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Abstract/Резюме: In the article are considered structural phase transformations during continuous cooling of 
medium-carbon steel with different contents of molybdenum and niobium. The features of the phase 
transformations course during decomposition of austenite depending on the cooling rate are revealed. The 
structure and microhardness were studied. Continuous cooling transformation (CCT) diagrams are constructed for 
all studied chemical compositions. The effect of molybdenum and niobium on the kinetics of phase transformations 
and the hardness of the steels studied are shown. 
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1. Introduction / Введение
One of the strategic directions for the development of the modern
metallurgical industry is the creation and introduction of technology
for the production of plate products with increased strength
characteristics [1-3]. Such high-strength steels are promising
materials for the production of high-tech products of a new
generation used in various high-tech industries [4-6]. Of particular
interest in this respect is the hardening from rolling heat of medium-
carbon steels, which makes it possible to obtain a hardness of at
least 5000 MPa while maintaining sufficient ductility and viscosity
[7, 8]. The development of modes of thermal hardening of steel
from rolling heating is impossible without an analysis of the effect
of temperature-time cooling parameters on the nature of the final
products of decomposition and their properties [9-12]. In addition,
such carbide-forming elements as niobium, vanadium and
molybdenum can exert a strong influence [13, 14]. Meanwhile, the
CCT diagrams of the undercooled austenite decomposition for
steels of this class, given in various sources, do not give a
sufficiently complete picture of the phase transformations features
of and require specification.
In connection with the foregoing, the aim of the work is to study the
mechanisms of the undercooled austenite transformation during
continuous cooling with various rates of medium-carbon steel
alloyed with niobium and molybdenum and determination of the
temperature-time parameters of cooling, ensuring its high-strength
state.

2. Material and methods of research / Материал и
методика исследования 
Steel for research were melted in the conditions of a small 
innovative enterprise «Thermodeform-NMSTU». Their chemical 
composition is indicated in Table 1. 

Table 1. Chemical composition of test steels 

Melt 
Mass fraction of elements,% 
C Si Mn Cr Ni Mo Nb 

1 0,28 0,24 0,83 0,50 0,90 0,32 0,005 

2 0,29 0,27 0,87 0,50 0,85 0,70 0,006 

3 0,29 0,11 0,90 0,56 0,92 0,42 0,027 

The determination of critical points and the construction of a CCT 
diagram were carried out using the Gleeble 3500 research complex 
on samples with a diameter of 10 mm and a length of 80 mm. To 
transfer the steel to an austenitic state, heating was carried out in a 
vacuum at a rate of 5 °C/s to 980 °C with an exposure time of 
5 min. To construct CCT diagrams samples were cooled at rates of 
1, 3, 5, 10, 20 °C/s. During heating and cooling the temperature of 
the sample was fixed with a chromel-alumel thermocouple. 
For microstructure analysis microsections were prepared by the 
standard method using a resin pressing «Transoptic» on an 
automated press Buechler Simplimet 1000. To reveal the 
microstructure the surface of the section was etched in a 4% 
solution of nitric acid in ethyl alcohol by immersion of a polished 
surface in a bath with a reagent. 
To determine the qualitative and quantitative characteristics of the 
structure an optical microscope Meiji Techno was used using the 
Thixomet PRO computer image analysis system. The 
microstructure at magnifications of more than 1000 times was 
examined using a scanning electron microscope JEOL JSM 6490 
LV in secondary electrons. 
Microhardness was determined on a Buchler Mikromet hardness 
tester by pressing a diamond pyramid with an angle between 
opposite faces of 136 ° in accordance with GOST 9450-60 at a load 
of 1 kg and a loading time of 10 s. 
This work was carried out within the framework of the main part of 
the state task of the Ministry of Education and Science of the 
Russian Federation 2017-05GZ (No. 17.1.18.2412.01 of 
09/01/2017, r.№ 1 from 25.01 0,2017). The study was financially 
supported by Ministry of Education and Science of the Russian 
Federation within the scope of accomplishment of multiple-purpose 
project on creation of modern high-tech production with the 
participation of higher education institution (Contract 
03.G25.31.0235).

3. Results and discussion / Результаты и
дискуссия 
The microstructure of the steel No. 1 samples after cooling at 
different rates is illustrated in Fig. 1.  
At a cooling rate of 1 °C/s bainite with a small amount of 
martensitic regions is observed in the structure (Fig. 1, a). As the 
cooling rate increases from 1 to 10 °C/s, the amount of bainite 
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decreases from 95 to 30%, and the amount of martensite, 
respectively, increases (Fig. 1, b). At a cooling rate of 20 °C/s, the 
structure mainly consists of martensite (Fig. 1, c). However, even 
with such a cooling rate, an insignificant amount of bainite is 
observed in the structure not exceeding 5%. 
 

 
a 

 
b 

 
c 

Fig. 1. The microstructure of the steel No. 1 after cooling with the 
rates 1 (a), 5 (b), 20 (c) °C/s 

 
As the cooling rate increases, the microhardness changes from  
3241 MPa (at 1 °С/s) to 5033 MPa (at 20 °С/s), which is caused by 
an increase in the amount of the martensite component (Table 2). 
An analysis of the results shows that in the steel No. 1 at cooling 
rates from 1 to 20 °C/s two mechanisms of transformation of the 
undercooled austenite are realized: intermediate (it may be regarded 

as a martensitic transformation involving the diffusion of carbon 
atoms) and diffusionless (martensitic). 
Upon cooling at a rate of 1 °C/s the decomposition of the 
undercooled austenite begins with the formation of bainite by an 
intermediate mechanism at temperatures of 628 °C. As the cooling 
rate increases, the temperature of the beginning of the bainitic 
transformation decreases: at 5 °C/s it is 567 °C, at 10 °C/s - 508 °C 
and at 20 °C/s – 435 °C. At all studied cooling rates diffusionless 
transformation is realized, the temperature of the beginning of 
which, depending on the cooling rate, varies from 382 to 430 °C. It 
should be noted that in the investigated range of cooling rates, the 
intermediate transformation cannot be completely suppressed. At 
the cooling rate of 20 °C/s, the amount of bainite is small, the 
volume effect of the austenite transformation is small and is not 
fixed by the dilatometric method. 
The microstructure of the steel No. 2 samples after cooling at 
different rates is shown in Fig. 2. 
 

 
а 

 
b 

Fig. 2. The microstructure of the steel No. 2 after cooling with the 
rates 1 (а) и 10 (b) °С/s 

 
The carried out studies showed that at cooling rates from 1 to 5 °C/s 
in the undercooled austenite decomposition in the steel melt No. 2 
like in the steel No. 1 bainite and martensite are observed in the 
structure (Fig. 2, a). However, the amount of bainite in the steel  
No. 2 compared with the steel No. 1 is considerably less at the same 
cooling rate and ranges from 75 to 3%. At a rate of 3 °C/s, the 
amount of martensite is already 93%, and, beginning with a cooling 
rate of 10 °C/s, no bainite is found in the structure, and it consists 
entirely of martensite. 
As the cooling rate increases, the microhardness changes from  
3888 MPa (at 1 °C/s) to 5423 MPa (at 20 °C/s), which is the same 
as in the steel No. 1, due to an increase in the martensite component 
(Table 2). 
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Thus, with the continuous cooling of the steel No. 2, both bainitic 
and martensitic transformations of the undercooled austenite are 
observed. In this case, the bainite transformation is shifted to the 
right, and its start temperatures have changed significantly. At a 
speed of 1 °C/s, it starts at 603 °C, at 5 °C/s - 398 °C and is 
suppressed with a further increase in speed. The martensitic point 
had dropped to 331-380 °C. Such a change in the transformation 
temperature, the relative volume fraction of structural components 
and the microhardness in comparison with the steel No. 1 is 
associated with an increase in the molybdenum content by two 
times. 
The microstructure of the steel No. 3 after cooling with different 
rates is demonstrated in Fig. 3. 
 

 
а 

 
b 

Fig. 3. The microstructure of the steel No. 3 after cooling with the 
rates 1 (а) и 10 (b) °С/s 

 
Table 2. Quantitative characteristics of the microstructure and 
hardness of the steel under study at different cooling rates 

Steel 
Cooling 

rates, 
°С/s 

Relative volume fraction of 
structural components, % Microhardness, 

MPa Bainite 
(B) 

Martensite 
(М) + Aretained  

1 

1 95 5 3241 
3 50 50 4767 
5 40 60 4915 
10 30 70 4978 
20 5 95 5033 

2 

1 75 25 3888 
3 7 93 5372 
5 3 97 5484 
10 0 100 5408 
20 0 100 5423 

Steel 
Cooling 

rates, 
°С/s 

Relative volume fraction of 
structural components, % Microhardness, 

MPa Bainite 
(B) 

Martensite 
(М) + Aretained  

3 

1 80 20 3477 
3 30 70 4674 
5 5 95 5192 
10 0 100 5476 
20 0 100 5466 

 
Structural-phase transformation in the steel No. 3 microalloyed with 
niobium is analogous to the described conversions for steel No. 2. 
The difference is that the bainite transformation is shifted to the left. 
This means that the stability of the undercooled austenite is less and 
approximately the same as in the steel No. 1. Thus, the temperatures 
of the bainitic and martensitic transformations beginning also differ 
(Fig. 4). Microhardness with increasing cooling rate varies from 
3477 MPa (at 1 °C/s) to 5476 MPa (at 20 °C/s).  
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Fig. 4. Continuous cooling transformation diagrams of the 
undercooled austenite decomposition in the steel No. 1 (a), No. 2 

(b), No. 3 (c) 
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4. Conclusion / Заключение 
The complex of studies carried out showed that in medium carbon 
steel containing about 0.3 % of carbon, a microhardness of more 
than 5000 MPa can be obtained at cooling rates of 3 °C/s due to 
alloying with molybdenum in an amount of 0.7 % or at a cooling 
rate of 5 °C/s due to micro-alloying with niobium in an amount of 
0.03 %, which ensures the formation of a martensite structure. The 
obtained results can be used to create a technology for the 
production of plate products from medium-carbon steel with 
increased strength characteristics. 
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