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plementary information regarding maximum participation of 
each phase. By using the formulated model of kinetics regarding 
phase transformations in the solid state, a computer program was 
built to simulate phase transformations. In order to verify the 
said program we carried out numerical simulations pertaining 
to the heating and cooling of an element from carbon tool steel, 
and then we compared the obtained findings with the findings 
from dilatometric research [15].

Findings of test simulations are given in figures 3. Due to 
the fact that in the scope of cooling rate 10÷30 K/s significant 

changes in the obtained structure were not observed, we only 
presented findings with respect to 30 K/s. The cooling rate 100 
and 200 K/s also was not characterized by significant changes 
in the obtained structure, hence only the findings with respect 
to the cooling rate 100 and 300 K/s were presented. By analyz-
ing the obtained findings one may notice that after low cooling 
rates the considered steel has a perlitic structure (Fig. 3). While 
the cooling rate increases, the fraction of bainite increases at 
the expense of declining perlite. However, after high cooling 
rates – it has martensitic-bainitic or martensitic structure (Figs 

Fig. 3. Experimental and simulation dilatometric curves (a) and kinetics of individual transformation, cool. rate 30, 100 and 300 K/s (b)

a) b)

Fig. 4. Steel microstructure – zoom × 1000, cool. rate 30, 100 and 300 K/s
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is to take into account in the stresses model transformation plas-
ticity, the length of the cooling area and the type of strengthening 
of the hardened material. 

6. Conclusions

During the analysis of findings obtained from the simula-
tion of progressive hardening of the tool steel object, which was 
heated by means of the movable volumetric heat source, one 
may observe that after the adoption of the heating and cooling 
method with respect to the hardened shaft, the retained austen-
ite, bainite and martensite occur only in surface layers (Fig. 8). 
It means that, already at this stage of the simulation, one may 
predict a positive distribution of hardening stresses and a positive 
strengthening zone of the material. Stress distributions after such 
hardening are very beneficial (Fig. 10¸12). In the surface layer, 

circumferential and axial stresses are compressive. Although 
the depth of the hardened zone is almost independent from the 
length of the cooling zone (Fig. 8a), a change of the length of 
the cooling zone has impact on the hardening stress distribution 
(Fig. 10a). It occurs due to the influence of a change of generated 
thermal and structural strains in cooling zones (Fig. 9a) on the 
generation history of hardening stresses (Fig. 12a). 

Even though the impact of transformation plasticity may be 
omitted in the simulation of progressive hardening of the surface 
layer heated by the surface volumetric movable heat source, the 
influence is already noticeable (Fig. 10b). Differences in the 
stress distributions are also obtained depending on the assump-
tion in the simulation with regard to the material that can have 
either an isotropic or kinematic strengthening characteristic 
(Fig. 11). These differences are not significant (despite the sig-
nificant difference in the stress generation history (Fig. 12b)), 
but – noticeable because in such a process there are in loading 
and unloading. It is also observed that in such a hardening 
method significant plastic strains are generated in the surface 
layer. Material strengthening appears in surface layers (Fig. 13) 
meaning that the surface layer after such hardening has good 
mechanical properties (increased yield point). 

Fig. 12. History of stress generating in the surface layer, a) influence of 
the cooling zone, b) influence of the type of strengthening 

Fig. 13. The effective plastic strain, a) distribution along the radius, b) 
history of generating strains in the surface layer 




