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Abstract: The service life of oil pipelines has recently decreased significantly due to severe operating conditions 

and the increased aggressiveness of the environment, caused by the simultaneous presence of dissolved hydrogen 

sulfide, carbon dioxide, chlorides, and a high water phase content. Conventional corrosion mitigation methods typ i-

cally address only one of these factors and therefore fail to provide adequate protection under such combined cond i-

tions. This limitation necessitates the use of multiple complementary approaches for corrosion control. This paper 

proposes microalloying systems for low-carbon steels of grades 10KhB, 10F, 10B, and 15KhF (with chromium con-

tent up to 1 %) for seamless pipes, along with optimized heat treatment regimes that provide increased strength, cold 

resistance, and corrosion resistance in CO2- and H2S-containing environments. Mechanical testing after heat treat-

ment demonstrated that the proposed chemical compositions ensure strength classes K52–K56, while also providing 

high low-temperature toughness. The morphology of carbides in the microstructure depends on the chemical comp o-

sition and determines the steel’s strength, though it does not affect corrosion resistance. The investigated steels 

showed high resistance to hydrogen-induced cracking (HIC) and sulfide stress cracking (SSC). After exposure to 

CO2–H2S media, a protective iron sulfide film formed on the surface, indicating uniform sulfide corrosion. The co r-

rosion rate and mechanism were found to be governed by the medium composition and the kinetics of iron sulfide 

film formation. The obtained results allow expanding the scope of application of the proposed steels in multicomp o-

nent aggressive environments regardless of the type of microalloying.  

Keywords: low-carbon microalloyed steel; heat treatment; corrosion-resistant seamless pipe; CO2- and H2S-containing 

environment; sulfide corrosion of steel; fine-grained structure; oilfield pipelines.  
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INTRODUCTION 

Metal corrosion resulting from the transported medium 

is the main cause of failures in oil field pipelines. Accord-

ing to [1; 2], the presence of simultaneously dissolved hy-

drogen sulfide (H2S) and carbon dioxide (CO2), even in 

small concentrations, significantly accelerates corrosion 

processes, leading to premature wear of equipment, re-

duced reliability and emergency situations. The partial 

pressure of gases pH2S and pCO2 affects the rate of 

chemical and electrochemical reactions, the degree of 

hydrogenation of steel and the likelihood of stress corro-

sion cracking. 

Aggressive environments typical for oil and gas produc-

tion contain water, dissolved salts, carbon dioxide, hydro-

gen sulfide and organic acids that actively destroy metal. 

There are several types of corrosion, the most common of 

which are general, pitting, crevice, sulfide, and stress corro-

sion cracking. An integrated approach, including several 

areas, is required to protect effectively equipment from cor-

rosion. Firstly, it is important to choose the right materials 

that are resistant to specific operating conditions. Stainless 

steels and alloys, polymeric materials are widely used in  

the manufacture of pipes, fittings, tanks and other equip-

ment. Secondly, the use of corrosion inhibitors is an effec-

tive way to slow down corrosion processes by forming  

a protective layer that prevents metal from coming into con-

tact with the environment [3; 4]. In oil and gas fields, the 

production environments are multicomponent [5; 6], and  

a mixed corrosion mechanism occurs. The proposed divi-

sion by corrosion types does not take into account the syn-

ergistic effect of the presence of several dissolved gases in 

the environment. The use of expensive materials or several 

corrosion protection methods significantly increases  

the cost of pipeline operation. 

Based on the corrosion mechanism, a protection method 

is selected, for example, the material of oil field pipes. Ac-

cording to [7–9], the chemical composition of steel has  

a significant effect on the process and rate of corrosion:  

the presence of various alloying elements in steel can both 

provoke and slow down its destruction under the influence 

of an aggressive environment. Depending on the composi-

tion of the transported medium and the corrosion mecha-

nism, among the materials used, there are chromium-

containing steels [10] resistant to pitting carbon dioxide 

corrosion and steels resistant to stress-corrosion cracking in 

H2S-containing environments [11]. The choice of specific 

corrosion-resistant steel depends on factors such as temper-

ature, pressure, concentration of aggressive substances,  

and the level of mechanical properties. Steels with the addi-

tion of chromium, which provides resistance to carbon di-

oxide corrosion and high strength, are often used for trans-

porting oil and gas. 

The behaviour of chromium-containing steel grades in 

H2S-containing environments and the effect of micro-

alloying additives on corrosion resistance have been poorly 

studied. The significance of the influence of the level of 

strength properties and the type of microstructure of low-

alloy steels on corrosion resistance in environments with 

CO2 and H2S is unknown.  

Taking into account all the above-mentioned opera-

tional features and corrosion protection methods, when 

developing new steels with increased operational relia-

bility, it is necessary to take into account the effect of  

the complex impact of a multicomponent corrosive envi-

ronment [12–14], and the behaviour of steels in these 

environments over time.  

The purpose of the work is to determine the influence 

of the chemical composition, microstructure, and level of 

mechanical properties of 10KhB, 10F, 10B, 15KhF steels 

used for linear oil field pipelines on corrosion resistance 

in complex aggressive environments containing both 

CO2 and H2S. 

 

METHODS 

Research materials 

The objects of the study were 10KhB, 10F, 10B, and 

15KhF steels (Table 1) after volumetric heat treatment in 

modes ensuring strength properties at the level of K52–

K56. The studied steels are characterised by the presence of 

chromium in the composition in the range of 0.41–0.64 %, 

which corresponds to the composition of oil and gas pipes 

resistant to carbon dioxide corrosion. 10KhB steel is addi-

tionally microalloyed with niobium, titanium; 10B steel – with 

niobium; 10F and 15KhF steels – with vanadium. 

The steels were smelted under laboratory conditions in  

a vacuum induction furnace with a capacity of 60 kg. 

Commercially pure iron (ARMCO), charge blank and fer-

roalloys were used as charge materials. After melting and 

casting, cylindrical ingots with a diameter of 150–160 mm 

and a length of 300–350 mm were subjected to hot

 

 

 
Table 1. Content of main alloying elements of experimental pipe steels, mass fraction, % 

Таблица 1. Содержание основных легирующих элементов опытных трубных сталей, массовая доля, % 

 

 

Steel grade С Cr Nb V Ti 

10KhB 0.07 0.64 0.031 0.002 0.011 

10B 0.08 0.42 0.029 0.002 0.007 

10F 0.07 0.41 0.005 0.070 0.002 

15KhF 0.15 0.54 0.004 0.050 0.006 
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deformation in the temperature range of 900–1200 °C on  

a MISIS-130D two-roll piercing mill (Russia) and on  

a DUO-210 universal longitudinal rolling mill (Russia) to 

obtain strips with a thickness of 12 mm. Hot-rolled blanks 

were heated in a laboratory furnace, quenched from  

a temperature of 910 °C in water, and then tempered  

at 550–680 °C (duration 30 min). 

Table 2 shows the strength, impact toughness and ductil-

ity properties of the samples of the studied steels after la-

boratory heat treatment. 

Methods 

Samples for mechanical tests were cut along the rolling 

direction. Uniaxial tensile tests were performed on  

an Instron 150 LX universal testing machine (USA) on 

cylindrical samples with a diameter of 5 mm. Impact 

bending tests were carried out at a temperature of −60 °C 

on Charpy samples with a V-shaped notch and a cross 

section of 10×10 mm using an Instron SI-1M pendulum 

impact tester (USA). 

The structure of the steels was studied by optical mi-

croscopy using a ZEISS Axiovert 40 MAT microscope 

(Germany); corrosion products were analysed using scan-

ning electron microscopy (SEM) on a Tescan Vega SBH3 

electron microscope (Czech Republic). X-ray phase analy-

sis of the corrosion products was carried out on  

a DRON-3 diffractometer (USSR) in Kα–Co radiation.  

The steel samples after heat treatment were subjected to 

corrosion tests, including evaluation of hydrogen-induced 

cracking resistance according to the NACE TM0284 standard, 

and sulfide stress-corrosion cracking resistance according 

to Method A of the NACE TM0177 standard. To evaluate 

the general corrosion rate, unloaded samples were kept in  

a model CO2- and H2S-containing solution for 240 h.  

The model environment was a solution containing  

a 5 % NaCl solution of distilled water saturated with a gas 

cylinder mixture of CO2 and H2S (Ppart of CO2 was 0.9 atm 

and Ppart of H2S was 0.1 atm), the test temperature was 

20 °C. The pH of the solution during the holding varied in 

the range of 4.3–5.0, and the H2S concentration was 93–

104 mg/l. The corrosion rate was calculated gravimetrically 

by weight loss. The type of corrosion and the form of corro-

sion damage to the metal were determined using  

a metallographic method. 

 

RESULTS  

Metallographic analysis and mechanical properties 

The microstructure of the studied 10KhB, 10B, 10F and 

15KhF steels after heat treatment according to the “quench-

ing followed by tempering” mode has noticeable differ-

ences. This allows evaluating the influence of the chemical 

composition, namely microalloying additives, on the micro-

structure parameters and their combined effect on the me-

chanical properties and corrosion resistance of steel. 

From Fig. 1 a, it is evident that the structure of 10KhB 

steel after heat treatment according to the “quenching + 

tempering 550 °C” mode is nonequilibrium and is repre-

sented by a mixture of ferrite grains of complex shape with 

tortuous irregular boundaries and lath bainite grains.  

The proportion of the carbide component is small.   

The precipitated carbides are finely dispersed and form 

chains along the boundaries of bainite laths. This type of 

structure determines the high level of strength properties of 

steel, corresponding to K56 strength class. The precipitation 

of a small amount of second phases preserves the alloying 

elements in the matrix solid solution, therefore, it has  

a positive effect on the resistance to carbon dioxide corro-

sion. An increase in the tempering temperature to 600 °C 

causes a number of structural transformations both in  

the ferrite matrix and in the carbide component. The struc-

ture of the steel after high-temperature tempering at 600 °C 

is represented by a homogeneous fine-grained ferrite-

carbide mixture (Fig. 1 b). The shape of the ferrite grains is 

preserved from the bainitic structure after hardening and 

changes slightly as a result of tempering. The carbide 

component of the structure is uniformly distributed 

throughout the volume of the metal and includes finely 

dispersed precipitates of the cementite type of a rounded 

shape. Inside the ferrite grains, the carbides form chains 

along the boundaries of the former bainitic laths. 

 

 

 
Table 2. Mechanical properties of experimental steels after quenching from 910 °C and tempering at 550–680 °C 

Таблица 2. Механические свойства опытных сталей после закалки от температуры 910 °C и отпуска 550–680 °C 

 

 

Steel grade Tempering temperature, °С в, MPa т, MPa δ5, % KCV−60, J/cm2 

10KhB 
550 587 476 21.4 373 

600 554 449 20.5 421 

10B 
550 578 478 22.3 390 

600 541 440 20.7 397 

10F 
600 533 433 22.5 383 

680 537 465 20.3 409 

15KhF 680 578 476 20.9 326 
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 a b 

     

 c d 

Fig. 1. Microstructure of the studied steels:  
a – 10KhB (quenching + tempering 550 °С); b – 10KhB (quenching + tempering 600 °С);  

c – 10B (quenching + tempering 550 °С); d – 10B (quenching + tempering 600 °С) 
Рис. 1. Микроструктура исследуемых сталей: 

a – 10ХБ (закалка + отпуск 550 °С); b – 10ХБ (закалка + отпуск 600 °С);  
c – 10Б (закалка + отпуск 550 °С); d – 10Б (закалка + отпуск 600 °С) 

 

 

 

The revealed structural changes reduced the values of  

the strength properties from the K56 to K54 level. Based on 

the results of metallographic analysis of the structure of 

10KhB steel, it can be assumed that the dispersed cementite 

carbides formed during tempering at 600 °C partially contain 

chromium in their composition, however, the remaining chro-

mium in the ferrite matrix should be sufficient to ensure corro-

sion resistance in CO2- and H2S-containing environments. 

The structure of 10B and 10F steels, shown in Fig. 1 c, d 

and 2 a, b, respectively, differs from that of 10KhB steel and 

includes a combination of equiaxed excess ferrite grains and 

grains with a ferrite-carbide mixture. At the same time, if we 

compare the morphology of the carbide component for 

10KhB, 10F and 10B steels after tempering at 600 °C,  

a difference in shape and size is noticeable. Carbides  

in 10KhB steel are dispersed and rounded (Fig. 1 b), while 

in 10B and 10F steels, they are finely dispersed and have  

an elongated ellipsoid shape (Fig. 1 d, 2 a). 

A comparative analysis of the strength properties and 

microstructure of 10B steel showed that with an increase in 

the tempering temperature from 550 to 600 °C, the strength 

decreases, while no noticeable changes in the structure were 

detected. Consequently, during tempering, transformations 

occur in the ferrite matrix at the dislocation level and 

carbonitride precipitates of microalloying elements are 

formed. Chromium is retained in the ferrite matrix. 

An increase in the tempering temperature of 10F steel to 

680 °C had the strongest effect on the shape of the carbide 

component. Due to the processes of spheroidisation and 

coagulation, cementite-type carbides acquired a larger and 

rounded shape. In Fig. 2 b, the result of the process of 

spheroidisation of carbides along grain boundaries is espe-

cially noticeable. 

According to the results of uniaxial tensile tests,  

an increase in the tempering temperature from 600 to 

680 °C of 10F steel led to a growth in strength properties. 

This effect is caused by dispersion strengthening during  

the precipitation of finely dispersed vanadium carbides.  

The binding of carbon by vanadium retains most of the chro-

mium in solid solution. 

The structure of 15KhF steel differs significantly from 

other studied steels. The ferrite-carbide structure shown in 

Fig. 2 c is characterised by a large number of rounded ce-

mentite-type precipitates uniformly distributed throughout 

the volume of the ferrite matrix. Chromium can be part of 

cementite, therefore, the formed type of microstructure of 

15KhF steel reduces corrosion resistance in a CO2-containing 

environment. 

Despite the revealed difference in the type of micro-

structure and the level of strength properties, laboratory 

corrosion tests in an H2S-containing environment using 

NACE TM0284 and NACE TM0177 standardised methods 

10 μм 10 μм 
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