; Time 0 -2s, Heating

Posit. C; Time 2 -4s, Heating

Position D; Time-2s, Cooling

Position E; Time 4 -6s,
Heating

Position F; Time 2s, Cooling

Position G; Time 6 -8s,
Heating

Position H; Time 2s, Cooling

Position I; Time 8 -10s,
Heating

Position J; Time 2s, Cooling

Position K; Time 4s, Cooling

Fig. 6. A way of calculation – position of inductor red colour means heating, blue colour cooling
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Results of temperature computations are presented in Figs.
7 – 8. Total time being a sum of non-stationary heating and
stationary cooling is equal to 22 s. Temperature dependence on
time for four points S1 – S4 is presented in Fig. 7. Analyzed
positions A – K representing continual heating and stationary
cooling are depicted and explained in Fig.6.

Fig. 9. Time dependence of temperature measured by pyrometer

Comparison of computations and measurements is
presented in Fig.10 .
1000

T, °C

900
800
700

Fig. 7. Temperature dependence on time for four points S1 - S4

600
500
400
300
200
100
0
1

3

Numerical model

5

Measurements

7

t, s

Fig. 10. Comparison between computations and measurements

Fig. 8. Temperature dependence on time for five points P1 - P5

Computations are compared with measurements. Results
of temperature measurements are presented in Fig. 9. Quite
reasonable agreement between calculations and measurements
is noticed (Fig. 10) however is necessary to mention that
the accuracy of temperature measurement is not recognized
exactly. And finally the hardness distribution are measured
(Fig. 11). The expected hardness distribution in the cross
section of the element is obtained. The hardness on the surface
is equal to 53 Rockwell degrees (HRC) and thinness of the
hardened layer is equal to 0.6 mm.

Fig. 11. Hardness distribution within a cross section of the element

5. Conclusions
The paper presents analysis of surface induction
hardening of a cylindrical element made of steel 38Mn6.
The mathematical model of the non-stationary process is
elaborated. Calculations of coupled electromagnetic and
temperature fields are provided by means of the Flux 2D
software. In order to simplify the computations modeling of
induction heating is realized as continual however cooling is
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analyzed as stationary. In fact it means division of total time
of heating and cooling for eleven two seconds time steps.
In order to increase the accuracy the number of time steps
should be increased. Computations are compared with the
measurements realized at the laboratory stand located in the
Silesian University of Technology. Reasonable accordance
between computations and measurements. The expected
hardness distribution microstructure and thickness of
hardened layer is obtained.
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