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A B S T R A C T

Introduction. The properties of steels are determined by many factors, including the manufacturing process 
and subsequent treatment. Some features of these processes lead to the fact that in steel, apart from alloying elements 
added to obtain a certain level of physical and mechanical properties, there are also foreign impurities that enter 
it at various stages. Foreign elements can not only dissolve in the matrix, but also participate in the formation of 
particles of nonmetallic inclusions acting as defects. Its presence signifi cantly affects the performance characteristics 
of the material. That is why it is necessary to understand the processes that lead to the appearance of nonmetallic 
inclusions and affect its shape. Purpose: to consider the effect of heat treatment, leading to the appearance of 
a ferrite-martensitic structure, on the shape and size of nonmetallic inclusions; to determine its infl uence on the 
physical and mechanical properties of the material. In the work, samples of rolled steel 09Mn2Si after heat treatment 
are studied. Research methods. To study the properties and structure of steel 09Mn2Si, the following methods 
were used: scanning electron microscopy – to study the structure of the material, chemical composition in the local 
area and the site under study and to determine the accumulation of impurities; SIAMS 800 software and hardware 
complex – to compare the structure of the material with the atlas of microstructures, to determine the score of the 
grain structure, differences in the structural and phase composition occurring during heat treatment; portable X-ray 
fl uorescence analyzer of metals and alloys X-MET 7000 - to determine the chemical composition of the samples 
under study in percentage terms; Vickers hardness tester with a preload of 20 kg – to measure the hardness of the 
samples under study. Results and discussions. It is found that in the low-alloy low-carbon structural steel 09Mn2Si 
in most cases there are nonmetallic inclusions of the type of manganese sulfi de formed during its manufacture. When 
this steel is heated to the temperatures of the intercritical transition, this compound is formed in the area of grain 
boundaries in the form of spherical inclusions. The presence of these inclusions signifi cantly affects the strength and 
corrosion properties. Manganese sulfi de acts as the point of the corrosion process initiation.

For citation: Sokolov R.A., Novikov V.F., Kovenskij I.M., Muratov K.R., Venediktov A.N., Chaugarova L.Z. The effect of heat treatment on 
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Metal Working and Material Science, 2022, vol. 24, no. 4, pp. 113–126. DOI: 10.17212/1994-6309-2022-24.4-113-126. (In Russian).

______
* Corresponding author
Sokolov Roman A., Post-graduate Student, Assistant
Tyumen Industrial University,
38 Volodarskogo str.,
625000, Tyumen, Russian Federation
Tel.: 8 (919) 925-88-47, e-mail: falcon.rs@mail.ru

Introduction

Heat treatment processes largely determine the fi nal properties of steels. It is known that for certain 
steel grades, generally, the use of certain heat treatment processes is not typical due to its small effect 
on the properties of the steel. For example, the quenching process is not used in everyday practice for 
low-carbon steels. However, the studies [1-5] show that the application of the quenching process with a 
temperature range corresponding to the intercritical interval, leads to the formation of two-phase ferrite-
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martensitic structures. Such structures have a positive effect on the mechanical and corrosion properties of 
the material [5].

However, in addition to heat treatment, the properties of the material are affected by the defectiveness of 
its structure [6]. The study [6] indicates that there are also foreign impurities that get into steels at various 
stages of metallurgical processes. Such impurities, in addition to alloying elements, are introduced into the 
composition of steels to obtain a certain level of properties. At the same time, many impurities (most often 
these are: sulfur, oxygen, manganese, silicon, calcium, etc.) can not only dissolve in the matrix of the base 
material, but also participate in the formation of particles of non-metallic inclusions [7].

The presence of impurities in steel leads to the formation of areas where local internal stresses act. The 
authors in the study [8] believe that internal stresses arising near structural defects stimulate the migration 
of point defects to this area. It leads to the clusters of point defects around the impurities, its subsequent 
expansion and the disc-shaped clusters of vacancies. This process is typical for rapid material cooling. For 
example, during the quenching process, point and linear defects of the structure do not get around to migrate 
to the drains, which are the body surfaces and grain boundaries. As a result, the matrix is oversaturated 
with defects. In view of this, non-metallic impurities significantly reduce the mechanical properties of the 
material.

In addition, the studies [9–12] indicate that the presence of non-metallic impurities of various 
compositions in steel directly affects the rate of corrosion in local areas. However, the authors in the study 
[9] note that there is no correlation between the percentage of impurities and corrosion in the local area 
when assessing the content of non-metallic impurities by the standard method [13]. The studies [11, 12] 
show that the main cause of abnormally high corrosion rates of oilfield pipelines is the steel contamination 
with non-metallic corrosive impurities [14], which are inclusions based on manganese sulfide (MnS).

The most common grades of oilfield pipelines’ steels are 09G2S and 15ChSNC. There are situations 
when local corrosion sources are observed on the surface of these steels, which often have a spherical shape 
associated with the inclusions [14]. 

The influence of heat treatment on the shape and size of non-metallic inclusions determining the 
physical and mechanical properties of low-alloy low-carbon steel 09G2S is considered in this paper. This 
heat treatment leads to the formation of a ferrite-martensitic structure.

Research methodology

In this work, the samples made from sheet metal, steel grade 09G2S (S – 0.11%, Si – 0.15%, P – 0.05%; 
S < 0.028; Cr – 0.07%; Mn – 1.91%; Ni – 0.11%; Cu – 0.22%) are studied. The fabricated samples had the 
following linear dimensions: 4.0 x 70.0 x 25.0 mm. The process of heat treatment of the samples under 
study is shown in Table 1

The hardness measurement of the samples is carried out on a Vickers Indentec 6030LKV hardness tester 
with a preload of 20 kg. Each sample was indented five times. The hardness measurement error does not 
exceed 1% according to the passport data.

The grain structure is analyzed with the software package “SIAMS 700” and “SIAMS 800”. Some of the 
results are reflected in the studies [16, 17].

Microphotographs of the local area are obtained and its chemical composition is determined using a 
JEOL 6008A scanning electron microscope. The samples are treated with a 3% solution of nitric acid to 
reveal the microstructure.

T a b l e  1
Heat treatment of the 09Mn2Si steel samples

Heat treatment

Heating up to 930±20 oС; water quenching
Tempering at 200, 350, 500, 650 oС for 1 hour; air cooling
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Results and their discussion

The studied samples’ microstructure after various heat treatment modes is shown in Figure 1. The 
figure shows a comparison of the obtained microphotographs of samples (left side) with microphotographs 
characterizing the reference image for identification from the atlas of microstructures (right side). The letter 
F denotes the ferritic phase; P – perlite; M – martensite.

Fig. 1. The structure of the samples obtained by analysis in the SIAMS 800 software and hardware complex  
in comparison with micrographs from the atlas of microstructures:

a – water quenching; b – tempering at 200 °С; c – tempering at 650 °С

                                           а                                                                                                b

c

One of the main indicators of the steel mechanical properties is its hardness. It has a correlation with 
the ultimate strength [15]. Although, according to the literature, the steel in question is not subjected to a 
quenching process, the properties obtained on such steel differ significantly from the original properties. The 
hardness value given in Table 2, obtained on the samples under study, is an average of five measurements.

T a b l e  2
Hardness of the 09Mn2Si steel samples 

Heat treatment HV20

Water quenching 1515.86

Tempering at 200 oС; air cooling 1761.02

Tempering at 350 oС; air cooling 1558.48

Tempering at 500 oС; air cooling 858.52

Tempering at 650 oС; air cooling 516.3
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The data in Table 2 shows that there is a non-monotonic change in the hardness value. The increase 
in hardness is observed at the medium and low tempering. It is associated with a decrease in the number 
of grains and an increase in its average size [16, 17], causing changes in internal stresses. Then phase 
transitions occur, leading to the new phases’ grains appearance due to the decomposition process of the 
martensite structure into ferrite and perlite. The number of grains increases but average size decreases.

As a result of the polished section microanalysis, it is found that after quenching on the studied samples 
made of steel 09Mn2Si, a martensitic structure is observed with a slight presence of the ferrite and pearlite 
phases. In the case of quenching, the main initial structure observed in microphotographs is martensite. It 
occurs as a result of the steel heating to the intercritical interval. The martensite nucleus formation occurs 
when the alloy is cooled from the austenitic state and nucleuses are located at the interphase boundaries of 
the initial ferrite-cementite phase and at the boundaries of ferrite grains [30]. While heating the unstable 
martensite, obtained as a result of quenching, it decomposes into a mixture of ferrite and cementite. At the 
same time, Mn is concentrated mainly in the carbide phase [29] which is cementite in the structure under 
consideration.

The martensite formed during quenching has a lath or packet (dislocational) structure. Crystals of such 
martensite are thin laths 0.2-2 µm thick, elongated in one direction. A set of elongated martensite crystallites 
parallel to each other forms packets. Martensite is separated by thin layers of residual austenite with a 
thickness of 10-20 nm. Both phases have a high density of defects in the crystal lattice structure [25, 27, 
31–32]. The defects in the form of non-metallic inclusions of manganese sulfide [14] in most cases have a 
spherical shape (Figure 2) in such structure.

The MnS compound formation occurs in the presence of manganese and sulfur in the steel composition. 
This process occurs due to the fact that sulfur, participating in the chemical process, forms a FeS compound 
with iron at a melting temperature of 988 ºС. [18, 19]. The manganese presented in the steel (09Mn2Si) is 
slightly soluble in iron alloys and replaces it in the compound, forming manganese sulfide. The cavities 
filled with manganese sulfide are formed in the metal due to diffusion processes and the dissolution of large 
inclusions during the smelting and manufacture of rolled products. The study [25] indicates that with an 
increase in the manganese content in a solid solution, the solubility of sulfur decreases due to the chemical 
reaction between sulfur and manganese. The sulfide is formed consequently. The inclusions size and number 
of manganese sulfide increases [26] with a sulfur content of about 0.023 %. Such inclusions are corrosive 
areas that contribute to an increase in the rate of metal corrosion in the local area. The connection between 
such inclusions and the metal matrix of the material is weak. It leads to the removal of this compound and 
the cavity formation on the surface under external influence. The aggressive effect of the corrosive medium 
in this area increases [20] due to the weak diffusion backoff. Figure 3 shows a pipe fragment made of 
09Mn2Si steel with observed corrosion damage, which has a characteristic pitting shape.

The process of martensite decomposition occurs during tempering. It leads to the formation of a ferrite-
carbide mixture with a granular carbide morphology [20]. At the same time, the ongoing processes lead to a 
change in the shape of inclusions from rounded to lamellar. The approach of the structure to the equilibrium 
state is accompanied by the elements’ redistribution. It occurs as a result of diffuse processes when the 
initial quenched structure is heated i.e. under conditions of high density of interfacial boundaries and small 
diffusion paths through an acicular mixture of phases [30].

The martensite grain-size number increases from 2 to 5 during low tempering (200 °C). The areas 
with the ferrite and perlite phases practically do not change. The carbon atoms in tempering and other 
impurities presented in the steel diffuse from the supersaturated solid solution of martensite into structural 
imperfections of the crystal structure (dislocations and intergranular boundaries). The formation of 
carbide phase components occurs by the interaction of carbon and the boundary layer, which is a depleted 
martensite or ferritic phase. The occurrence of regions with a reduced carbon content leads to a decrease in 
the overall hardness of the steel. Due to the high density of defects in the crystalline structure of the primary 
phase (martensite), the resulting pearlite-ferrite structure will also has a high density of defects and is highly 
distorted. The shape of manganese sulfide inclusions is distorted in such structure. It has an elliptical shape 
(Figure 4). The carbon begins to diffuse into the area where the sulfide is located and forms clouds around it.
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Fig. 2. The structure of the samples after water quenching, obtained using 
a scanning electron microscope: 

a – shooting mode 1; b – shooting mode 2

а

b

Fig. 3. Fragment of a pipe after being in sea water



OBRABOTKA METALLOV MATERIAL SCIENCE

Vol. 24 No. 4 2022

The martensite grain-size number increases to 7 with a further raise in the tempering temperature to  
350 °C. At the same time, a certain martensite quantity begins to decompose into ferrite and perlite. There is 
a diffusive carbon outflow from the martensitic matrix [22, 25]. These processes occurring in the structure 
lead to softening, which is associated with a decrease in internal stresses and, as a result, a decrease in 
the defectiveness of the crystal lattice due to a decrease in the dislocation density and various structural 
defects, as well as a lower hardness of the resulting ferrite phase [27–30, 31–34]. This process clearly 
reflects the dependence of the value of internal stresses on the tempering temperature. These results are 
presented in [21] and are based on the analysis of X-ray diffraction patterns taken on a DRON-7 X-ray 
diffractometer [35]. The results show that the value of internal stresses decreases with an increase in the 
tempering temperature in this temperature range.

The removal of distortions of the cementite crystal lattice, which is part of perlite, leads to its transition 
to an equilibrium state. The cementite becomes “highly coercivity material” overall. However, a decrease 
in the amount of martensite and an increase in depleted phases (both martensite and ferrite) leads to a 
decrease in the overall level of both hardness and coercitive force. In accordance with Kersten’s theory of 
“inclusions” it is associated with a small contribution to the total value. The manganese sulfide is expanded 
by internal forces in the direction of internal stresses into the form of elongated inclusions or chains [21] 
when the temperature rises. The coefficient of thermal expansion of manganese sulfide is higher than that 
of iron [22, 23]. Therefore, this compound experiences greater compression than the matrix [24] when 
the material is cooled. As a result, the appearance of elongated manganese sulfide particles is observed  

Fig. 4. Inclusions of manganese sulfide in a 09Mn2Si steel sample after low-temperature tempering: 
a – spherical inclusions in a micrograph obtained using a scanning electron microscope; b – the distribution of manganese in 
the micrograph shown in a; c – the distribution of carbon in the micrograph shown in a; d – the distribution of sulfur in the 

micrograph shown in a

                                            а                                                                                             b

                                            c                                                                                             d
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(Figure 5). The processes caused by the containment of dislocations on impurity elements of the structure 
during its interaction through Cottrell atmospheres should be taking into account.

Fig. 5. Inclusions of manganese sulfide in a 09Mn2Si steel sample after medium-
temperature tempering (350 °С)

The mobility of crystal lattice’s defects in the form of dislocations is very important in steels with a low 
content of alloying elements. It strongly affects the hardness value, which decreases quite quickly with an 
increase in the tempering temperature. It is also worth mentioning that the presence of alloying elements, 
such as Mn, in the steel composition during the tempering process can alloy cementite [27].

The structure transforms into ferrite-pearlite with an insignificant percentage of the observed phase of 
residual martensite at a tempering temperature of 500 °С. This tempering reduces the density of dislocations 
and plane defects of the crystal structure. As a result, the distorted cementite passes into a more equilibrium 
state. The proportion of ferrite in this mixture is 60.9 % and the proportion of perlite is 39.1 %. The total 
grain-size number of the structure is 7. At this temperature, further stretching of manganese sulfides occurs 
along the boundaries of the grain structure, which is associated with an increase in the plasticity of this 
compound. There are atmospheres formed by diffusing carbon atoms, which form additional areas with 
high corrosion activity around the inclusions (Figure 6).

The structure acquires an equilibrium state with the further temperature increasing to 650 °C. The 
appearance of granular pearlite is observed. The proportion of ferrite is 64.6 %, the proportion of perlite 
is 35.4 % and the structure grain-size number is 7. The perlite grain-size number increases due to the 
process of coagulation of the cementite particles that are part of the mechanical mixture. The structure 
approaches the equilibrium state [22–25]. It causes a decrease in the magnitude of internal stresses. The 
increase in the number of grains is due to the ferrite phase fragmentation. Although the pearlite grain size 
increases, there is a decrease in the average grain size observed on the microsection due to the appearance 
of smaller ferrite grains. An increase in the number of grains and the system dispersion leads to an increase 
in intergranular boundaries. Fragmentation continues until the grain reaches a “critical size”. The reduction 
of internal stresses in this situation is associated with a decrease in the crystal lattice distortion because of 
the increase in the length of boundaries between the grains. The hardness of the material is reduced due to 
these processes. Carbon diffused in the area of MnS inclusions is redistributed in the matrix between the 
formed phases (Figure 7).

The corrosion rate of such material decreases (Figure 8) as a result of these processes. More details on 
the results of corrosion studies of the steel under consideration can be found in [16].
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                                            а                                                                                             b

                                            c                                                                                             d

Fig. 6. Inclusions of manganese sulfide in a 09Mn2Si steel sample at an after medium-temperature tempering  
(500 oС): 

a – inclusions in a micrograph obtained using a scanning electron microscope; b – the distribution of manganese in the micro-
graph shown in a; b – the distribution of manganese in the micrograph shown in a; c – the distribution of carbon in the micro-

graph shown in a; d – the distribution of sulfur in the micrograph shown in a

Conclusions

1. When analyzing the results obtained, it is found that in the low-alloy low-carbon structural steel 
09Mn2S, in most cases, there are non-metallic inclusions such as manganese sulfide. These inclusions are 
formed during steel production in the area of grain boundaries and have spherical form. When this steel is 
heated to the temperatures of the intercritical transition, in which a ferritic-martensitic structure is formed, 
this compound does not undergo significant changes. These inclusions significantly affect the strength and 
corrosive behavior. Manganese sulfide acts as the initiation point of the corrosion process.

2. It is found that carbon diffused from the main matrix forms a halo around the inclusions with a strong 
distortion of the crystal lattice. This leads to a change in the composition of the material in the local area, 
and, consequently, to a difference in mechanical and corrosion properties.

3. With an increase in the tempering temperature, the defect structure of the crystal lattice decreases due 
to a decrease in the number of dislocations and the decomposition of the unstable phase of martensite. As a 
result, internal stresses are reduced. However, there is a deformation of less strong inclusions of manganese 
sulfide. It begins to take on an elongated shape. This leads to an increase in the corrosive area. At high 
tempering, as a result of a decrease in the defect structure and the completion of the process of martensite 
decomposition, back diffusion of carbon into the depleted regions occurs. As a result, an increase in the 
concentration of this element is observed around the inclusions. These processes lead to some increase in 
the resistance of the material to corrosion processes.



OBRABOTKA METALLOVMATERIAL SCIENCE

Vol. 24 No. 4 2022

Fig. 8. Corrosion rate of steel 09Mn2Si samples at different tempering 
temperatures in seawater

                                              а                                                                                             b

                                              c                                                                                             d

Fig. 7. Inclusions of manganese sulfi de in a sample of steel 09Mn2Si after medium-temperature tempering 
(650 °С): 

a – an image obtained by SEM; b – distribution of sulfur over the surface; c – distribution of manganese over the surface; c – 
distribution of carbon over the surface
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