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Abstract: Currently, step quenching of steels in the temperature range of martensitic transformation, including quench-

ing – partitioning, has found wide application in the automotive industry. Step quenching technology is successfully used 

to increase a set of properties, which most often include temporary tensile strength and relative elongation. The authors 

carried out a dilatometric study of the supercooled austenite transformations occurring in the 20Cr2Mn2SiNiMo steel, 

when implementing various options of step quenching with holding in the martensitic region. It was found that after single-

stage quenching, single-stage quenching followed by tempering, and two-stage quenching, primary martensite, isothermal 

bainite, and secondary martensite are formed in various quantitative ratios. Using X-ray diffraction phase analysis, the 

amount of residual austenite was determined during step quenching. It has been shown that two-stage quenching makes it 

possible to stabilise up to 14 % of residual austenite, in the structure of the studied steel, at room temperature. Research 

has revealed that 20Cr2Mn2SiNiMo steel is characterised by a decrease in the crystal lattice parameter of the residual aus-

tenite, with an increase in its content in the steel structure. Uniaxial tensile and impact bending tests were carried out, and 

the values of the mechanical properties were determined. It has been found that during two-stage quenching, higher 

strength and elongation values, with lower values of relative contraction and impact strength are achieved compared to oil 

quenching and low-temperature tempering. The study showed that, with regard to the structural reliability of machine-

building parts, step quenching is not the optimal heat treatment mode for the steel under study. The best combination of 

strength, ductility and impact hardness is achieved after quenching and low-temperature tempering. 

Keywords: supercooled austenite transformations; step quenching; 20Cr2Mn2SiNiMo steel; 20Cr2Mn2SiNiMo; 

quenching – partitioning; isothermal quenching; quenching and tempering; residual austenite; primary martensite; isother-

mal bainite; secondary martensite. 
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INTRODUCTION 

Step quenching of steels, in the temperature range of 

martensitic transformation, has found wide application in 

the automotive industry. In particular, the quenching – par-

titioning concept was developed, which is based on the as-

sumption of the quasi-equilibrium of martensite α-phase, 

and austenite γ-phase during isothermal holding in  

the range from the beginning to the end of the Mn...Mk mar-

tensitic transformation [1]. If this condition is met, carbon 

from the supersaturated martensite α-phase diffuses into  

the surrounding unconverted austenite, thereby changing its 

chemical composition. As a result, upon further cooling to 

room temperature, no transformations occur, and the car-

bon-enriched residual austenite remains in a stable state. 

However, to implement such a scenario, it is necessary that 

there are no competing processes leading to a decrease in 

the residual austenite amount, and the degree of its enrich-

ment with carbon (the formation of bainite and precipitation 

of carbide phase particles). 

The quenching – partitioning technology of step 

quenching, in various variants is successfully used to in-

crease a set of properties, which most often include ten-

sile strength and relative elongation [2; 3], as the most 

important for the production of high-strength sheet parts 

for the automotive industry using deep drawing. For this 
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purpose, special grades of Quenching–Partitioning steels 

(QP steels) alloyed mainly with silicon, manganese and 

aluminium are being developed [4]. Step quenching is 

also used when producing mechanical engineering parts 

from structural steels [5]. In this case, as in the case of 

specially developed QP steels, significant deviations of 

the practically obtained results, from the theoretically 

predicted ones, are observed [6]. In particular, the volume 

fraction of residual austenite in the structure of steels 

after step quenching in the vast majority of cases turns 

out to be less than the calculated value [7]. This is related 

to the fact that it is almost impossible to exclude the for-

mation of bainite and carbides in the steel structure dur-

ing isothermal holding. The precipitation of carbides and 

the formation of bainite cannot but affect such properties 

of steel as impact strength and relative contraction. These 

characteristics are rarely analysed in published works, 

despite their practical significance in relation to construc-

tional steels: the impact strength of steel has a certain 

correlation with wear resistance [8; 9], and the relative 

contraction – with the endurance limit [10; 11]. 

The purpose of this work is to study the transformations 

occurring in high-strength constructional 20Cr2Mn2SiNiMo 

steel during step quenching. 

 

METHODS 

The chemical composition of the steel under study is 

given in Table 1.  

The transformation of supercooled austenite was studied 

using a LINSEIS L78 R.I.T.A dilatometer. Dilatometric 

samples had a diameter of 4 mm and a length of 10 mm. 

Heating and holding at the austenitisation temperature 

(900 °C, 20 min) were carried out in a vacuum; cooling of 

the samples to the isothermal holding temperature, was 

carried out at a given rate (20 °C/s) in a helium flow. Fig. 1 

shows the diagram of heat treatment modes (QP1 – single-

stage quenching; QP2 – two-stage quenching; QPT – sin-

gle-stage quenching with tempering), of the steel under 

study during dilatometric studies. 

To assess quantitatively the microstructure formed in 

20Cr2Mn2SiNiMo steel during step quenching, the lever 

rule was used in relation to dilatometric curves [12; 13]. 

The temperature of the first quenching stage (280 °C), 

was determined according to the procedure used for QP 

steels [14; 15]. According to calculations, at a given 

cooling interruption temperature, the maximum amount 

of residual austenite (up to 25 %) should be stabilised in 

the structure of the steel under study. The temperature of 

the second stage of holding (350 °C) was chosen in the 

Mn temperature region of the steel under study 

(345±5 °C). 

The indicated step quenching modes were implement-

ed, during laboratory heat treatment of prismatic blanks 

with the dimensions of 12×12×65 mm, from which sam-

ples for mechanical uniaxial tension and impact bending 

tests were subsequently made. For heat treatment, SNOL 

laboratory chamber furnaces (austenitisation, tempering) 

and SShOL shaft crucible furnaces (isothermal holding) 

with molten salt (50 % KNO3 + 50 % NaNO3) were used. 

Cooling of the samples to room temperature was carried 

out in I20A quenching oil. After step quenching, all sam-

ples were subjected to low-temperature tempering at 

180 °C for 2 h. 

Mechanical properties under uniaxial tension, were de-

termined in accordance with GOST 1497 on an Instron in-

stallation at room temperature. For the analysis, cylindrical 

samples (type III) with a working part diameter of 6 mm, 

and a working part length of 30 mm were used. Impact 

bending tests were carried out using a pendulum impact 

tester, in accordance with GOST 9454, at room temperature 

on standard samples, with a V-shaped stress concentrator 

(type 11). 

X-ray structural phase analysis, was carried out on  

a Bruker D8 Advance X-ray diffractometer in Co–Kα radia-

tion, in the range of reflection angles of 2θ=45...130° at volt-

age U=35 kV, tube current I=40 mA. Quantitative X-ray 

phase analysis was carried out according to the reference-free 

full-profile Rietveld analysis method using the TOPAS
®
 4.2 

software package. 

The microstructure was studied using a Jeol JSM 6490 

scanning electron microscope. 

 

RESULTS 

A dilatometric study of the transformations occurring in 

20Cr2Mn2SiNiMo steel during QP1 single-stage quenching 

showed that upon cooling to the first stage temperature 

(280 °C), a significant amount of M1 primary martensite is 

formed. The temperature at which primary martensite be-

gins to form in the steel under study is 345 °C (arrow 1 in 

Fig. 2 a). During cooling interruption and holding for 

10 min (arrow 2 in Fig. 2 a), the size of the sample conti-

nues to increase, which indicates the development of  

an isothermal bainite transformation (Fig. 2 b). Upon final 

cooling from a temperature of 280 °C, the formation of M2 

secondary martensite is observed (arrow 3 in Fig. 2 a).  

The temperature at which the secondary martensitic trans-

formation begins in the case of single-stage quenching  

is 215 °C. 

 

 

 
Table 1. Chemical composition of 20Cr2Mn2SiNiMo steel 

Таблица 1. Химический состав стали 20Cr2Mn2SiNiMo 

 

 

Chemical 

element 
C Cr Mn Si Ni Mo S P 

wt. % 0.220 1.960 2.020 0.960 1.090 0.310 0.002 0.010 
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Fig. 1. Scheme of implemented modes of step quenching of 20Cr2Mn2SiNiMo steel:  

QP1 – single-stage quenching; QP2 – two-stage quenching;  

QPT – single-stage quenching with tempering. 

1 – austenitisation, 900 °C, 20 min; 2 – first stage, 280 °C, 10 min;  

3 – second stage, 350 °C, 60 min 

Рис. 1. Схема реализованных режимов ступенчатой закалки стали 20Х2Г2СНМА:  

QP1 – одноступенчатая закалка; QP2 – двухступенчатая закалка;  

QPT – одноступенчатая закалка с отпуском.  

1 – аустенитизация, 900 °C, 20 мин; 2 – первая ступень, 280 °C, 10 мин;  

3 – вторая ступень, 350 °C, 60 мин 

 

 

 

In the case of QP2 two-stage quenching, upon cooling 

from the austenitisation temperature to the first stage tem-

perature (280 °C), just as in the case of QP1, the formation 

of M1 primary martensite occurs (the transformation onset 

temperature is 345 °C, arrow 1 in Fig. 3 a), after which 

some isothermal bainite is formed (arrow 2 in Fig. 3 a). 

After holding at a temperature of 280 °C for 10 min,  

the sample was heated to a temperature of 350 °C to in-

crease the carbon diffusion rate. However, as dilatometric 

studies showed, when the second stage temperature was 

reached, the formation of bainite continued in the steel un-

der study (Fig. 3 b). 

In the case of QPT single-stage quenching with medi-

um-temperature tempering, a mixture of M1 primary mar-

tensite (arrow 1 in Fig. 4 a), isothermal bainite formed at 

the first stage of treatment at a temperature of 280 °C  

(arrow 2 in Fig. 4 a), and M2 secondary martensite, the 

temperature of the formation onset which is 215 °C  

(arrow 3 in Fig. 4 a), was heated to a temperature of 

350 °C. During holding at a temperature of 350 °C, no 

changes in the sample dimensions occur (Fig. 4 b), and up-

on subsequent cooling, only a slight deviation from the li-

near dependence is observed, associated with the formation 

of no more than 3 % of a new portion of M2 secondary 

martensite (arrow 5 in Fig. 4 a). 

By calculations, dependences of the formed α-phase 

fraction on the temperature were obtained not taking into 

account residual austenite (Fig. 5). In particular, it was 

found that when implementing QP1 single-stage quenching, 

73 % of primary martensite, 11 % of bainite and 16 % of 

secondary martensite are formed in the steel structure 

(Fig. 5 a); and with QP2 two-stage quenching – 75 % of 

primary martensite, 16 % of bainite (in total at the first and 

second stages of treatment), and 9 % of secondary marten-

site (Fig. 5 b). 

After setting the structural-phase composition of the 

steel under study, taking into account the amount of 

residual austenite, the diagram shown in Fig. 6 was 

constructed. 

Fig. 7 shows the lattice parameter values of residual 

austenite in the 20Cr2Mn2SiNiMo steel structure, after step 

quenching and isothermal quenching, at a temperature of 

320 °C. The highest austenite lattice parameter is observed 

during single-stage quenching followed by tempering 

(Fig. 7 a). In 20Cr2Mn2SiNiMo steel at a holding tempera-

ture of 320 °C, the amount of residual austenite in the struc-

ture increases with increasing holding duration from 5 to 

10 %, and the austenite crystal lattice parameter decreases 

from 3.6068 to 3.6037 Å. 

The results of a metallographic study of  

the 20Cr2Mn2SiNiMo steel microstructure are shown in 

Fig. 8. In the case of QP1 single-stage quenching and QPT 

single-stage quenching with tempering, a pronounced edg-

ing of the primary martensite and bainite packets with 
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a 

 

b 

Fig. 2. The dependence of relative elongation of the 20Cr2Mn2SiNiMo steel sample  
on the temperature (a) and time (b)  

when implementing QP1 single-stage quenching.  
1 – М1 primary martensite formation; 2 – isothermal holding at 280 °C, 10 min; 3 – М2 secondary martensite formation 

Рис. 2. Зависимость относительного удлинения образца стали 20Х2Г2СНМА  
от температуры (a) и времени (b)  

при реализации одноступенчатой закалки QP1.  
1 – образование первичного мартенсита М1; 2 – изотермическая выдержка при 280 °C, 10 мин;  

3 – образование вторичного мартенсита М2 
 
 
 

residual austenite, is observed (Fig. 8 a, 8 b). Moreover, in 
the case of QPT single-stage quenching with tempering 
(Fig. 8 b), the austenitic edging of the Ŭ-phase packets is 
more pronounced, which indicates an additional carbon 
outflow from martensite (primary and secondary) and 
bainite during the tempering process. In the case of two-
stage quenching, no such pronounced boundaries were 
identified, and the secondary martensite/residual austenite 
areas have a diffuse structure (Fig. 8 c). 

Table 2 shows the mechanical properties of the studied 
20Cr2Mn2SiNiMo steel after step quenching, as well as 
after other heat treatment modes that provide a similar level 
of strength (isothermal quenching for 2 h at temperatures of 
280 and 300 ÁC; oil quenching and tempering at tempera-
tures of 200 and 300 ÁC). 

Fig. 9 shows comparative diagrams of the mechanical 
properties of the steel under study after various heat treat-
ment modes. 
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