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Abstract. Dependences of mechanical properties (yield stress, tensile stress, relative 
elongation) and impact toughness on the tempering time at various temperatures have been 
investigated for 10 industrial bainitic-martensitic steels with a wide range of chemical 
compositions (C(0.04-0.27), Mn(0.33-1.57), Si(0.22-1.09), Cr(0.02-1.14), Ni(0.01-3.74), 
Cu(0.02-1.03), Mo(0.01-0.43), Nb(0.002-0.044), V(0.003-0.200), Ti(0.001-0.045), B(≤0.003) 
(mass.%)). Based on the obtained experimental results, a quantitative model is developed to 
predict the mechanical properties of the considered steels after tempering. The modeling results 
comply well with experiments. The average relative errors in predicting the yield and tensile 
stresses are, respectively, 5.9 and 5.3%, and the average absolute error in predicting the relative 
elongation is 2.5%. 
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1. Introduction 
Mechanical properties of quenched bainitic-martensitic steels significantly depend on their 
following tempering. Accordingly, a lot of works are aimed to investigate and simulate 
complex multi-stage precipitation processes of various type particles in tempering [1-5] as well 
as their effects on final steel properties. The authors have described a model [5] for the 
tempering effects on quenched Сr-Mo-V-Cu bainitic-martensitic steels that allows for both the 
recovery and precipitation phenomena. The latter involves various carbides (Fe3C, V4C3, 
Mo2C, Cr7C3) and particles of pure Cu. However, to get desired mechanical properties of the 
considered materials, quantitative models to predict these properties are additionally required. 

The present paper represents experimental results on the dependences of mechanical 
properties and impact toughness on the tempering time at various temperatures as obtained on 
10 industrial steels with a wide range of chemical compositions. Based on these data, a 
quantitative model is described to predict the mechanical properties of the considered steels 
after tempering. Apart from the obtained experimental results, the model calibration also has 
employed microstructural parameters derived by means of the AusEvol Pro software [6,7] 
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using data on the industrial mode of hot rolling, subsequent cooling, and quenching of steel 
plates in a roller-quenching machine. 
 
2. Investigated steels, experimental procedures, and results 
Dependences of mechanical properties (yield stress, ultimate tensile stress, relative 
and impact toughness on the tempering time at various temperatures have been investigated 
10 industrial bainitic-martensitic steels with a wide range of chemical compositions 
(C(0.04-0.27), Mn(0.33-1.57), Si(0.22-1.09), Cr(0.02-1.14), Ni(0.01-3.74), Cu(0.02-1.03), 
Mo(0.01-0.43), Nb(0.002-0.044), V(0.003-0.200), Ti(0.001-0.045), B(≤0.003)) listed in Table 
1. 
 
Table 1. Chemical compositions of the investigated steels (mass.%) 
Steel С Mn Si Cr Ni Cu Mo Nb V Ti B 
S1 0.21 0.56 0.25 0.75 0.10 0.14 0.02 0.002 0.003 0.002 – 
S2 0.12 0.45 0.25 0.59 0.06 0.12 – 0.024 0.053 0.003 – 
S3 0.10 1.56 0.29 0.12 0.13 0.13 0.01 0.044 0.066 0.005 – 
S4 0.10 0.34 0.22 0.41 1.91 0.52 0.26 0.003 0.032 0.002 – 
S5 0.11 0.54 0.85 0.75 0.66 0.42 0.02 0.002 0.005 0.005 – 
S6 0.27 0.58 1.09 0.85 1.42 0.06 0.23 0.023 0.007 0.045 0.003 
S7 0.10 1.57 0.27 0.02 0.01 0.02 – 0.036 0.039 0.014 – 
S8 0.12 1.01 0.24 1.14 0.19 0.17 0.41 0.031 0.005 0.003 0.002 
S9 0.12 0.55 0.27 1.10 0.10 0.10 0.30 0.004 0.200 0.003 – 
S10 0.04 0.33 0.26 0.65 3.74 1.03 0.43 0.002 0.142 0.001 0.001 

 
Samples of 45×450 mm section were cut from hot rolled plates of 9÷16 mm thickness 

cooled in the roller-quenching machine of PJSC "Severstal". The samples have been tempered 
in laboratory furnace Nabertherm (model N60/65HA) at temperatures 400, 500, 600, and 
650°С; 8 holding times (0.5, 1, 1.5, 2, 3, 4, 5, 6 h) have been used at each of these 
temperatures. Specimens have been made for both the quenched and tempered states. 

Tensile tests according to GOST 1497-84 are implemented on industrial machines of 
PJSC "Severstal", and the impact toughness (KCV) are determined according to 
GOST 9454-78 by means of installment Zwick/Roell RKP-450. Quenched structures are 
analyzed with optical microscope Аxio Observer "Carl Zeiss". 

Micrographs of quenched steel structures are shown in Fig. 1 whereas their 
characteristics are represented in Table 2 that also lists theoretical volume fractions of various 
structural constituents as derived by means of AusEvol Pro software [6,7] from given 
industrial modes of hot rolling and following cooling conditions. According to these data, 
calculation results comply well with images of the considered structures of mostly 
bainitic-martensitic type. Some deviations are due to difficulty in the visual estimate of low 
fractions peculiar to polygonal ferrite and granular bainite as well as to the complicated 
discrimination between martensite and lath bainite. 
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Fig. 1. Optical images (×500) of microstructures of the studied steels after quenching (S1-S6) 
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S7)  

 
S8) 

 
S9) 

 
S10) 

Fig. 1. Optical images (×500) of microstructures of the studied steels after quenching(S7-S10) 
 
Table 2. Characteristics of steel microstructures after quenching 

Steel 
Type of the microstructure 

Visual estimation Calculated volume fractions 
of the components, % 

S1 PF↓ + LB + M 3PF + 25LB + 72M 
S2 PF↓ + GB + LB 8PF + 58GB + 34LB 
S3 GB + LB + M 52ГБ + 36РБ + 12М 
S4 PF↓ + LB + М 5PF + 1GB + 76LB + 18M 
S5 PF↓ + LB + M 2PF + 5GB + 62LB + 31M 
S6 LB + М 20LB + 80М 
S7 PF↓ + GB + LB 11GB + 89LB 
S8 LB + M 2GB + 22LB + 76M 
S9 LB + M 1GB + 56LB + 43М 
S10 M 46LB + 54М 

*PF – polygonal ferrite (↓ − low fraction); GB – granular bainite; LB – lath bainite; M – 
martensite 
 

Mechanical properties and the impact toughness of some from the investigated steels 
are represented in Fig. 2. 
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c) 

  

  
Fig. 2. Time dependences of yield stress, ultimate tensile stress, relative elongation (δ5), and 

impact toughness (KCV) at various tempering temperatures for steels S1(a), S5(b), S7(c) 
 
Figure 2 illustrates a complex evolution of steel properties in the tempering; it is 

particularly notable for the relative elongation and impact toughness of some steels (e.g. S5, 
S7). This behaviour is due to a complicated interdependence of the recovery and processes of 
precipitation/dissolution of various particle types (cementite, carbides of chromium, 
vanadium, and molybdenum as well as copper particles). The obtained data are used in the 
calibration of models for mechanistic properties as follows. 
 
3. Description of the models, calibration procedure, and modeling results 
The models for mechanical properties (yield stress ( Yσ ), tensile stress ( Tσ ), relative 
elongation ( 5δ ≡ δ  )) are based on the mixture rule relating the contributions of individual 
structural components to their volume fractions. The following structural components are 
considered: polygonal ferrite (PF), bainite (B) of different morphology (granular (GB), lath 
(LB)), and martensite (M). Mechanical properties are estimated using the equations 

Y Y Y Y Y
Y 0 ss PF B Ms = s + ∆s + ∆s + ∆s + ∆s , 

T T Y T T
T 0 ss PF B Ms = s + ∆s + ∆s + ∆s + ∆s , 

0 ss PF B Mδ = δ + ∆δ + ∆δ + ∆δ + ∆δ , 
(1) 

where Y T
0 0 0, ,σ σ δ are the base contributions; Y T

ss ss ss, ,∆s ∆s ∆δ are the solid solution 

contributions; Y T
SC SC SC, ,∆σ ∆σ ∆δ are contributions of the corresponding structural 

components (SC = PF, GB, LB, M) where the base and solid solution effects are excluded. 
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When evaluating respective effects on the relative elongation, it is supposed that each 
contribution to the hardening specifically diminishes the elongation. 

To determine the hardening effect of solid solution, the following expressions are used 
Y;T Y;T
ss ss,Х Х

Х
w∆s = α∑ , 

E
ss

0

E E
ss ss ss,Х Х

Х
w

β
 ∆δ = −α α 
 
∑ , 

(2) 

where Xw  is the dissolved content of alloying element Х (mass.%); Y;T E E E
ss,X ss ss,X ss0, , ,α α α β  are 

empirical model parameters. 
According to the obtained metallographic data (Fig. 1), the considered steel structures 

have an insignificant quantity of polygonal ferrite. This conclusion complies with the estimate 
with AusEvol Pro predicting in steels the ferrite fraction that does not exceed 8% (Table 2). 
Nonetheless, the present model allows for the related small effects which are evaluated by 

( )Y;T Y;T Y;T
PF PF PF PFgb ppt X∆σ = ∆σ + ∆σ , 

( )E E
PF PF PF PFgb ppt X∆δ = − ∆δ + ∆δ , 

(3) 

where Y;T
PFgb∆σ , E

PFgb∆δ  are the ferrite grain boundaries contributions; Y;T
PFppt∆σ , E

PFppt∆δ are the 

contributions caused by carbonitrides/carbides particles (Nb(C,N), V(C,N), TiC) formed in 
austenite at the stage of hot rolling and inherited by the polygonal ferrite, as well as other 
components of the structure, after the corresponding transformation; PFX is the polygonal 
ferrite volume fraction. Ferrite grain boundaries contributions are calculated according to the 
Hall-Petch equation 

Y;T Y;T 0.5
PF gb PFgb d −∆σ = α , 
E E 0.5
PF gb PFgb d∆d = −α , 

(4) 

where PFd  is an average volumetric ferrite grain size (mm); Y;T
gb ,α E

gbα  are empirical model 
parameters. Contributions of particles will be further considered.  

The bainite contributions are expressed by equations 

( )Y;T Y;T Y;T Y;T
B B ,k B ,k B B,k

k
0 d ppt X∆σ = ∆σ + ∆σ + ∆σ∑ , 

( )E
B B ,k B ,k B B,k

k
0 d ppt X∆d = − ∆d + ∆d + ∆d∑ , 

(5) 

where B,kX  is the volume fraction of k-th constituent in the bainite structure (k = GB, LB); 
Y;T
B ,k0∆σ , B ,k0∆δ  are empiric parameters reflecting effects specific for various morphological 

types of bainite; Y;T
B ,kd∆σ , B ,kd∆d  dislocation contributions; Y;T

Bppt∆σ , E
Bppt∆δ  are contributions 

of particles precipitated in bainite. These particles include both carbonitride/carbides 
preformed in austenite (Nb(C,N), V(C,N), TiC) and particles that appeared in bainite during 
the tempering (Fe3C, V4C3, Mo2C, Cr7C3, Cu). 

Dislocation contributions are evaluated by expressions 
Y;T Y;T 0.5
B ,k B ,k B ,kd d dG bα∆σ = α ρ , 

E 0.5
B ,k B ,k B ,kd d dG bα∆d = −α ρ , 

(6) 

where B ,kdρ  is the average dislocation density in bainite of k-th type; 4G 8.1 10 MPaa = × is 

the shear modulus of the α-phase; 10b 2.5 10 m−= × is the Burgers vector magnitude; 
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Y;T
B ,kd ,α  E

B ,kdα  are empirical model parameters. Average dislocation densities for different 
morphologies of bainite and martensite are calculated with the formula [8] 

2
10 d 2

6880 1780360log ( ,m ) 9.2848
T T

−ρ = + −
 

, (7) 

where dρ  is the dislocation density in the corresponding structural component formed at 
average temperature T (К). Accordingly, the average dislocation density in the k-th type of 
bainite B ,kdρ  is calculated with Eq. (7) in which it is assumed that B,kT T=  . 

Martensite contributions are determined in a similar way 

( )Y;T Y;T Y;T 0.5 Y;T
M M M M M M0 d d pptG b Xα∆σ = ∆σ +α ρ + ∆σ , 

( )E 0.5 E
M M M M M M0 d d pptG b Xα∆d = − ∆d +α ρ + ∆d , 

(8) 

where MX  is the volume fraction of martensite; Mdρ  is the average dislocation density in 

martensite calculated with Eq. (7) at the average temperature of its formation MT T (K)=  ; 
Y;T
Mppt∆σ , E

Mppt∆δ  are contributions of particles of the same types as in case of bainite; Y;T
M0∆σ ,

Y;T
Mdα , M0∆δ , E

Mdα  are empirical parameters of the model. 
To allow for the effects of particles on the yield stress of the considered microstructural 

constituents, it is presumed that moving dislocations overcome such barriers by means of 
bowing. Accordingly, the contribution of i-th particles type to yield stresses of all structural 
components takes on the form [9] 

Y
ppt ppt,iY

ppt,i
ppt,i ppt,i

G b D
ln

D 1.5b
α  α

Dσ =   l −  
, 

ppt,i ppt,i
ppt,i

20.6 D
3f
p

λ . , 
(9) 

where ppt,iD , ppt,if  are the average diameter and volume fraction, respectively, for i-th type 
of particles  (i= 1, 2, …, 8 respectively correspond to Nb(C,N), V(C,N), TiC, Fe3C, V4C3, 
Mo2C, Cr7C3, Cu); ppt,iλ  is the average spacing of particle centers in slip planes of 

dislocations; Y
pptα (~ 0.1) is an empirical parameter. 

The Pythagorean superposition rule [10] was employed to calculate contributions of all 
particles to mechanical properties of various structural constituents while presuming similar 
effects of the particles in bainite and martensite 

PF: 

3
Y Y 2
PF ppt,i

i 1
ppt ( )

=

∆σ = ∆σ∑ , 

3
T T Y 2
PF ppt,i ppt,i

i 1
ppt ( )

=

∆σ = α ∆σ∑ ,
 

3
E E Y 2
PF ppt,i ppt,i

i 1
ppt ( )

=

∆δ = − α ∆σ∑ , 

(10) 

B, 
M: 

8
Y Y 2
B;M ppt,i

i 1
ppt ( )

=

∆σ = ∆σ∑ , (11) 
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8
T T Y 2
B;M ppt,i ppt,i

i 1
ppt ( )

=

∆σ = α ∆σ∑ ,
 

8
E E Y 2
B;M ppt,i ppt,i

i 1
ppt ( )

=

∆δ = − α ∆σ∑ , 

in these expressions T
ppt,iα , E

ppt,iα  are empirical coefficients. 
All empirical parameters employed in the prediction of mechanical properties of steel 

after its quenching and following tempering have been fitted to experimental results obtained 
in the present work. These data cover a wide range of chemical compositions (10 steels 
represented in Table 1) and various tempering temperatures and durations. Additionally, by 
means of the AusEvol Pro software, the involved microstructural characteristics have been 
derived from known industrial modes of hot rolling and conditions of the subsequent cooling. 
These characteristics include volume fractions of structural constituents, dimensions of ferrite 
grains, dislocation densities in bainite and martensite, volume fractions and average sizes of 
precipitated particles, dissolved quantities of alloying elements. To simulate the 
microstructure evolution including all considered particle types with allowance for both the 
recovery and precipitation phenomena, the current version of AusEvol Pro makes use of the 
authors' model [5]. 

 
Table 3. Parameters determining the contributions to hardening of bainite and martensite 

Bainite 
Y
B ,GB0∆σ , 

MPa 

T
B ,GB0∆σ , 

MPa 
B ,GB0∆δ , 
% 

Y
B ,LB0∆σ , 

MPa 

T
B ,LB0∆σ , 

MPa 
B ,LB0∆δ , 
% 

160 120 10 165 130 8 
Y
B ,GBdα , 

- 

T
B ,GBdα , 

- 

E
B ,GBdα , 

% / MPa  

Y
B ,LBdα , 
- 

T
B ,LBdα , 
- 

E
B ,LBdα , 

% / MPa  
0.48 0.55 37.0 10−×  0.83 0.74 320.0 10−×  

Martensite 
Y
M0∆σ , 

MPa 

T
M0∆σ , 

MPa 
M0∆δ , 

% 

Y
Mdα , 
- 

T
Mdα , 
- 

Md∆d , 
% / MPa  

125 115 9 0.84 0.83 39.0 10−×  
 
The model calibration leads to Y

0 103∆σ = MPa, T
0 145∆σ = MPa, 0 48∆δ = % for the 

base contribution to mechanical properties. When evaluating parameters to express solid 
solution effects (Eq. (2)), the authors used published approaches [11] as well as their own 
expressions [12]. These relationships were refined in what concerns the effects of Mn, Si, Mo, 
and N atoms. Respective results take on the form 

Y free
ss Mn Si Ni Cu Mo Cr Ti P N52w 61w 15w 39w 85w 42w 80w 678w 4000w∆s = + + + + + + + + , 
T free
ss Mn Si Ni Cu Mo Cr Ti P N58w 110w 15w 39w 55w 30w 80w 678w 3400w∆s = + + + + + + + + , 

0.5

Mn Si Ni Cu Mo Cr Ti
ss free

P N

61w 50w 15w 39w 11w 84w 80w
0.8 ,

678w 5000w

 + + + + + + +
∆δ = −   + + 

 

(12) 
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where free
Nw  is the quantity of free nitrogen avoiding capture by TiN, Nb(C,N), and V(C,N) 

particles.  
To evaluate the effects of the ferrite grain boundaries, the following parameters were 

used: Y 0.5
gb 18.3 MPa mma = × ; T 0.5

gb 17.2 MPa mma = × ; E 0.5
gb 1.9 % mm−α = × . 

Except for contributions of precipitated particles, parameters determining contributions 
of bainite and martensite are listed in Table 3. 

To substitute in Eq. (9), Y
pptα = 0.43 has been found. Other parameters determining the 

particle contributions are represented in Table 4. 
 
Table 4. Parameters determining contributions to hardening of various particles 

Particle type 1 
Nb(C,N) 

2 
V(C,N) 

3 
TiC 

4 
Fe3C 

5 
V4C3 

6 
Mo2C 

7 
Cr7C3 

8 
Cu 

T
ppt,iα  0.41 0.37 0.32 0.37 0.64 0.35 0.28 0.43 
E
ppt,iα  0.043 0.039 0.032 0.013 0.021 0.004 0.014 0.017 

 
The comparison of predicted and measured mechanical properties shown in Fig. 3 

demonstrates the reasonable performance of the model. 
 

  

 
Fig. 3. Comparison of the calculated and measured mechanical properties of the investigated 

steels. 
a) yield stress; b) tensile stress; c) relative elongation (δ5). 

<δ> and <Δ> are values of the average relative and absolute errors 
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4. Conclusions 
Dependences of mechanical properties and the impact toughness on the tempering time at 
various temperatures have been experimentally investigated for 10 industrial 
bainitic-martensitic steels with a wide range of chemical compositions. Based on the obtained 
results, a model has been developed that predicts the mechanical properties of these steels 
after their quenching and the following tempering. In addition to the experimental results, 
microstructural parameters derived with the AusEvol Pro software from the given hot rolling 
modes and conditions of cooling are employed to calibrate the model. The modeling results 
comply well with experiments. 
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