
1. Introduction

The paper presents investigations which were aimed 
at the assessment of the influence of induction surface heat 
treatment on the mechanical properties and microstructure of 
special unalloyed steel 38Mn6 typically used for toughening 
and surface hardening. This type of steel is used to produce 
components of wheels and suspension systems. Steel was used 
to prepare cylindrical samples with diameter of 8 mm.

   The influence of induction hardening on the thickness 
of hardened layer for various parameters of the process was 
analysed in many papers for instance in [1, 2, 3]. Tests were 
conducted on the laboratory stand for induction surface 
hardening located on the Faculty of Materials Engineering 
and Metallurgy at Silesian University of Technology [4]. The 
device makes it possible to steer the position of the inductor in 
respect to the hardened element in three axes. The device has 
the option to steer the rotational rate and the rotation angle of the 
chuck and the possibility of the precise choice of the inductor 
position in respect of the horizontal axis as well as the chance 
to set the slide movement precisely so that the right placement 
of the element on the inductor axis is possible. A cylindrical 
element made of investigated steel was used in the tests. A 
computer simulation of hardening process for elements made 
of steel 38Mn6 was conducted in Flux 3D [5] and QT Steel 
[6] programs making possible to determine electromagnetic 
and temperature  fields distribution, the temperature of 

austenitization and cooling rate [7].  The influence of the 
power  and current intensity at constant frequency on the 
efficiency of induction heating was analysed in [8, 9]. On the 
basis of conducted experiments the correct parameters of the 
process were chosen in order to  achieve the required thickness 
of the hardened layer. Applied quenchant made it possible to 
achieve induction heated complex martensite microstructure 
with required hardness in this layer.

2. Methodology

The scope of tests included:
•	 computer simulation of hardening by means of Flux 3D 

and QT Steel programs.
•	 the choice of parameters and conduction of induction 

surface hardening for cylindrical elements made of 
unalloyed steel 38Mn6 for toughening.

•	 static tension test of samples in initial condition and after 
induction surface hardening.

•	 conduction of hardness distribution and marking the 
thickness of hardened layers.

•	 microstructure tests on light microscope.
•	 fractographic tests of the fractures on scanning 

microscope.
Chemical composition of  investigated steel  is collected 

in Table 1.  

TABLE 1 
Chemical composition of steel 38Mn6,  % mass

C Mn Si Cr Mo Ni P S
0.37÷0.42 1.2÷1.6 max.0.25 max. 0.25 max. 0.1 max. 0.15 max. 0.035 max. 0.035
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Cylinders from tested steel were in heat refined state and 
were characterised by pearlitic-ferritic microstructure (Fig.1).

a) Mag. 500×

50 µm
b) Mag. 1000×

100 µm

Fig.1. Initial microstructure of steel 38Mn6 in condition after heat 
refining

Simulation tests were conducted in the program QT Steel  
which enables prediction of microstructure and properties 
of carbon steel and alloy steel types in the processes of heat 
treatment in diversified conditions. View of the laboratory 
stand is shown in Fig.2. 

Fig. 2. Laboratory stand 

Laboratory stand for induction hardening has the 
universal character (Fig.1). It makes possible to treat steel 
elements with different shapes.  The device is equipped with 
two separate transistor generators of different field current 
frequencies which makes possible to investigate the  dual 
frequency contour induction surface hardening process of 
gear wheels. Inductors may be moved jointly along vertical 
axis with selected velocity. Parameters of the induction 
surface hardening of cylindrical samples from steel were 
collected in Tab.2. 

TABLE 2 
Parameters of induction hardening process of samples

No.
of sample

Power 
[kW]

Movement
[mm/s]

Current 
intensity [A]

Frequency 
[kHz]

1 8.2 5 825 454
2 9 5 910 454
3 10 6 1005 454

Samples were heated at length of 40 mm and then cooled 
by means of polymer solution Polyhartenol. Metallographic 
tests were conducted on light microscope Olympus GX51 with 
magnification range from 500÷1000×. Hardness tests were 
conducted with the use of HV1 method. Measurements of 
hardness from the surface of sample to the axis of sample were 
conducted for all the samples. Tests of mechanical properties 
were conducted in the conditions of static test of tension on 
testing machine ZWICK Roell 100. The observations of 
sample fractures after tension were conducted with the use of 
microscope Hitachi S-4200.

3. Modelling the process of hardening 

In the first stage, there was a CCT diagram prepared 
(time – temperature – change) on the basis of average, 
required chemical composition of steel 38Mn6 (see Tab. 
1). Initially, also the chemical composition diagram was 
also prepared for classic carbon steel type containing 0.3% 
manganese. The results of the model tests were presented in 
Figs 3, 4. The addition of manganese significantly broadens 
the area where martensite appears and decreases the critical 
cooling time from 2s to about 18s in comparison with the 
steel types without the manganese addition (Fig. 3). There 
is also a significant decrease of temperature observed in 
Ac3 to a temperature below 800°C. Given temperature for 
austenitization was 900°C, whereas the cooling curves were 
corresponding with the conditions of cooling in polymer. 
It was stated that the steel type is characterised with big 
hardenability. Cooling with used cooling medium – polymer 
allows for the achievement of fast rate which exceeds the 
critical cooling rate for steel 38Mn6 (Fig.4). A martensitic 
layer can be achieved with a thickness of even 15 mm which 
provides the required hardness of steel on the level of about 
60HRC (630HV). 
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Fig. 3. Model diagram of CCT for carbon steel with 0.3% mass of 
manganese

Fig. 4. Model diagram of CCT for steel type 38Mn6 including 1.4 
mass % of manganese together with cooling curves

4. Hardness penetration patterns for hardened samples 

Changes of hardness on distance from surface for samples 
after surface hardening is shown in Fig. 5.

 

Fig. 5. Changes of hardness in distance from surface of samples of 
steel 38Mn6 after induction surface hardening

For sample No.1 the uniform hardness distribution in the 
cross-section is noticed. It  equals about 600 - 620 HV without 
significant differences between surface and the near surface 
layers. In case of sample No.2, which was hardened with the 
use of bigger power and current intensity, there were also no 
changes observed.  In case of sample No.3 the power and 
current intensity was increased one more time together with 
the current intensity of inductor. The effect of the change in 
parameters was the achievement of significant difference in 
hardness between the hardened surface layer and the inner part 
of the sample. 

50 µm
                 

50 µm

Fig. 6. Microstructure of sample No.1. Martensite structure. Mag. 1000×    Fig.7. Microstructure of sample No.2. Martensite structure. Mag. 1000×
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The thickness of hardened layer is equal to about 1 mm.  
The hardness distribution characterized by differences from 
maximum 620 HV at the surface, 300 HV at the border of the 
transition zone to minimum of 280 HV in depth of 2 mm inside 
the material which corresponds with the hardness of steel 
30Mn6 in initial condition.

5. Microstructure of samples after surface hardening 

The results of microstructure tests after surface hardening 
are presented in Figs 6÷8. Samples No.1 and 2 show the 
martensite structure on the whole cross-section area (Fig. 6, 
7). The microstructure of sample hardened with parameters 
according to option 3 on the cross-section in the heated 
zone, at a distance from surface of 0.2 mm and 0.6 mm was 
characterised with martensite structure (Fig.8a, b) and 1 mm 
under surface with martensite-bainitic structure (Fig.8c). The 
deeper into the material in the non-heated zone the more similar 
the microstructure was to the initial one in the condition after 
refining (Fig. 8d).

6. Mechanical properties of steel type 38Mn6 in initial 
condition and after surface hardening 

TABLE 3 
Mechanical properties of samples in initial condition and after 

surface hardening

No. Yield stress Rp0.2 
[MPa]

Ultimate tensile 
strength  Rm 

[MPa]
Elongation A [%]

0 630 860 12.4
1 900 *1035 3.5
2 930 *1050 3.2
3 810 1020 6.8

* - samples cracked before reaching the value of Rm  

Results of static tension test of samples in condition after 
normalisation annealing and hardening are shown in Tab. 3. 
After normalisation annealing the properties of the tested steel 
were in the range of requirements included in the standard 
PN-EN10132-3:2004 (sample 0). Samples which underwent 

 a)             b)

50 µm        50 µm

 c)             d)

50 µm      50 µm

Figure 8. Microstructure of hardened sample with parameters of the option 3 (Tab. 2) on the cross-section in distance from surface: a - 0.2 
mm , b - 0.6 mm , c - 1 mm, d - 2 mm. a - martensite microstructure, b - martensite microstructure, c - martensite-bainitic microstructure  d- 

pearlite-ferrite microstructure. Mag. 1000×
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hardening cracked right through before reaching a significant 
value of resistance to tension with small value of elongation 
(samples 1,2). Steel was surface hardened in the correct way 
and it has shown about 20% higher strength properties (Rp0.2, Rm)  
in comparison with samples which underwent normalisation 
annealing but the plasticity decreased which can be seen in 
2×times drop in elongation A to failure. 

7. Fractography of the fractures of samples after tension 

Results of fractographic tests of hardened sample are 
presented in Fig.9. In the outer zone by the surface the sample 
possesses feature characteristic for martensitic microstructure 
which is the transcrystalline fissile fracture (Fig.9a). In 
transition zone, between the hardened zone and the base 
material the so-called mixed fracture can be observed where 
both are brittle and ductile cracking can be seen (Fig.9b). The 
inner part of the sample has ductile character (Fig.9c).

8. Conclusions

The paper presents influence of induction hardening 
parameters on the properties and microstructure of cylindrical 
elements made of steel 38Mn6. Numerical simulation and 
appropriate practical investigations were provided in order 
to determine the optimal parameters of surface hardening 
which would allow to achieve a hardened layer with required 
thickness (1mm). First tests which differed only in power 
density and the current intensity led to through hardening 
of the material. The most important parameter deciding 
upon obtaining of the requested surface hardened layer was 
the increase of movement velocity of inductor jointly with 
increase of power density.  For such parameters the heat 

transmission into the material was limited. Obtained surface 
hardened layer was confirmed on the basis of marked hardness 
distribution and microstructure tests. The experience gained 
in tests will be used to the proper choice of parameters for 
induction hardening of gear wheels produced for machinery, 
automobile and aviation industries. 
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Fig. 9. Fractography of the fractures in sample which was subject to surface hardening - a- hardened zone, b- transition zone, inner zone. 
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