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Abstract: Gas and oil pipelines for the Arctic region must sustain low temperatures and high internal
pressures of a corrosive active medium. Generation of new steel compositions for oil and gas pipelines
is an urgent issue in order to ensure their high reliability. Low-carbon steels with a ferritic–pearlitic
structure are normally used in pipe production, but they are unable to cope with increased market
demands. The main objective of this study is to investigate the influence of the cooling rate on the
structure and morphological characteristics of bainite, which determines the exploitation properties of
the pipe steels. Dilatometric tests were carried out using a Gleeble 3500 complex. Optical microscope
and scanning electron microscope analysis, with the computer image analysis system Thixomet PRO,
were used to study the microstructure of steel. Hardness was measured in accordance with ASTM
E-384. Morphological characteristics of bainite components that were formed at various cooling
rates from 0.05 to 100 ◦C/s were defined. The novel result of this study is the continuous cooling
transformation diagram of undercooled austenite of the steel containing 0.062% C; 1.80% Mn; 0.120%
Mo; 0.032% Cr, 0.90% Ni and other elements (Al, Cu, V, Nb, Ti).

Keywords: gas and oil pipeline; low-carbon steel; microstructure; bainite; dilatometric test;
undercooled austenite; continuous cooling transformation diagram

1. Introduction

Development of Arctic resources is a geopolitical issue influencing the development of the world
economy and power generation in the near future. The territory of the Russian Federation includes a
vast sea shelf, which makes up almost 22% of the total area of the world’s ocean shelf, and 70% of
this Russian sea shelf can be used to produce oil and gas. According to geological data, this territory
contains about 56 billion tons of proven oil and gas resources and is forecasted to contain an extra
100–140 billion tons of oil and gas resources (in oil equivalents) [1,2]. For the Russian Federation,
oil and gas production on the shelf of the northern seas and Sakhalin Island is an important strategic
objective and, to a great extent, the economic situation in the country and its defense potential depends
on whether this objective will be achieved. It should be noted that foreign companies lack experience in
oil and gas production on ice. The solution to the problem of developing a sea ice-resistant platform for
operation on the shelf of the arctic seas and Sakhalin Island has no parallels in the world practice [3,4].

Furthermore, the Northern Sea Route, the shortest passage for water traffic from Europe to
Asia, which is twice as short as the route through the Suez Canal, follows the arctic coast of Russia.
In accordance with the forecast data of the development strategy of the Arctic zone of the Russian
Federation and national security protection for the period through to 2020, and with the Fundamentals
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of the State Policy of the Russian Federation in the Arctic for the period up to 2020 and Beyond [5–7],
the freight traffic along the Northern Sea Route will increase from 7.5 million tons to 60 million tons
(Figure 1). The share of this region in the GDP of Russia is about 12%, while its share in the export
of the country is about 25%. Meanwhile, warming in the Arctic region makes it possible to use the
Northern Sea Route for international oil, compressed natural gas, and iron ore trade, which is why the
demand for the services of the Russian icebreaker is growing steadily.
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the shore between the ground-surface and the subsea sections of the pipeline, it is necessary to 
produce low temperature pipes with an inside pipe diameter of 1153 mm and pipe wall thickness of 
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A number of contracts have been signed with the world leading pipe-making companies to
supply single-joint welded pipes for the construction of the subsea transfer pipeline Nord Stream 2 [8],
which is intended to extend the gas transmission system within the framework of the gas pipeline
construction (Figure 2).
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The estimated demand of large diameter pipes is about 2.2 million tons. The gas pipeline Nord
Stream 2 will go along the sea floor of the Baltic Sea from the Russian coast to the German coast near
Greifswald. The throughput capacity of the two strings will be 55 billion cubic meters per annum
(BCMPA). In order to be able to implement the project and to construct the section of the pipeline on
the shore between the ground-surface and the subsea sections of the pipeline, it is necessary to produce
low temperature pipes with an inside pipe diameter of 1153 mm and pipe wall thickness of 28.5 to
41.0 mm, with a shear area fraction at −38 ◦C no less than 90%, and the absorbed energy for the Charpy
impact bending test at −48 ◦C no less than 170 J transversely and 250 J longitudinally.
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To provide highly reliable gas and oil pipelines in adverse climatic conditions, the flat products
intended for welded pipe production must have a high level of low temperature resilience, and higher
resistance to brittle and ductile fractures at low temperatures at static, cyclic and dynamic loads. As a
result, it is vitally important to develop the technology of skelp steel production and make it available,
as it will be used to manufacture pipes for field infrastructure development projects in the Arctic.
The need of making use of such steels became obvious, in the first place, due to natural resource
development in the polar regions and on the Arctic shelf of the country [9–12], which is schematically
presented in Figure 3.
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The main feature of the current oil and gas complex is that its main production facilities are located
in hard-to-reach areas of the Far North, which are remote from the industrial centers of the country.
The new oil and gas deposits and the deposits under development are located at higher and higher
latitudes and are characterized by more complex mining and geological structure. The opportunities
of natural gas production are associated with a switch to hard-to-recover reserves and to the deposits
located under complex geological conditions, which will result in an increase in demand for high-tech
pipes, for both oil and gas production.

At the same time, growth in gas production is expected (by 1.1% in 2017, by 2.0% in 2018), meaning
that Gazprom will start developing new deposits and the independent gas suppliers will increase
gas production under the conditions of their equal-opportunity access to the Unified Gas Supply
System [13–15]. It is expected that from 2016 to 2018 more than 813 billion rubles will be invested into
production of natural gas and natural gas liquid [15].

Low-carbon alloyed steels with ferritic-pearlitic structure are widely used in pipe production.
Experience has shown that when such structure is formed in low-carbon pipe steel, it is impossible
to obtain strength properties higher than the K60 (X70) strength class combined with the required
toughness, resistance to cold and weldability at the same time. To achieve this, other structures are
necessary. One of the promising directions of developing high-strength pipe steels is obtaining a
crystalline ordered bainitic structure [16–18], instead of the ferritic-pearlitic one. The high strength of
this structure in steels with low carbon content is mainly provided by the small size of α-phase crystals
and by the significant defect density of the crystalline structure [19,20]. In the process of controlled
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rolling and other kinds of treatment, the optimal structure with bainitic α-phase can be obtained only
if proper cooling conditions are chosen in the temperature range of phase transformation [20–24].

Accelerated cooling makes it possible to improve the strength properties by 40–50 N/mm2 for
plain steels and by 80–100 N/mm2 for alloyed steels containing additives of strong carbide-forming
elements. It also makes it possible to eliminate the banded orientation of the structure and to reduce
the anisotropy of properties [25–33]. It was found that the properties of steel containing bainite in its
structure are determined by the type of bainite itself and depend not only on its quantity, but also on its
morphological characteristics [34–39]. However, in spite of a great number of published papers [40–44],
it should be noted that reliable approaches to the choice of proper bainitic structure, which can
provide both improved strength properties and high ductility and toughness, have not been developed
yet. Furthermore, there is no single classification system and commonly accepted interpretation of
morphological characteristics of bainitic structures, which are formed during accelerated cooling in
low carbon alloyed steels, and their influence on the properties [45–48]. Different terms can be used
to identify the same structure, and vice versa, i.e., the same term can be used to identify different
structures. Hence, the main objective of this paper is to investigate the influence of the cooling rate on
phase transformations, and the structural and morphological characteristics of bainite.

2. Materials and Methods

For the experimental investigation in foundry, rolling, heat treatment, dilatometric, mechanical
testing, and metallographic analysis, a pipe steel was chosen with the chemical composition presented
in Table 1.

Table 1. Chemical composition of the studied steel (wt.%).

C Mn Mo Cr Ni S P Other Elements
(Al, Cu, V, Nb, Ti)

0.062 1.80 0.120 0.032 0.90 till 0.002 till 0.015 0.53

A number of laboratory experiments were carried out in Thermodeform-MGTU Ltd.
(Magnitogorsk, Russia) and at the Nanosteel Research Institute, Nosov Magnitogorsk State Technical
University, Magnitogorsk, Russia.

The specimens 10 mm in diameter and 80 mm in length were heated in a vacuum using a Gleeble
3500 complex (Dynamic System Inc., New York, USA), with a heating rate of 1 ◦C/s, to 1000 ◦C,
with further soaking for 15 min. In order to investigate the breakdown of undercooled austenite,
the specimens were cooled with different cooling rates from 0.05 to 150 ◦C/s. The critical points of steel
were defined on the basis of dilatometric tests, which were carried out using the Pocket Jaw module of
the complex [49]. This module makes it possible to control the heating rate, time and temperature of
heating the specimens, as well as to control the cooling rate. The results of the dilatometric tests were
used to draw dilatometric curves illustrating the relationship between the change in the specimen
diameter and the temperature, and the bends of the curves were taken as the critical points.

To study the microstructure, the samples were ground polished and etched in 4% nital. To define the
qualitative and quantitative characteristics of the structure being formed, the optical microscope Axio
Observer (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) and the Thixomet PRO (Thixomet,
St. Petersburg, Russia) [50] computer image analysis were used, as well as the scanning electron
microscope JSM 6490 LV (JEOL Ltd., Tokyo, Japan). Vickers microhardness was measured at a loading
of 1 kg using a Buchler Mikromet hardness measuring instrument (BUEHLER Ltd., Lake Bluff, IL,
USA) by indenting a 136 degrees square-based diamond pyramid in accordance with the ASTM E-384.

3. Results

The images of the microstructure of specimens of the investigated steel after cooling with different
cooling rates, obtained using an optical microscope, are given in Figure 4.
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Analysis of the obtained results shows that at a low cooling rate (from 0.05 to 0.5 ◦C/s),
ferritic-bainitic structure with dark components mostly forms (Figure 4a–c), which as follows from
scanning electron microscopy, represents pearlite (P) areas (Figure 5a), areas of martensite-austenite
component (MA) and “islands of the second constituent” of the combined type, consisting of pearlitic
and MA-components (P + MA) (Figure 5b).

However, the pearlitic areas represent formations without clear alteration of the lamellae of
cementite and ferrite. Lamellae of cementite differ in thickness, and they can be bent and divided into
separate parts; such pearlite in low carbon steels is referred to as “degenerate” pearlite [16,26,37].
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If the cooling rate is higher than 0.5 ◦C/s, pearlitic transformation was almost completely subdued
and, within the investigated range of cooling rates, bainitic structure of various morphology mainly
formed (Figure 4c–e).

Scanning electron microscopy was used to define the morphological characteristics of bainite
formed at various cooling rates (Figure 6). At low cooling rates from 0.05 to 6 ◦C/s, bainite forms in the
microstructure alongside ferrite. This bainite is usually referred to as granular or globular [37,51,52].
It consists of bainitic α-phase where “islands” of MA-component of 1–5 µm in size are present
(Figure 6a). A similar structure of granular (globular) bainite was described by George F. Vander Voort
and Bhadeshia H.K. [53,54]. According to some sources, this bainite forms only during continuous
cooling [54], while others suggest that it can also form in isothermal conditions [37]. However,
granular (globular) bainite always forms in the upper part of the temperature range of the intermediate
transformation. In this case, it is probably the temperature range from 700 to 500 ◦C.

The mechanism of globular bainite formation is not quite clear. It is assumed that during
continuous cooling the formed lamellar crystals of bainitic α-phase grow up (“coarsen”) and, as a result,
they take a shape very similar to the equiaxial one [53,54]. According to other sources, the growth of
globular bainite crystals takes place according to the diffusion-controlled step-wise mechanism [37].
While growing, bainite α-phase absorbs the islands with non-transformed austenite with high carbon
content. This results in a disordered arrangement of secondary phases (carbides) inside the globular
crystals formed during final cooling.

Bainite also occurs in the range of cooling rates from 0.05 to 6 ◦C/s. Its crystals have an elongated
needle-like shape and, in accordance with the classification [37], it is referred to as lower bainite
(Figure 6b,c). Crystals of bainitic α-phase up to 1–2 µm wide are commonly parallel (Figure 6b),
however, their mutual arrangement can also be quite random (Figure 6c).
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Figure 6. Characteristics of bainite in steel after cooling at different cooling rates: 0.1 ◦C/s (a); 0.5 ◦C/s
(b); 4 ◦C/s (c); 6 ◦C/s (d); 16 ◦C/s (e); 75 ◦C/s (f).

A similar structure was found by the authors George F. Vander Voort and Bhadeshia H.K.,
who suggested that granular (globular) and lower bainite form in the same temperature range,
however, globular bainite forms at a lower cooling rate than lower bainite [53,54].

At cooling rates of 6–16 ◦C/s, lath-like bainite forms in the microstructure where the width of laths
decreases and they are more evidently arranged in packets (Figure 6d,e). The boundaries of laths are
decorated by small particles of “secondary” ones, which are probably carbides and retained austenite.

At cooling rates above 16 ◦C/s, the type of lath bainite changes, it turns into packet-lath bainite
(Figure 6f) [51]. As the cooling rate increases from 50 to 150 ◦C/s, the average width of laths of bainitic
α-phase decreases from 2.22 to 1.34 µm.
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Hardness of the specimen cooled at the rate of 0.05 ◦C/s was 201 HV. This low hardness value can
be explained by the presence of ferrite, pearlite and a small amount of bainite. When the cooling rate
increases, hardness also increases continuously, which can be explained by the increase in the amount
of bainite component.

4. Discussion and Conclusions

Data obtained from dilatometric and structural analyses were used to build the continuous cooling
transformation diagram (CCT diagram) of breakdown of undercooled austenite of the investigated
steel (Figure 7).Resources 2018, 7, x FOR PEER REVIEW  8 of 11 

 

 

Figure 7. Continuous cooling transformation diagram of breakdown of undercooled austenite of the 
investigated steel. 

At a cooling rate within the range of 1–50 °С/s, the breakdown of the undercooled austenite 
starts when proeutectoid ferrite forms by a diffusive mechanism at the temperature of 730–720 °С, 
and the temperature of the start of the formation is clearly detected during dilatometric tests. 

When the cooling rate increases, the temperature of the beginning of ferrite formation decreases, 
and at the cooling rate of 50 °С/s, ferrite formation is subdued completely. 

At cooling rates from 0.05 to 0.5 °С/s, pearlite also forms by the diffusion mechanism. Pearlite 
transformation starts at about 700 °С and stops at about 680 °С. When the cooling rate is above 0.5 
°С/s, austenite breakdown and pearlite formation stops completely. 

Bainitic transformation developing by the intermediate mechanism takes place within the 
whole range of the investigated cooling rates from 0.05 to 150 °С/s. 

It is well known that bainitic transformation in steel does not proceed to completion. Parts of 
unchanged austenite remain between the crystals of bainitic α-phase in the process of cooling up to 
the ambient temperature and can undergo martensite transformation. However, the dilatometric 
tests carried out within the framework of this research work did not detect any significant increase 
in the specimen volume, and, consequently, any martensitic transformation point. 

The thermal mechanical simulator Gleeble 3500 was used to define the patterns of structural 
and phase transformations at different cooling rates in steel containing 0.062% С; 1.80% Mn; 0.120% 
Mo; 0.032% Cr, 0.90% Ni and other elements (Al, Cu, V, Nb, Ti). The research group defined the 
morphological characteristics of bainite component forming in the range of cooling rates from 0.05 to 
100 °С/s. The developed continuous cooling transformation diagram is unique, it has not been found 
in any reference book, and it can be used to choose the patterns of thermal treatment and 
thermomechanical processing of the steel of the specified composition. 

Author Contributions: P.P. is responsible for general conceptualization; M.G. is responsible for investigation 
and interpretation of experimental results; M.P. is responsible for formal analysis of experimental results; D.A. 

Figure 7. Continuous cooling transformation diagram of breakdown of undercooled austenite of the
investigated steel.

At a cooling rate within the range of 1–50 ◦C/s, the breakdown of the undercooled austenite starts
when proeutectoid ferrite forms by a diffusive mechanism at the temperature of 730–720 ◦C, and the
temperature of the start of the formation is clearly detected during dilatometric tests.

When the cooling rate increases, the temperature of the beginning of ferrite formation decreases,
and at the cooling rate of 50 ◦C/s, ferrite formation is subdued completely.

At cooling rates from 0.05 to 0.5 ◦C/s, pearlite also forms by the diffusion mechanism. Pearlite
transformation starts at about 700 ◦C and stops at about 680 ◦C. When the cooling rate is above 0.5 ◦C/s,
austenite breakdown and pearlite formation stops completely.

Bainitic transformation developing by the intermediate mechanism takes place within the whole
range of the investigated cooling rates from 0.05 to 150 ◦C/s.

It is well known that bainitic transformation in steel does not proceed to completion. Parts of
unchanged austenite remain between the crystals of bainitic α-phase in the process of cooling up to the
ambient temperature and can undergo martensite transformation. However, the dilatometric tests
carried out within the framework of this research work did not detect any significant increase in the
specimen volume, and, consequently, any martensitic transformation point.
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The thermal mechanical simulator Gleeble 3500 was used to define the patterns of structural
and phase transformations at different cooling rates in steel containing 0.062% C; 1.80% Mn; 0.120%
Mo; 0.032% Cr, 0.90% Ni and other elements (Al, Cu, V, Nb, Ti). The research group defined the
morphological characteristics of bainite component forming in the range of cooling rates from 0.05 to
100 ◦C/s. The developed continuous cooling transformation diagram is unique, it has not been
found in any reference book, and it can be used to choose the patterns of thermal treatment and
thermomechanical processing of the steel of the specified composition.

Author Contributions: P.P. is responsible for general conceptualization; M.G. is responsible for investigation and
interpretation of experimental results; M.P. is responsible for formal analysis of experimental results; D.A. is
responsible for conducting experimental research; O.N. is responsible for metallographic observation; D.C. is
responsible for experiments on Gleeble 3500; Y.V. is responsible for formal analysis of experimental results.
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