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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 typi-
cally address only one of these factors and therefore fail to provide adequate protection under such combined condi-
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 CO,- and H,S-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
CO,—H,S media, a protective iron sulfide film formed on the surface, indicating uniform sulfide corrosion. The cor-
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; CO,- and H,S-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 (H,S) and carbon dioxide (CO,), 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 pH,S and pCO, 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
H,S-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
H,S-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
CO; and H,S 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
C02 and HQS

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, %
Tabnuya 1. Cooeporcaniue 0CHOBHBIX T2UPYIOUUX ITEMEHIN08 ONbIMHBIX MPYOHbIX cmarell, Maccogas 001, %

Steel grade C Cr Nb \Y% 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
I5KhF 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 10x10 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 K,—Co radiation.

The steel samples after heat treatment were subjected to
corrosion tests, including evaluation of hydrogen-induced
cracking resistance according to the NACE TMO0284 standard,
and sulfide stress-corrosion cracking resistance according
to Method 4 of the NACE TMO0177 standard. To evaluate
the general corrosion rate, unloaded samples were kept in
a model CO,- and H,S-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 CO, and H,S (P 0of CO, was 0.9 atm
and Py of H,S 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 H,S concentration was 93—
104 mg/1. 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
15KHhF 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
Taonuya 2. Mexanuueckue ceoticmea onvbimHuulx cmaneu nocie 3axkaaku om memnepamypul 910 °C u omnycxa 550—680 °C

Steel grade Tempering temperature, °C Gy MPa o, MPa 05, % KCV®, J/em?
550 587 476 214 373
10KhB
600 554 449 20.5 421
550 578 478 223 390
10B
600 541 440 20.7 397
600 533 433 22.5 383
10F
680 537 465 20.3 409
15KhF 680 578 476 20.9 326
Frontier Materials & Technologies. 2025. No. 3 103
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Fig. 1. Microstructure of the studied steels:

a — 10KhB (quenching + tempering 550 °C); b — 10KhB (quenching + tempering 600 °C);
¢ — 10B (quenching + tempering 550 °C),; d — 10B (quenching + tempering 600 °C)
Puc. 1. Muxpocmpyxmypa ucciedyemvix cmaneii:

a — 10Xb (zaxanxa + omnyck 550 °C); b — 10Xb (3axanxa + omnyck 600 °C);
¢ — 105 (3axanxa + omnyck 550 °C); d — 105 (3axanxa + omnyck 600 °C)

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 CO,- and H,S-containing environments.

The structure of 10B and 10F steels, shown in Fig. 1 ¢, 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 ¢ 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 CO,-containing
environment.

Despite the revealed difference in the type of micro-
structure and the level of strength properties, laboratory
corrosion tests in an H,S-containing environment using
NACE TM0284 and NACE TMO0177 standardised methods
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Fig. 2. Microstructure of the studied steels:
a — 10F (quenching + tempering 600 °C); b — 10F (quenching + tempering 680 °C);
¢ — 15KhF (quenching + tempering 680 °C)
Puc. 2. Muxpocmpykmypa ucciedyemvix cmaneii:
a — 10D (zaxanxa + omnyck 600 °C); b — 10D (3axanxa + omnyck 680 °C);
¢ — 15X® (3axanka + omnyck 680 °C)

showed that the metal of all the steels studied, regardless of
microalloying and strength class, has increased resistance to
hydrogen cracking (CLR 0% and CTR 0 %) and
a threshold stress of more than 80 %.

Corrosion properties

The results of corrosion tests of the steel samples in
a multicomponent environment containing CO, and H,S
presented in Table 3 indicate an insignificant difference in
the corrosion resistance of the steels. The obtained values of
the general corrosion rate are in the range of 0.11-

0.14 mm/year. 15KhF steel is characterised by the highest
values of the general corrosion rate. Probably, the high den-
sity and large size of the alloyed cementite precipitates ad-
versely affect the corrosion resistance.

A visual analysis of the steel samples after exposure in
a model environment for 240 h showed that all samples
were subjected to uniform corrosion. No pitting corrosion,
microcracks or blisterings were detected. Consequently,
the main mechanism of corrosion of the low-carbon low-
alloy steels in a multicomponent CO,- and H,S-containing
environment is uniform corrosion.

Table 3. Results of the assessment of the general corrosion rate in a multicomponent environment depending

on the tempering mode of the quenched steels under study

Tabnuya 3. Pesynomamul oyenku ckopocmu oowell Koppo3ui 8 MHO2OKOMNOHEHMHOU cpede
8 3aBUCUMOCTIU OM PEICUMA OMNYCKA 3AKATCHHBIX UCCTIeOyeMbIX caell

10KhB 10B 10F 15KhF
Test objects Tempering | Tempering | Tempering | Tempering | Tempering | Tempering | Tempering
550 °C 600 °C 550 °C 600 °C 600 °C 680 °C 680 °C
Corrosion rate,
year* 0.12 0.12 0.12 0.12 0.12 0.11 0.14
Note. * The measurement error is equal to the numerical uncertainty and is £0.01 mm/year.
Tpumeuanue. * [Toepewinocms usmepenuil pagna yucienno Heonpeoerennocmu u cocmagisiem +0,01 mm/200.
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As a result of X-ray phase analysis of corrosion prod-
ucts formed on the surface of the samples, it was found that
iron sulfide FeS is the main component of the corrosion
products formed during exposure to CO,- and H,S-
containing environments. In the X-ray diffraction patterns
of all the tested samples, lines corresponding to the sample
metal matrix were identified — K-lines of the a-Fe phase
(BCC lattice) and a low-intensity peak corresponding to
FeS sulfide — mackinawite (Fig. 3).

Despite the fact that the gas mixture contains only
10 % of H,S, its effect on the metal prevails over 90 %
of CO, and determines the leading corrosion mecha-
nism. The dominance of H,S in a multicomponent me-
dium is caused by its greater solubility in an aqueous
solution under the studied conditions. The content of
H,S in the solution is significantly higher than of CO,.
The product of the interaction of the metal with dis-
solved H,S is sulfide FeS, which is less soluble than
FeCOj; and forms a film on the surface of the samples.
Dissolved in the model CO, solution also interacts with
the metal, but the reaction of carbonate formation is
slower than that of sulfides.

The appearance of the corrosion products formed on
the surface of all the steel samples studied during
the holding time of 240 h indicates the unevenness of
the layer (Fig. 4). Comparative analysis of the surface layer
does not allow establishing the dependence of the thickness
and composition of the corrosion products on the structural
state and chemical composition of the steels. The uneven
nature of the sulfide film distribution on the surface of
samples made of 10B and 10F steels is similar to that of
10KhB steel (Fig. 4 b, ¢, Table 3). Therefore, the proposed

variants of microalloying systems make it possible to
achieve an equally high level of corrosion resistance for
the studied low-carbon steels in an environment containing
H,S and CO,. The surface of the samples has an etched
relief in which structural elements appear, which indi-
cates the dissolution of iron and the occurrence of corro-
sion. The etching of the metal by the environment occurs
along certain crystallographic planes.

The corrosion products on the surface of 10KhB steel
samples after heat treatment using the “quenching and tem-
pering 550 °C” and “quenching and tempering 600 °C”
modes are represented by an uneven thin film of iron sul-
fide. Fig. 5 shows that an increase in the tempering temper-
ature leads to an increase in the number of point corrosion
lesions and an increase in the thickness of the corrosion
product layer from 2 to 5 um. When examining the sections
of 10KhB steel samples, an uneven distribution of the sur-
face film of sulfides of non-uniform thickness was found.
Single corrosion lesions up to 5-7 pum deep filled with
dense deposits were revealed. The corrosion products are
characterised by an increased Cr content of up to 1.5 wt. %,
which is 2 times higher than the Cr content in the metal.
The concentration of S in the corrosion products does not
exceed 1 wt. %.

The uniform corrosion mechanism prevails over
the pitting one. The main reasons for the formation of
local point lesions are a decrease in the strength of the ma-
trix and the formation of large carbide precipitates of
the cementite type. The carbide and ferrite matrix form
a local galvanic couple, where the carbide has lower
solubility and acts as a cathode, and the ferrite acts
as an anode.

Fe — Iron 6-696
FeS — Mackinawite 15-37 o
, 5
%) | S
| 35,000 =
£ | o) S
= 30,000 =+
2 f < & S
® 25,000 z > T
i X kot
£ 20,000 = o L
- | = o
15,000 S =
| 8 ‘C_>
10,000} @ <
5,000 - L x J L
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Wulff-Bragg angle, 23

Fig. 3. Results of X-ray phase analysis from the surface of samples
after testing in CO,- and H,S-containing environment
Puc. 3. Pesynomamol peHmeeHo(hasz08020 AHANU3A ¢ NOBEPXHOCHIU 0OPA3Y08
nocne ucnoimanuii 8 CO,- u H,S-codepoicaweii cpede
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No. (0] Si Cr Mn Fe
1 11.34 0.43 13.86 1.18 0.69 The rest
2 3.37 0.56 0.92 0.76 1.14 The rest
3 15.98 0.82 3.78 1.04 1.03 The rest
4 3.62 0.53 0.52 0.60 1.30 The rest
5 20.53 0.48 2.90 0.44 0.63 The rest
6 3.48 0.38 0.44 0.57 1.03 The rest

Fig. 4. Appearance and composition of corrosion products on the surface of the studied samples:
a is 10KhB (quenching + tempering 550 °C); b is 10B (quenching + tempering 600 °C);
c is 10F (quenching + tempering 680 °C); d is chemical composition of corrosion products
Puc. 4. Buo u cocmas npodykmog Kopposuu Ha NOBEPXHOCIMU UCCLe0YeMbIX 00PA3Y08:
a — 10Xb (3axanxa + omnyck 550 °C); b — 105 (3axanxa + omnyck 600 °C);
¢ — 10® (3akanxa + omnyck 680 °C); d — xumuueckuti cocmas npoOyKmos Koppo3uu

DISCUSSION

The comparative analysis of the nature of corrosion
damage and the composition of corrosion products on
the samples of the studied steels showed that during holding
in an environment containing CO, (Pco,=0.9 atm) and H,S
(Pips=0.1 atm), the predominant mechanism is uniform
sulfide corrosion. Regardless of the composition of the
studied steels and strength properties, uniform dissolution

of the metal occurs, as evidenced by the formation of
an etched surface relief. A thin iron sulfide film is formed
on the surface of the samples, which serves as a barrier to
further interaction of the metal with the environment and
slows down the corrosion process. For comparison: in [15],
the rate of general corrosion after holding in a CO,-
containing environment without the addition of H,S was
studied. The obtained values of the rate of general corrosion

Frontier Materials & Technologies. 2025. No. 3
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No (o] S Cl Cr Mn Fe
1 10.86 | 1.31 | 0.46 | 0.96 | 0.85 | Base
2 6.85 - - 1.42 0.97 Base

a

No (0] Si S Cr Mn Fe
1 6.94 0.37 | 0.88 | 1.46 | 1.10 | Base
2 3.41 0.40 | 0.40 1,06 1.03 Base

b

Fig. 5. Cross-section of corrosion products of the studied samples:
a — 10KhB (quenching + tempering 550 °C); b — 10KhB (quenching + tempering 600 °C)
Puc. 5. Ceuenue npooykmog Koppo3uu uccieoyemuvix 00pasyos:
a — 10Xb (3axanxa + omnyck 550 °C); b — 10XF (3axanxa + omnyck 600 °C)

in a CO,-containing environment for low-carbon micro-
alloyed steels in some cases are 2 times higher than the cor-
rosion rates obtained in the presented work. In [16], it is
shown that the rate of corrosion developing by
the sulfide mechanism is lower than the rate of carbon diox-
ide corrosion. Accordingly, it will be interesting to assess
the effect of different concentrations of CO, and H,S on
the corrosion rate. It is important to understand at what H,S
concentrations in a multicomponent environment the transi-
tion to the predominant formation of carbonates and the CO,
corrosion predominance is possible, since there is still no
unambiguous opinion in the literature on the influence of
H,S additives on the rate of general corrosion and the pre-
dominant mechanism.

The low dependence of the rate of general sulfide corro-
sion on the chemical composition of steels is confirmed by
the obtained values of corrosion rates, which are 0.11—
0.14 mm/year. It was found that a decrease in the concen-
tration of carbon in steel reduces the corrosion rate.
The revealed dependence is associated with the release of
a small amount of carbides, which retain the main alloying
elements in the matrix. Moreover, in a corrosive environ-
ment, carbides form a galvanic couple with the ferrite matrix
accelerating the corrosion of the matrix. At the same time,
the influence of microalloying of the studied steels, as well
as the tempering mode, which determines the amount of
carbonitride precipitation in the structure, on the level of
the general corrosion rate of microalloyed steels was not re-
vealed. Consequently, for steel of the same chemical compo-
sition, varying the tempering temperature mode and changing
the composition of the carbide phase, it is possible to regulate
the level of strength properties, maintaining a low corrosion
rate. In the works [17-20] dealing with the study of corrosion
in environments containing CO, and H,S, only an option for
increasing corrosion resistance by introducing microalloying
additives is proposed.

Structural transformations occurring in the ferrite matrix
during tempering did not affect the rate of general corrosion.
Only at the local level by the formation of point lesions with
a depth of 5-7 um was it possible to assess the role of
the structural factor in the process of sulfide corrosion.
The weak intensity of local corrosion development does not

allow a quantitative comparative assessment of the corrosion
resistance of samples with different carbide components.
Consequently, at low concentrations of dissolved H,S and
the presence of CO, in the environment, the corrosion rate of
low-carbon low-alloy steels weakly depends on the structure
and properties of the steel and does not exceed 0.14 mm/year,
since it is determined by the rate of formation of the surface
iron sulfide film.

The studies showed as well that, regardless of the micro-
alloying additives and the strength level achieved due to dif-
ferent tempering temperatures, high resistance to hydrogen
cracking and hydrogen sulfide stress cracking can be
achieved in low-carbon steels. It is worth noting that various
chemical compositions are used to achieve different levels of
strength, cold resistance and resistance to hydrogen sulfide
cracking in steels obtained by controlled rolling. Manu-
facturers are forced to simultaneously support several tech-
nologies for the production of rolled products, often using
complex expensive combinations of microalloying: niobium
and titanium or niobium, vanadium and titanium [20]. More-
over, when manufacturing rolled products using controlled
rolling methods, achieving a combination of high cold re-
sistance to —60 °C and resistance to hydrogen cracking is
only possible with a carbon content of no more than 0.07 %,
which requires additional expensive alloying [20]. During
unstable supplies of niobium to the Russian market, it is ad-
vantageous and advisable to have technologies and concepts
of chemical compositions that allow switching to various
microalloying systems without losing any properties of
the final product, from strength to corrosion resistance in vari-
ous environments. In addition, the ability to obtain different
strength classes with all other equal pipe manufacturing op-
tions is important for pipeline components that are produced in
small quantities for the construction of special pipelines.

CONCLUSIONS

For the developed steel compositions, appropriate
tempering regimes ensure both strength classes K52—
K56 and high Charpy impact toughness at —60 °C, de-
spite microstructural variations resulting from different
alloying systems.
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Corrosion tests in accordance with NACE TM0284 and
NACE TMO0177 confirmed that all studied steels, regardless
of alloying system or strength class, exhibited excellent
resistance to hydrogen cracking (CLR 0 %, CTR 0 %) and
SSC (threshold stress >80 %).

In a model CO,—H,S environment, the general corrosion
rate of the steels was 0.11-0.14 mm/year, independent of
alloying system, strength class, or microstructure. In all
cases, the dominant corrosion mechanism was uniform H,S
corrosion, even though the CO, partial pressure was signifi-
cantly higher than that of H,S.
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Annomayun: OCIOXHEHNE YCIOBHH IKCIUTyaTalllH, 3aKIIOYAlOIIEecs] B IOBBIIICHNN arpecCUBHOCTH Cpel 3a CYeT
MIPUCYTCTBHUSI OJHOBPEMEHHO PACTBOPEHHOTO CEPOBONOPOAA, YIVIEKHUCIIOTO ras3a, XJOPHIOB, YBEIWYCHUS COACPKaHMS
BOJHOH (ha3bl, MPUBOAUT K 3HAYNTEIFHOMY COKPAIICHUIO IPOIODKUTEIBHOCTH Oe3aBapuiHON paboThl TPyOOIPOBOIOB.
OrpaHM4eHHOCTh CITIOCOOOB 3aIIUTHI BHIHY)KJAE€T HCIOJIb30BaTh OJHOBPEMEHHO HECKOIBKO AHTHKOPPO3HOHHBIX MEpO-
NPUATHHA U1 TpyOOIIPOBOJOB CO CIOXXHBIMHU cpefamu. B paboTe mpeioxKeHbl CHCTEMBI MUKPOJIETHPOBAaHHUS HU3KOYT-
nepoaucteix Mapok ctaseit 10Xb, 10®, 106, 15X® ¢ conepxkanueM xpoma 10 1 % it OeCHIOBHBIX TPYO M PEXHUMBI
TEpMHUYECKoi 00pabOTKHM, MO3BOJISIONINE JIOCTUYh OJHOBPEMEHHO MOBBILICHHYIO MPOYHOCTD, XJIQJO0CTOHKOCTh U KOPp O-
3HMOHHYIO CTOHKOCTh B cpernax, coxepxkammx CO, u H,S. Ilo pesynpraTaMm MexaHHYeCKHMX HCHBITAHUI cTanei mocie
TepMHUYECKON 00pabOTKH YCTAaHOBICHO, YTO MPEI0KEHHBIE BAPUAHTHI MUKPOJIETUPOBAHUS TapaHTUPYIOT MPOYHOCTHEIE
cBoiicTBa knaccoB npouHoctd K52—K56 u xmagoctoidkocTs oJHOBpeMeHHO. Mopdosorus KapOuaHOH cocTaBistoeit
CTPYKTYPHI 3aBHUCHUT OT MHKPOJETHUPYIOIIETO 3JI€MEHTa U ONpeAeisieT YPOBEHb NMPOYHOCTH CTalM, HO HE OKAa3bIBaeT
BIMSIHUSI Ha KOPPO3MOHHYIO cTOMKOoCTh. Mccrnemyemble cTamu 001a1alOT MOBBIIIEHHON CTOWKOCTBIO K BOJOPOJHOMY
PacTpEeCKUBAHUIO U CYIb(OUAHOMY KOPPO3HOHHOMY PACTPECKMBAHHIO IO/ HampspKeHHEeM. [lociie BBIIEPXKKH B MHOTO-
komnoneHTHo# CO,- u H,S-conepxamieii cpene GpopMupyercsi IOBEpXHOCTHAS IUICHKA CyIb(HAA Kene3a, CBUAETEIbCT-
ByIOIIast O MPOTEKaHNH PABHOMEPHOI Cynb(puIHON KOppo3uH. CKOPOCTh KOPPO3HH MCCIEAYEMbIX CTael U THII KOPp O-
3UM OIPENEISIOTCS COCTaBOM arpeCcCUBHOM Cpelbl U CKOPOCThIO ()OPMHPOBaHMS NMOBEPXHOCTHOW IUICHKH cynbduiaa
xene3a. [losydeHHbIe pe3ynbTaThl MO3BOJSIOT PACIIMPUTH 00IaCTh MPUMEHEHHMS NIPEAIaraeMbIX cTajeld B MHOTOKOMIIO-
HEHTHBIX arpeCCUBHBIX CPEAaX HE3aBHCHMO OT BHAAa MUKDPOJIETHPOBAHHS.
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oecmoBHas TpyOa; CO,- n H,S-conepxamas cpena; cynbumaHas KOppO3usi CTall; MEITKO3EpHUCTAsl CTPYKTypa; HedTe-
MIPOMBICIIOBBIEC TPYOOIIPOBOIBI.
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