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Abstract: An increase in technical requirements related to the prediction of mechanical properties 
of steel engineering components requires a deep understanding of relations which exist between 
microstructure, chemical composition and mechanical properties. This paper is dedicated to the re-
search of the relation between steel hardness with the microstructure, chemical composition and 
temperature of isothermal decomposition of austenite. When setting the equations for predicting 
the hardness of microstructure constituents, it was assumed that: (1) The pearlite hardness depends 
on the carbon content in a steel and on the undercooling below the critical temperature, (2) the mar-
tensite hardness depends primarily on its carbon content, (3) the hardness of bainite can be between 
that of untempered martensite and pearlite in the same steel. The equations for estimation of micro-
structure constituents’ hardness after the isothermal decomposition of austenite have been pro-
posed. By the comparison of predicted hardness using a mathematical model with experimental 
results, it can be concluded that hardness of considered low-alloy steels could be successfully pre-
dicted by the proposed model. 
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1. Introduction 
The process of steel quenching is one of the physically most complicated engineering 

processes which involves many physical processes, such as microstructure transfor-
mations, heat exchange, heat transfer and heat conduction, generation of distortion and 
residual stresses and crack formation [1–10]. 

Increasing technical requirements relating to the quality of mechanical properties of 
the engineering components require a deep understanding of relations which exist be-
tween microstructure, chemical composition and mechanical properties. 

On the quenching processes, mechanical properties of steel are responsible for its 
mechanical behaviour during quenching, such as resistance to fracture and distortions. 
Therefore, predicting the relevant mechanical properties is the first step in predicting the 
mechanical behaviour of a steel during quenching [2,11,12]. 

Mechanical properties of steel mostly depend on both microstructure constituents 
and temperature. Quenching of steel causes the microstructure transformations and thus 
a change in the phase compositions. Consequently, during cooling from the austenitizing 
temperature, the values of mechanical properties are constantly changing as well. Addi-
tionally, in the relationship between the microstructure and mechanical properties of a 
steel, other factors that can affect the mechanical properties should be considered. These 
factors are alloying elements, grain size refinement, internal stresses, microstructure het-
erogeneity and crystal imperfections [13–16]. 

During a slow cooling of steel from the austenitic range, austenite decomposes into 
secondary phases, which can be reduced to two basic ones: the α-phase (ferrite) and iron 
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carbide (cementite). During the quenching, austenite usually transforms into α’-phase 
(martensite). Regardless of whether cementite is in the composition of pearlite or bainite, 
its chemical composition does not change, but the shape and size of cementite particles, 
on which its mechanical properties depend, change. Unlike cementite, depending on the 
temperature of the formation of pearlite or bainite, α-phase (ferrite, bainitic ferrite) 
changes the carbon content and the shape and size of plates. Properties of the martensite 
depend primarily on its carbon content, which is usually equal to the carbon content of a 
steel. 

The main driving force of phase transformations is the change of thermodynamic 
instability caused by temperature change. With undercooling of steel below the critical 
temperature, the thermodynamic stability of a primary microstructure is disrupted, re-
sulting in austenite decomposition. The transformation rate depends on the temperature 
and the cooling rate. 

Unlike other products of austenite decomposition, the martensite is formed instanta-
neously with a rate of 5000 ms−1, at temperatures lower than the martensite start temper-
ature, Ms. The martensite transformation completely ends when the temperature during 
cooling reaches martensite finish temperature, Mf. The way in which martensitic transfor-
mation occurs is a complex process. There are classic and modern explanations of the mar-
tensitic transformation mechanism. Contemporary explanations of nucleation and growth 
of martensite are based on mechanisms which deal with dislocations [17–20]. 

The diffusionless mechanism of martensite transformation consists of the shearing 
process. Atoms in the austenite lattice move along characteristic directions to occupy po-
sitions which corresponding to the further martensite lattice. In steel, the austenite with 
face-centred cubic (FCC) lattice transforms into highly strained body-centred tetragonal 
(BCT) martensite which is supersaturated with carbon. Distances of collective movement 
of atoms are typically smaller than one nearest-neighbour spacing. The resulting shear 
strain produces a large number of dislocations. The lens-shaped grains of martensites are 
coherent with the surrounding austenite. Martensites are characteristically found in lath 
and plate appearances. Transformation of austenite into martensite is often accompanied 
by an evident increase in strength and hardness and decrease in ductility of steel. 

Since martensitic transformations are diffusionless, the local composition does not 
change during the transformation. It is only the crystal structure that changes. The carbon 
concentration in martensite is equal to the carbon concentration in primary austenite. 

Bainite forms by the decomposition of austenite at a temperature which is above Ms 
but below that at which fine pearlite forms. Bainite start temperature, Bs, is an upper limit 
above which there is no reaction [21]. Bainite is a fine dispersed mixture of ferrite and 
cementite. Diffusion of interstitial carbon atoms has mostly the relevant influence on the 
rate of austenite decomposition to bainite. 

Figure 1 shows characteristic phase concentrations during the bainite transformation 
of hypoeutectoid steel. Transformation of austenite to bainite can only occur in regions of 
austenite where cγ ≤ cT0, where cγ = c0 is the carbon concentration in austenite and cT0 is the 
carbon concentration corresponding to the T0 curve. T0 is frequently used in martensite 
theory for the temperature at which austenite and martensite have the same free energy. 
Bainite formation in steels begins by displacive transformation of supersaturated bainitic 
ferrite with carbon content of cBF = c0. Bainitic ferrite plates form by a shear mechanism in 
the similar way as the growth of martensite plates. As a subunit of bainitic ferrite forms, 
it partitions its excess carbon into the retained austenite or precipitates within bainitic fer-
rite in the form of carbides. Concentration of carbon in bainitic ferrite can slightly de-
crease. The cementite plate grows by diffusion of carbon from both the ferrite and the 
adjacent enriched austenitic areas [21]. 
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Figure 1. Characteristic phase concentrations during the bainite transformation. 

In Figure 1, the concentration of ferrite is read along the extrapolated G–P line, the 
concentration of supersaturated ferrite is read along the T0 curve, while the concentration 
of austenite at the boundary with cementite, cγFe3C, and ferrite, cγα, is read along the extrap-
olated E–S and G–S lines, respectively. cFe3Cγ and cFe3Cα are the concentrations of cementite 
at the boundary with austenite and ferrite, respectively. 

By decreasing of the temperature, the incubation time of the bainite transformation 
becomes shorter due to higher thermodynamic instability. On the other hand, at lower 
temperature the carbon diffusion decreases, and consequentially the incubation time for 
bainite transformation is increased. 

An important characteristic of bainite transformation is that it usually does not go to 
its end. The bainite transformation begins at a temperature Bs which is lower than the 
temperature of metastable equilibrium of austenite and ferrite, T0. Since austenite is en-
riched with carbon during the bainite transformation, the value of the T0 temperature 
drops down. When the concentration of austenite reaches the value for which Bs is equal 
to T0, the bainite transformation will be stopped and austenite decomposition leads to 
pearlite transformation. Therefore, it can be concluded that the amount of bainite trans-
formation depends mainly on temperature. At the higher transformation temperature, 
less bainite will be produced and more austenite remains, which after a longer time of 
holding at constant temperature could be decomposed into pearlite. 

Hardness could be considered as one of fundamental mechanical properties. It can 
also be referred to as the resistance of a material to local plastic deformation. Other rele-
vant mechanical properties in the quenching process are modulus of elasticity, yield 
strength, strength coefficient and strain-hardening exponent, transformation plasticity co-
efficient and elastic energy release rate. These properties are also the basic indicators of 
resistance to deformation and brittle fracture that can occur during quenching [22–26]. 

Ferrite has the lowest hardness of all microstructure constituents. Hardness of pearl-
ite depends on the proportions in quantity of ferrite and cementite and on the shape and 
size of cementite particles. Due to the separation of cementite and reduction of carbon 
concentration in the ferrite during bainite transformation, the hardness of bainite micro-
structure is less dependent on the carbon content than the hardness of martensite. 

Cementite has a significant influence on the mechanical properties of bainite. The 
hardness of bainite depends on the shape and dispersion of cementite. These characteris-
tics of cementite depend on transformation temperature. The lower bainite has a more 
homogeneous microstructure than the upper bainite, in which a greater possibility of fer-
rite or cementite separation exists. The impact toughness of upper bainite deteriorates as 
its strength increases. Lower bainite has much finer carbides than upper bainite has, and 
its impact toughness is superior to that of upper bainite at the same strength level [21,27]. 
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Martensites invoke several strengthening mechanisms. The high strength and hard-
ness of martensite implies that there are many strong barriers to dislocation motion in this 
structure [28]. 

The important contribution to the strength of martensite comes from the carbon at-
oms. On rapidly transforming from austenite into martensite in the quench, the solubility 
of carbon in iron is greatly reduced. The carbon atoms strain the body-centred cubic (BCC) 
lattice to the BCT lattice and this strain can be relieved by redistribution of carbon atoms 
by diffusion at room temperature. One result of redistribution of carbon atoms is that a 
strong binding is set up between dislocations and carbon atoms. Another result of redis-
tribution of carbon atoms is the formation of carbon atom clusters on {100} planes [28]. 

There are two structures in martensite. The conventional martensite has a plate struc-
ture with a unique habit plane and an internal structure of parallel twins each about 0.1 
μm thick within the plates. The other type of martensite structure is a block martensite 
containing a high dislocation density of 10¹¹ to 10¹² dislocations per square centimetre. 
Thus, part of the high strength of martensite arises from the effective barriers to slip pro-
vided by the fine twin structure or the high dislocation density [28]. Martensite with a 
high carbon content is extremely hard and brittle, which is why steels with the martensitic 
microstructure are necessarily tempered after quenching. 

If the microstructure of steel consists of several microstructure constituents and if 
their hardness and volume fractions are known, a large number of studies have shown 
that the total hardness of steel at a given temperature can be determined based on the rule 
of mixture [29]. Unlike hardness, when predicting other mechanical properties of a steel, 
interactive action of individual microstructure constituents must be considered. In these 
cases, the rule of mixture is not applicable. 

With the purpose of a more accurate estimation of hardness of isothermal hardened 
carbon and low alloyed steels, this paper is dedicated to the research of the relation be-
tween steel hardness and the microstructure, chemical composition and temperature. Fur-
thermore, the equations for estimation of microstructure constituents’ hardness after the 
isothermal decomposition of austenite have been proposed. 

Nowadays many attempts are focused on the development of new high alloyed steels 
and special heat treatment processes to produce steels with a good combination of me-
chanical properties and microstructure, which is a mixture of ferrite and high carbon en-
riched austenite. For example, high alloyed austempered steels are attractive grades for 
their particular combination of mechanical properties and ausfererritic microstructure 
[30]. It is necessary in further works to expand the study of mathematical modelling of 
mechanical properties on this type of steels. 

2. Materials and Methods 
2.1. Methods for Estimation of Hardness of Microstructure Constituents 

When setting the equation for predicting the hardness of pearlite, it was assumed 
that the hardness of pearlite depends on the hardness of ferrite and on the secondary 
phase (cementite) contribution to hardness. 

The hardness of pearlite increases in proportion to the second root of the dimension 
of pearlite lamellae. Assuming that the pearlite lamella decreases in proportion to the un-
dercooling below the equilibrium temperature Ae1 [20], it can be assumed that the change 
in hardness due to the refining of the pearlite lamella is proportional to the second root of 
the undercooling for austenite to pearlite transformation. Additionally, with undercool-
ing there is a change in the carbon concentration in pearlite. 

Based on the above text, it can be written that the hardness of pearlite is a function of 
the carbon content in a steel and undercooling: HV = 𝑎 + 𝑎 ∙ 𝑐 + 𝑎 ∙ 𝑐 ∙ 𝐴 − 𝑇 ⁄ , (1)
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where c0 is the mass fraction of carbon in the steel, and a0P, a1P and a2P are constants. The 
value a0P presents hypothetical minimum pearlite hardness without contribution of hard-
ness due to undercooling and carbon content in a steel. 

With the application of the rule of mixture, the total hardness of the ferrite-pearlite 
microstructure can be written as follows: HV = 𝑋 ∙ HV + 1 − 𝑋 ∙ HV , (2)

where XF and HVF are the volume fraction and the hardness of ferrite, respectively. De-
pendency of ferrite hardness on the temperature of ferrite formation was neglected. The 
hardness of ferrite can be expressed as: HV = 𝑎 , (3)

where aF is constant. The hardness of the ferrite-pearlite microstructure can be written as: HV = 𝑎 𝑋 + 𝑎 1 − 𝑋 + 𝑎 1 − 𝑋 ∙ 𝑐 + 𝑎 1 − 𝑋 ∙ 𝑐 ∙𝐴 − 𝑇 ⁄ . 
(4)

The hardness value of the martensitic microstructure is the maximum possible for 
steels of a certain chemical composition. To determine the hardness of martensite, the 
most used terms in the literature are those in which the hardness of martensite depends 
only on the carbon content in a steel [22]. Therefore, when setting the equation for pre-
dicting the hardness of martensite, it is assumed that the hardness of martensite arises 
with carbon content in martensite. It can be written that hardness of martensite is equal 
to: HRC = 𝑎 + 𝑎 ∙ 𝑐 /

, (5)

where a0M and a1M are constants. 
The strength of bainite can in principle be factorized into components consisting of 

the intrinsic strength of pure annealed iron, substitutional solid solution strengthening 
contributions, strengthening due to carbon in solid solution and a variety of microstruc-
tural components including dislocation strengthening, particle effects and grain size ef-
fects [21]. Bainite and pearlite which occur in a similar temperature range of austenite 
decomposition have similar hardnesses. At the temperature BS the hardness of bainite is 
approximately equal to: HV  ~ HV . (6)

The same situation is with the hardness of bainite and martensite at temperature 
range near to austenite decomposition to martensite. HV  ~ HV . (7)

If the linear dependence of the bainite hardness at the temperature of isothermal de-
composition of austenite is accepted, the total hardness of bainite can be expressed as: HV = 𝑎 + HV + 𝑎 ∙ HV 1 − , (8)

where a0B, a1B and a2B are constants. Pearlite hardness is defined by Equation (1), while 
martensite hardness in HRC units is defined by Equation (5). Martensite hardness in HV 
units is obtained by hardness conversion. The expression  describes the influ-
ence of intensity of undercooling on the hardness of bainitic ferrite. 

The coefficients from Equations (1), (3), (5) and (8) can be determined by regression 
analysis. 

The total hardness of the microstructure during isothermal austenite decomposition 
can be determined based on the rule of mixture: 
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HV = ∑ HV ∙ ∆X , (9)

where ΔXi is the volume fraction of the i-th microstructure constituent, while HVi is the 
hardness of the i-th microstructure constituent. 

2.2. Materials 
Table A1 lists the experimental data used in setting of the equation for predicting the 

hardness of pearlite and the total hardness of the ferrite-pearlite microstructure of hypo-
eutectoid, low-alloy steels. Table A2 lists the chemical composition (wt.%) of studied steels 
[31]. Table A3 lists the experimental data used in setting of the equation for predicting the 
hardness of martensite microstructure, while Table A4 lists the experimental data used in 
setting of the equation for predicting the hardness of bainite microstructure of hypoeutec-
toid, low-alloy steels. 

3. Results and Discussion 
The characteristic coefficients aF (Equation (3)), a0P, a1P, a2P (Equation (1)), a0M, a1M 

(Equation (5)), a0B, a1B and a2B (Equation (8)) are determined by regression analysis (Table 
1). The regression analysis was done based on data given in Tables A1–A4. Data for re-
gression analysis (i.e., the characteristic hardnesses and fraction of microstructural con-
stituents) were found out from the experimentally obtained time temperature transfor-
mation (TTT) diagrams given in the literature [31]. 

Table 1. Characteristic coefficients for prediction of hardness of microstructure constituents. 

Ferrite,  
Equation (3) Pearlite, Equation (1) Martensite,  

Equation (5) Bainite, Equation (8) 

aF a0P a1P a2P a0M a1M a0B a1B a2B 
83.50 116.34 279.61 8.63 19.51 57.58 26.35 1.02 0.40 

Obtained hardness of ferrite, HVF = 83.50, is similar to the common theoretical and 
experimental literature data. Figure 2 shows a comparison of the experimental hardness 
of the ferrite-pearlite microstructure (Table A1) and the hardness obtained based on the 
rule of mixture (Equation (4)). It is visible that results of numerical modelling give similar 
results as are experimental results. 

 
Figure 2. Hardness of ferrite-pearlite microstructure: Experiment vs. model. (correlation coeffi-
cient: R = 0.8694). 
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Figure 3 shows a comparison of the experimental hardness of the martensite micro-
structure (Table A3) and the predicted hardness by Equation (5). Very good correlation 
between experimental results and predicted results of martensite hardness was achieved. 

 
Figure 3. Hardness of martensite microstructure: Experiment vs. model (R = 0.9665). 

Figure 4 shows a comparison of the experimental hardness of the bainite microstruc-
ture (Table A4) and the predicted hardness (Equation (8)). Differences between experi-
mental results and predicted results of bainite hardness are insignificant. Very good cor-
relation between hardness predicted by mathematical modelling and experimental results 
were achieved for all studied microconstituents. 

 
Figure 4. Hardness of bainite microstructure: Experiment vs. model (R = 0.7222). 

Figure 5 shows a comparison of the experimental and predicted hardness of hypoeu-
tectoid steels at different temperature of isothermal transformation (Tables A1 and A3), 
which were used in setting the equations for estimating the hardness of pearlite and bain-
ite. A good matching of predicted and experimental hardness values can be observed. 
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Figure 5. Hardness of hypoeutectoid steels: Experiment vs. model. 

Based on theoretical research, useful expressions for predicting the hardness of car-
bon and low-alloy steels after isothermal decomposition of austenite have been derived. 
An excellent correlation was achieved between the calculated hardness values by mathe-
matical modelling and experimental results. Good correlation was achieved in the mod-
elling of the hardness of microconstituents (i.e., pearlite, ferrite, bainite and martensite) as 
well as in the modelling of the total hardness of steel. Developed models can be a very 
good basis for predicting hardness in continuous steel cooling using Scheil’s additivity 
rule. Studied methods for prediction of the hardness of ferrite-pearlite, bainite and mar-
tensite microstructures is an inversion method. This method is based on mathematical 
modelling of steel behaviour during heat treatment. Many similar works exist which are 
based on precise physical mechanism strengthening of individual phases [21]. The mod-
elling of hardenability of steel by application of neural network recently are very useful. 
Application of the developed numerical approach is not expensive and stable. It is very 
easy to extend this approach to other types of steel and heat treatment processes. 

4. Conclusions 
In this paper, the equations for estimation of microstructure constituents’ hardness 

after the isothermal decomposition of austenite have been proposed for hypoeutectoid 
carbon and low-alloy steels. Steels were quenched from austenite range to the tempera-
ture of isothermal transformation where all austenite decomposes at constant tempera-
ture. Special attention has been given to the modelling of bainite transformation. 

To develop equations for prediction of microstructure constituents’ hardness after 
the isothermal decomposition of austenite, the following well-known general facts were 
accepted. 
1. The hardness of pearlite microstructure mostly depends on carbon content and inter-

lamellar spacing of the pearlite. Hardness of ferrite and pearlite microstructure is 
function of volume fraction of pearlite and ferrite. Therefore, pearlite hardness de-
pends on the carbon content in a steel and temperature of undercooling below Ae1 
temperature. 

2. The martensite hardness in hypoeutectoid steel commonly directly depends on the 
carbon content in a steel. 

3. Hardness of bainite depends on combination of the solid solution strengthening due 
to carbon, the effect of the dislocation cell structure, precipitation hardening by ce-
mentite, strengthening due to grain size refinement and strengthening due to particle 
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spacing refinement. Hardening mechanism due to carbon, dislocation cell structure 
and precipitation hardening prevails at lower temperatures of austenite decomposi-
tions. 

4. The total hardness of steel can be estimated using the rule of mixture based on both 
fraction and hardness of microstructural components of steel. 
The developed model was verified by comparison of predicted hardnesses of micro-

structural constituents by mathematical modelling with that obtained from TTT diagrams. 
Predicted hardnesses of ferrite, pearlite, bainite and martensite by mathematical model-
ling correlate very well to results given by TTT diagrams. The differences between 
achieved results by mathematical modelling and experimental results were insignificant. 

By the comparison of predicted hardness by a mathematical model with experi-
mental results, it can be concluded that hardness of considered steels could be successfully 
predicted by the proposed model. 
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Appendix A 

Table A1. The experimental data for prediction of ferrite-pearlite microstructure hardness, HVF+P. 

Data No. 
Ferrite-Pearlite Micro-

structure Hardness Ferrite Content Pearlite Content Carbon Concentra-
tion in Steel 

Temperature of Iso-
thermal Transfor-

mation 
HV % % % °C 

1. 266 0 100 0.43 705 
2. 241 1 99 0.44 685 
3. 150 60 40 0.22 675 
4. 180 60 40 0.30 675 
5. 205 30 70 0.30 670 
6. 193 80 20 0.13 665 
7. 183 70 30 0.16 665 
8. 230 70 30 0.24 665 
9. 279 5 95 0.36 665 

10. 240 30 70 0.35 660 
11. 223 5 95 0.44 660 
12. 266 5 95 0.47 660 
13. 279 2 98 0.50 655 
14. 240 20 80 0.38 650 
15. 339 7 93 0.47 645 
16. 366 3 97 0.73 630 
17. 267 15 85 0.43 615 
18. 363 0 100 0.55 615 
19. 211 70 30 0.16 610 
20. 241 20 80 0.38 600 



Metals 2021, 11, 180 10 of 14 
 

 

21. 225 75 25 0.30 550 
22. 236 60 40 0.43 550 
23. 296 15 85 0.44 545 
24. 270 2 98 0.48 526 

Table A2. Chemical composition of studied steels (balance Fe). 

Data 
No. 

Designation 
(DIN) 

Chemical Composition, wt.% 
C Si Mn P S Al Cr Cu Mo Ni V 

1. Ck45 0.44 0.22 0.66 0.022 0.029 - 0.15 - - - 0.02 
2. 

37MnSi5 
0.34 1.11 1.23 0.022 0.012 - 0.19 0.17 0.04 0.18 0.03 

3. 0.38 1.05 1.14 0.035 0.019 - 0.23 - - - 0.02 
4. 

42MnV7 
0.38 0.28 1.76 0.035 0.015 - 0.33 0.16 0.05 0.17 0.07 

5. 0.45 0.27 1.76 0.017 0.018 - 0.18 0.19 <0.01 0.06 0.07 
6. 

34Cr4 
0.30 0.21 0.57 0.015 0.018 - 0.90 0.25 <0.01 0.06 0.01 

7. 0.37 0.35 0.68 0.027 0.020 - 1.06 0.17 0.02 0.18 <0.01 
8. 

36Cr6 
0.32 0.17 0.47 0.014 0.011 - 1.53 0.16 0.04 0.18 <0.01 

9. 0.36 0.25 0.49 0.021 0.020 - 1.54 0.16 0.03 0.21 <0.01 
10. 41Cr4 0.44 0.22 0.80 0.030 0.023 - 1.04 0.17 0.04 0.26 <0.01 
11. 

25CrMo4 
0.22 0.25 0.64 0.010 0.011 - 0.97 0.16 0.23 0.33 <0.01 

12. 0.25 0.32 0.78 0.016 0.005 - 1.06 0.16 0.25 0.24 <0.01 
13. 

34CrMo4 
0.30 0.22 0.64 0.011 0.012 - 1.01 0.19 0.24 0.11 <0.01 

14. 0.37 0.25 0.65 0.017 0.023 - 1.08 0.21 0.20 0.27 <0.01 
15. 

50CrMo4 
0.46 0.22 0.50 0.015 0.014 - 1.00 0.26 0.21 0.22 <0.01 

16. 0.50 0.32 0.80 0.017 0.022 - 1.04 0.17 0.24 0.11 <0.01 
17. 0.51 0.25 0.67 0.012 0.011 - 1.05 0.17 0.25 0.39 <0.01 
18. 

27MnCrV4 

0.24 0.21 1.06 0.014 0.020 - 0.79 0.17 0.02 0.18 0.10 
19. 0.24 0.20 1.06 0.014 0.019 - 0.68 0.17 0.02 0.18 0.07 
20. 0.27 0.20 1.12 0.022 0.017 - 0.90 0.20 0.01 0.13 0.06 
21. 0.27 0.15 1.19 0.013 0.021 - 0.85 0.21 0.03 0.15 0.11 
22. 0.33 0.24 1.17 0.021 0.018 - 0.85 0.22 0.02 0.07 0.08 
23. 42CrV6 0.42 0.26 0.60 0.020 0.005 - 1.64 0.20 <0.01 0.13 0.08 
24. 

50CrV4 

0.47 0.35 1.04 0.032 0.012 - 1.20 0.16 0.05 0.05 0.12 
25. 0.49 0.23 0.82 0.018 0.018 - 1.03 0.14 0.03 0.11 0.07 
26. 0.53 0.27 0.93 0.029 0.013 - 0.98 0.20 0.05 0.33 0.07 
27. 0.55 0.22 0.98 0.017 0.013 - 1.02 0.07 - 0.01 0.11 
28. 0.3%C, 3% Ni 0.30 0.32 0.51 0.011 0.007 0.032 0.07 - - 3.03 <0.01 
29. 

16MnCr5 
0.16 0.22 1.12 0.030 0.008 0.015 0.99 0.22 0.02 0.12 0.01 

30. 0.19 0.25 1.26 0.013 0.013 0.014 0.97 - - <0.01 - 
31. 71Si7 0.73 1.62 0.73 0.019 0.012 - 0.10 0.19 - 0.12 0.01 

32. 
0,2%C, 1.2%Mn, 

1%Cu, 0.6 Ni 0.20 0.38 1.20 0.039 0.024 - 0.06 0.91 - 0.55 - 

33. 
0.2%C, 1%Mn, 

1%Cu, 0.25%Mo, 
0.8%Ni 

0.19 0.38 1.12 0.037 0.036 - 0.28 0.98 0.27 0.79 - 

34. 
0.15%C, 1.2%Cr, 
0.25%Ni, 0.3%V 0.15 0.48 0.67 0.044 0.024 - 1.20 0.18 - 0.25 0.31 

35. 0.45%C, 2%Mn 0.48 0.28 1.98 0.020 0.011 - - - - - - 
36. 0.45%C, 3.5%Cr 0.43 0.14 0.04 0.015 0.012 0.14 3.52 - - - - 
37. 15CrNi6 0.13 0.31 0.51 0.023 0.009 0.010 1.50 0.22 0.06 1.55 <0.01 
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38. 0.16 0.28 0.43 0.010 0.008 0.005 1.58 0.20 0.006 1.54 <0.01 
39. 

18CrNi8 
0.15 0.13 0.60 0.014 0.008 0.030 1.94 0.21 0.06 2.02 <0.01 

40. 0.20 0.20 0.60 0.021 0.010 0.010 2.07 0.21 0.01 1.90 0.01 
41. 

42CrMo4 

0.38 0.18 0.62 0.033 0.023 - 1.03 0.28 0.21 0.22 <0.01 
42. 0.38 0.23 0.64 0.019 0.013 - 0.99 0.17 0.16 0.08 <0.01 
43. 0.39 0.15 0.50 0.013 0.014 - 0.97 0.19 0.19 0.20 <0.01 
44. 0.40 0.30 0.65 0.016 0.014 - 1.10 0.22 0.21 0.42 <0.01 
45. 0.44 0.28 0.67 0.025 0.024 - 1.07 0.21 0.15 0.22 <0.01 

Table A3. The experimental data for prediction of martensite microstructure hardness, HVM. 

Data No. Designation 
(DIN) 

Carbon Concentration in Steel Martensite Microstructure Hardness 
% HRC 

1. Ck45 0.44 56.8 
2. 

37MnSi5 
0.34 53.7 

3. 0.38 56.9 
4. 

42MnV7 
0.38 54.9 

5. 0.45 60.6 
6. 

34Cr4 
0.30 52.5 

7. 0.37 54.0 
8. 

36Cr6 
0.32 49.0 

9. 0.36 56.2 
10. 

25CrMo4 
0.22 44.9 

11. 0.25 47.7 
12. 

34CrMo4 
0.30 50.9 

13. 0.37 53.7 
14. 

50CrMo4 
0.46 60.0 

15. 0.50 59.0 
16. 0.50 60.0 
17. 

27MnCrV4 

0.24 46.8 
18. 0.24 49.9 
19. 0.27 44.3 
20. 0.27 51.5 
21. 0.33 54.0 
22. 42CrV6 0.42 58.0 
23. 

50CrV4 

0.47 58.0 
24. 0.49 59.9 
25. 0.53 60.1 
26. 0.55 62.8 
27. 

16MnCr5 
0.16 41.2 

28. 0.19 43.4 
29. 

15CrNi6 
0.13 40.9 

30. 0.16 44.6 
31. 

18CrNi8 
0.15 42.2 

32. 0.20 46.2 
33. 

42CrMo4 

0.38 53.7 
34. 0.38 54.9 
35. 0.39 56.8 
36. 0.40 55.1 
37. 0.44 57.4 
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Table A4. The experimental data for prediction of bainite microstructure hardness, HVB. 

Data No. 
Designation 

(DIN) 

Carbon Concentra-
tion in Steel 

Temperature of Iso-
thermal Transfor-

mation 

Bainite Microstructure 
Hardness 

% °C HV 
1. 

Ck45 0.44 
455 316 

2. 400 420 
3. 37MnSi5 0.38 400 375 
4. 

42MnV7 0.43 
450 296 

5. 400 382 
6. 345 473 
7. 

34Cr4 0.35 
472 296 

8. 405 350 
9. 41Cr4 0.44 400 375 

10. 
36Cr6 0.36 

415 375 
11. 372 437 
12. 25CrMo4 0.22 405 316 
13. 

34CrMo4 0.30 
478 235 

14. 433 327 
15. 400 363 
16. 50CrMo4 0.50 400 389 
17. 27MnCrV4 0.24 420 270 
18. 

42CrV6 0.44 
386 496 

19. 330 575 
20. 

50CrV4 0.55 
425 363 

21. 390 437 
22. 50CrV4 0.47 390 389 
23. 

50CrV4 0.47 
400 389 

24. 350 473 
25. 0.3%C, 3%Ni 0.30 400 303 
26. 16MnCr5 0.16 460 368 
27. 71Si7 0.73 310 576 

28. 
0.2%C, 1.2%Mn, 
1%Cu, 0.6%Ni 0.20 475 229 

29. 
0.2%C, 1%Mn, 1%Cu, 

0.25%Mo, 0.8%Ni 0.19 480 267 

30. 0.15%C, 1.2%Cr, 
0.25%Ni, 0.3%V 0.15 475 323 

31. 0.45%C, 2%Mn 0.48 380 389 
32. 0.45%C, 3.5%Cr 0.43 395 429 
33. 42CrMo4 0.38 400 339 
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