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Abstract: The main direction in solving the problem of increasing the reliability of field equipment, is the creation of
new steels with higher resistance to corrosion-mechanical destruction. Currently, to produce oil and gas pipeline systems,
low-carbon, low-alloy steels are used, in which lath carbide-free bainite is formed when quenched in water. Such a struc-
ture provides a combination of high strength and resistance to brittle fracture. However, issues of increasing corrosion re-
sistance are still open. The purpose of this work is to identify the structural condition of low-carbon, low-alloy, pipe steels,
providing a combination of high mechanical properties with increased corrosion resistance in oilfield environments.
The studies were carried out on the latest generation 08KhFA, 08KhFMA and 05KhGB steels, most popular when manu-
facturing oil and gas pipelines. Samples for the study were cut from the pipes and quenched from the austenite region in
water, which formed the structure of lath carbide-free bainite. The quenched samples were tempered at temperatures of
200, 300, 400, 500, 600, and 700 °C. To identify the relationship between the morphology of bainite structures and their
properties, the samples after quenching and tempering at each temperature, were subjected to metallographic analysis,
X-ray diffraction analysis, mechanical tests, and corrosion resistance tests. The work shows the sequence of structure
transformation, temperature ranges of phase and structural transformations, changes in mechanical properties, and corro-
sion resistance that occur during tempering of lath carbide-free low-carbon bainite. It is shown that tempering of lath car-
bide-free bainite (08KhFA, 08KhMFA and 05KhGB steels) does not affect the rate of carbon dioxide corrosion. It has
been found that medium tempering forms the structural condition of carbide-free low-carbon lath bainite providing a com-
bination of high mechanical properties and high corrosion resistance in oil field environments. For each of the steels under
study, the authors give recommended heat treatment modes.

Keywords: corrosion-mechanical destruction; destruction of bainite structures; oilfield environment; pipe steels; struc-
tural condition.
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INTRODUCTION

The constant increase in the aggressiveness of oilfield envi-
ronments, and the intensity of oil production (injection of wa-
ter and carbon dioxide into the formation) [1], leads to a sharp
increase in the rate of corrosion-mechanical destruction of
oilfield equipment. A significant improvement of the mechani-
cal properties and corrosion resistance of the pipe steels used is
required. High alloying, significantly increases the cost of
steel, and in some cases, reduces the strength properties. Other
approaches ensuring high resistance to corrosion-mechanical
destruction are required. Currently, low-carbon low-alloy
steels with a bainite structure after quenching in water are used
for the production of oil and gas pipeline systems (pipes and
pipeline fittings). Bainite structures having a unique combina-

structures is given in [8]. Bainite structures of low-carbon
low-alloy steels are singled out as a separate group and
considered in works [5; 9]. The preferred structure provid-
ing the highest plastic properties of these steels is lath car-
bide-free bainite, in which residual (untransformed) auste-
nite is located at the boundaries of the laths, that causes
high resistance to brittle fracture [6; 10; 11].

At the same time, it should be noted that, despite a large
number of studies of bainitic steels, the issues of changes in
the structure and properties of bainite structures, with an
increase in tempering temperature, have not been sufficient-
ly studied, and the relationship between the morphology of
bainites and their corrosion resistance has barely been con-
sidered. Such information is necessary for a practical solu-

tion of high strength and ductility provide high resistance to
mechanical destruction of pipe steels [2—4]. The formation of
the bainite structure, and the relationship of their structural
condition with mechanical properties are described in suffi-
cient detail [5-7]. The most complete classification of bainite

tion to the issue of increasing the reliability of pipe steels.

The purpose of this work is to find the structural condi-
tion of low-carbon low-alloy pipe steels, providing a com-
bination of high mechanical properties with increased cor-
rosion resistance in oilfield environments.
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METHODS

08KhFA, 08KhMFA and 05KhGB steels were selected
for the study. Their elemental composition (Table 1) and
thermokinetic diagrams of the supercooled austenite de-
composition (Fig. 1) are given according to the data of
the manufacturer. In 08KhMFA steel, compared to 08KhFA
steel, the carbon content is reduced from 0.09 to 0.05 % and

0.2 % of Mo is introduced. 05KhGB steel is additionally
alloyed with niobium, and due to the favorable Mn/Si ratio,
has higher weldability.

All samples were water-quenched (20 °C) from
the austenitic region (08KhFA and 08KhMFA steels — from
a temperature of 930 °C, 05KhGB steel — from 920 °C),
and then tempered at 200, 300, 400, 500, 600, and 700 °C.

Table 1. Chemical composition of steels under study
Tabnuya 1. Xumuueckuil cocmas ucciedyemuix cmanetl

Weight fraction of elements, %
Steel grade
C Si Mn Cr Ni Cu Nb A% Mo Al S P
08KhFA 0.09 | 0.20 0.44 0.52 0.12 0.11 0.020 0.088 0.003 0.034 0.002 0.011
08KhMFA 0.05 0.39 0.39 0.70 0.10 | 0.17 | 0.011 0.061 0.190 0.057 0.004 0.003
05KhGB 0.05 0.22 0.71 0.61 0.08 0.18 0.029 0.003 0.010 0.013 0.001 0.006
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Fig. 1. Thermokinetic diagrams of decomposition of supercooled austenite of steels under study:
a — 08KhFA steel; b— 08KhMFA steel; ¢ — 05KhGB steel.
The diagrams are based on the data from Vycsa metallurgical plant
Puc. 1. Tepmoxunemuueckue ouazpammvl pacnadd nepeoxiaicOeHHo20 ayCmeHuma uccie0yemblx cmanell:
a — cmanv 08XDA; b — cmane 08XM®DA; ¢ — cmanv 05XTD.
Juazpammvl npueedervi o OaHHbIM BbIKCYHCKO20 MEMAIypeutiecko20 3a600a
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Quenching from the austenitic region provides a large
amount of bainite component in the steel structure, and wa-
ter is the most technologically advanced medium. For each
tempering temperature, the structural condition was studied
and mechanical and corrosion properties due to this struc-
ture were determined.

To conduct the studies, longitudinal strips measuring
120%20%7 mm were cut from @146x7 mm pipes produced
using conventional factory technology. The strips were sub-
jected to heat treatment, and then samples were made from
them. To ensure identical and relatively homogeneous
structural condition, all samples were subjected to normali-
sation (O8KhFA and 08KhMFA steels at a temperature of
940 °C, 05KhGB steel at 930 °C, holding time — 30 min),
with cooling in still air. This ensured similar grain sizes and
identical ferrite-pearlite structure, with lamellar cementite
in pearlite in the samples before heat treatment.

The research and testing methods are presented in
the form of groups according to their purpose.

Metallographic analysis included light microscopy
(GX51 microscope, Olympus, Japan), SEM electron scan-
ning microscopy (XL-30 microscope, Philips, Netherlands),
EBSD technique (identifying intergranular disorientation
angles), TEM transmission electron microscopy (EMV-
100L microscope, Russia), and diffraction analysis.

Quantitative assessment of structural components was
carried out using Thixomet Pro software.

X-ray diffraction analysis for volumetric determination
of phase composition and stress state (3" type residual
stresses and dislocation density), was performed using
a Shimadzu Maxima XRD-7000S diffractometer, Japan
(Cu-Ko radiation, tube power is 1.6 kW) in the angle
range of 40—100°. Crystalline phases were identified using
the Shimadzu PDF2 database. Full-profile analysis of dif-
fraction patterns was performed using the LeBel and
Rietveld methods in the Jana2006 program.

Hardness tests (GOST 9013), uniaxial tensile tests
(GOST 1497), and impact toughness tests (GOST 9454)
were performed to determine mechanical properties.

To determine resistance to corrosion destruction, hydro-
gen cracking tests (NACE TMO0284 standard), sulfide stress
corrosion cracking tests (NACE TMO0177 standard), carbon
dioxide corrosion resistance tests (technique developed by
IT-Service LLC, 400-hour exposure in an aggressive envi-
ronment with 3.5 % of chlorides at 65 °C, and a CO, pres-
sure of 0.1 MPa, which allowed creating corrosion products
on the sample surface similar to those that form in real con-
ditions during many months of operation in carbon dioxide
oilfield environments), were carried out.

RESULTS

Phase transformations during cooling

Thermokinetic diagrams of austenite decomposition in
08KhFA, 08KhMFA and 05KhGB steels (Fig. 1), and pano-
ramic images of changes in the structure of these steels
along the length of the sample during end quenching
(Fig. 2), provide an idea of the effect of the cooling rate on
the formation of the structure of steels. The studied steels
acquire a bainite structure after water quenching. 08KhMFA

steel has a wider range of cooling rates that form bainite
structures (Fig. 1). Continuous hardenability for all steels is
ensured to a depth of 10 mm.

The studied steels have one type of bainite structure and
a similar nature of its change upon heating therefore,
the ongoing processes of structure transformation and pro-
perty changes (Fig. 3-5), are shown using the example of
one steel — 08KhMFA steel with higher corrosion re-
sistance.

Structural condition after quenching

After water quenching, a structure consisting of lath
carbide-free bainite with thin layers of residual austenite,
and a small proportion of excess ferrite localised along
the boundaries of the former austenite grain, is formed in
the steels under study (Fig. 3).

The amount of excess ferrite is insignificant — from 3 to
10 %, the largest amount is in 05SKhGB steel. Ferrite is lo-
cated mainly along the boundaries of the former austenite
grain. Bainite consists of laths of bainitic ferrite, along
the boundaries of which there are thin layers of residual
austenite. Ordered sequence of bainite laths and layers of
residual austenite predominates. The width of the laths for
the steels under study varies from 200 to 800 nm.

Wider laths (average width is ®600 nm), are observed in
sections of 08KhMFA steel. The amount of residual auste-
nite is 0.5-1.5 %. X-ray diffraction analysis reveals only its
traces. Microdiffraction analysis of transmission electron
microscopy images identified the y-phase (Fig. 3 ¢). With
a small amount, residual austenite in the form of thin layers
(=40 nm) located along the boundaries of bainitic ferrite
laths determines the mechanical properties (high ductility)
of carbide-free bainites in low-carbon steels.

Thus, 08KhFA, 08KhMFA, 05KhGB steels after
quenching, have a structure of lath carbide-free bainite with
close parameters of the structural condition.

The evolution of the structural condition with an in-
crease in the tempering temperature is shown in Fig. 4, 5.
During tempering, as the temperature increases to Ac,
a successive transition of carbide-free lath bainite, with
excess ferrite along the grain boundaries into a mixture of
ferrite with globular carbide particles occurs (Fig. 4, 5).
The fine grain obtained during quenching (numbers 911
according to GOST 5639) in the tempering temperature
range of up to 700 °C remains virtually unchanged. A fur-
ther increase in the tempering temperature (730 °C) for
08KhFA steel leads to the development of secondary
recrystallisation processes and a sharp grain growth. With
an increase in the tempering temperature, a constant in-
crease in the intergranular disorientation angles, and ac-
cordingly, an increase in the proportion of high-angle
boundaries is observed in the studied steels, which causes
an increase in plasticity. It is characteristic that the high
dislocation density after quenching (3—-5)x10"* m* remains
virtually unchanged, up to a tempering temperature of
600 °C (Table 2). The 3" type residual stresses decrease
continuously with increasing tempering temperature, espe-
cially intensively from 400 °C (Table 2).

The results of mechanical tests, impact bending tests, as
well as the assessment of the 3™ type residual stresses and
dislocation density are given in Table 2.
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c

Fig. 2. Change in the structure of 08KhMFA steel during end quenching: a — distance from the sample end is h=2 mm,
hardness is 298 HV; b — h=7 mm, 235 HV; ¢ — h=12 mm, 205 HV; d — h=17 mm, 176 HV
Puc. 2. Hzmenenue cmpyxmypol cmanu 08XM®PA npu mopyesoil 3akanke: @ — paccmosanue om mopya oopasya h=2 wm,
meepoocmo 298 HV; b— h=7 mm, 235 HV; ¢ — h=12 mm, 205 HV; d — h=17 mm, 176 HV

The change in resistance to corrosion destruction in oil-
field environments with increasing tempering temperature
is given in Table 3 and shown in Fig. 6, 7.

DISCUSSION

Changes in structure and properties with increasing
tempering temperature

Structure

After tempering at 200 °C, the residual austenite
disappears. This is also observed in 08KhFA [12] and
05KhGB [13] steels. The temperature stability of the
residual austenite or complex (austenite-martensite
phase) is considered in [14; 15], the effect of V and Nb
microadditives is considered in [16; 17], where it is
indicated that with a particle size of 0.5-3 pum, the aus-
tenite decomposition occurs in the temperature range of
300—400 °C [14; 15]. In the lath bainite of the steels
under study, untransformed austenite is in the form of
thin layers (=40 nm), and its decomposition can be ex-
pected at lower temperatures. Estimated calculations
show that after 30 min of holding at a temperature of
200 °C, the distance of diffusion of carbon atoms from

austenite is more than an order of magnitude greater
than the width of the interlayers and fully ensures
the residual austenite decomposition [12]. The type of
austenite transformation (martensite, bainite or a-ferrite)
remains debatable.

Further transformation of the structure is associated
with the formation and growth of carbides, the development
of polygonisation and recrystallisation processes. The change
in the structural condition of lath carbide-free bainite, with
an increase in the tempering temperature occurs in the fol-
lowing sequence:

—at 200 °C, untransformed austenite disappears;

— when tempering at 300 °C, the first needle-shaped iron
carbide precipitates appear;

— in the temperature range of 400-500 °C, carbide parti-
cles appear throughout at the boundaries of the laths, they
coalesce and spheroidise, and chains of carbide inclusions
appear at the boundaries of bainitic laths (Fig. 5 b and 5 c).
3" type residual stresses decrease sharply (Table 2), which
indicates the transition of carbon from the crystal lattice to
a bound state in the form of carbides. Polygonisation pro-
cesses develop: a decrease in low-angle boundaries and an
increase in high-angle ones, while the dislocation density
remains virtually unchanged;

20
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(ili]

Fig. 3. Microstructure of 08KhMFA steel after quenching: a — SEM; b — TEM (bright-field image),; ¢ — microdiffraction
Puc. 3. Muxpocmpyxmypa cmanu 08XM®PA nocne 3axanxu.
a— COM; b — [IDM (ceemnononvroe uzobpadicenue); ¢ — MUKpoOU@Dpaxyus

Fig. 4. Structure of 08KhMFA steel after quenching from the temperature of 930 °C and tempering at:
a—200°C; b— 300 °C; ¢ —400 °C; d— 500 °C; e — 700 °C. SEM
Puc. 4. Cmpyxmypa cmanu 08XM®A nocne 3axanku ¢ memnepamyper 930 °C u omnycka npu:
a—200°C; b— 300 °C; ¢ —400 °C; d— 500 °C; e — 700 °C. COM

Frontier Materials & Technologies. 2024. No. 3 21
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Fig. 5. Change in the structure of 08KhMFA steel with the growth in the tempering temperature (TEM):
a — tempering at 300 °C; b — tempering at 400 °C (arrows indicate globular carbides);
¢ — tempering at 500 °C (carbide chains are encircled); d — tempering at 600 °C (arrows indicate recrystallisation nuclei)
Puc. 5. Hzmenenue cmpyxmypol cmanu 08XM®A ¢ pocmom memnepamypuvr omnycka (IIOM):
a — omnyck npu 300 °C; b — omnyck npu 400 °C (cmpenxkamu noxasamnwl eno0yiapHuie Kapouowvl),
¢ —omnyck npu 500 °C (066edenvl yenouxu kapouoos),; d — omnyck npu 600 °C (cmpenkamu noxkasanvl 3apoobiuiy peKpUCMALIU3AYUuLL)

—from a tempering temperature of 600 °C (Fig. 5 d),
the main factor determining the change in structure and
properties is the intensity of recrystallisation processes.
Carbide reactions of cementite replacement by special car-
bides are possible;

— tempering at a temperature above 700 °C can cause
secondary recrystallisation and a sharp grain growth
(O8KhFA steel).

Mechanical properties

Usually, in pipe production technologies, bainite struc-
tures are subjected to high tempering by analogy with mar-
tensite structures. For pipes made of low-carbon low-alloy
steels, this is 600-750 °C, when partial recrystallisation
significantly reduces strength [18]. There is some infor-
mation on the effect of lower tempering temperatures on
the properties and morphology of bainite [19; 20], but no
general picture of changes in mechanical properties during
tempering has been found in the literature.

The authors studied changes in the structure, mecha-
nical properties, and corrosion resistance over the entire
tempering temperature range (20—730 °C), which is
50 °C below the Ac; line, for 08KhFA, 08KhMFA, and
05KhGB steels.

An increase in temperature to 730 °C for 08KhFA steel
led to a sharp increase in grain size. The steels under study
after quenching and subsequent tempering to a temperature
of 600 °C are characterised by a combination of high
strength and plastic properties (Table 2), which for most
heat treatment modes is higher than the requirements of
K52 strength group. Characterising the thermal stability of
mechanical properties, one can note that the strength pro-
perties (oyrs and 6p,) remain virtually unchanged upon tem-
pering to a temperature of 400 °C. Apparently, this is asso-
ciated with the appearance of precipitates of dispersed ce-
mentite particles. The plasticity characteristics (6 and KCV-
50) after quenching are quite high and increase with
a growth of the tempering temperature (Table 2). A sharp
softening appears from a tempering temperature of 600 °C,

which is caused by an increase in the intensity of
recrystallisation processes. On the whole, the general nature
of the change in mechanical properties for the three steels
under study is identical.

Corrosion resistance

Steels in aggressive oilfield environments are subjected
to the following types of corrosion destruction: hydrogen
cracking (HC), sulfide stress corrosion cracking (SSCC),
carbon dioxide and bacterial corrosion [21; 22]. The studied
low-carbon chromium-containing steels (=~0.6 % of Cr) are
relatively resistant to biocorrosion [22]. Modification with
rare earth metals (REM) significantly increases their re-
sistance to bacterial attack. The main problem is to ensure
resistance to carbon dioxide corrosion.

The obtained values of HC, SSCC and carbon dioxide
corrosion rate (Table 3) indicate, that the studied steels
have increased corrosion resistance in oilfield environ-
ments, compared to traditionally used 20, 20F, 17Gl,
09G2S pipe steels.

An interesting and unexpected result is that tempering
of low-carbon steels with a lath carbide-free bainite struc-
ture, has virtually no effect on the intensity of carbon di-
oxide corrosion. With an increase in tempering tempera-
ture to 700 °C, the structural condition changes from lath
carbide-free bainite to a ferrite-carbide mixture and
the carbon dioxide corrosion rate remains constant. This
phenomenon is characteristic of all the steels under study
(Table 3, Fig. 6). The correctness of the obtained corro-
sion rate values is also confirmed by the proximity and
similarity of the curves for changing the Fe** concentra-
tion in the corrosion environment during testing (Fig. 7).
These curves also characterise the kinetics of corrosion
processes, and the influence of corrosion products on the
intensity of corrosion destruction. For the steels under
study, the nature of the change in the corrosion rate de-
pending on the test time is similar (Fig. 6).

According to existing concepts, the rate of carbon di-
oxide corrosion of steels is determined by the formation

22
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Table 2. Dependence of mechanical properties, residual stresses and dislocation density
of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering
Tabnuua 2. 3asucumocms MEXAHUYECKUX CBOUCME, OCHAMOYHBIX HANPAICEHUI U NIOMHOCMU OUCTOKAYULL
cmaneti 08XDA, 08XM®DA, 05XI'6 om memnepamypvi omnycka

Steel Heat treatment mode Sure, So 5, KCV-50, J/cm® . 3" type Dislocation
(shear area residual stresses, density,
grade Quenching Tempering MPa MPa a fraction) MPa p><1014, m2
- 830 740 22.0 230 (100 %) 300 5.1
200 °C 820 710 19.0 240 (100 %) 225 4.4
300 °C 810 730 17.5 240 (100 %) 220 4.1
08KhFA 930 °C 400 °C 785 690 18.0 252 (100 %) 140 5.1
500 °C 710 645 18.5 260 (100 %) 91 4.7
600 °C 680 605 22.0 260 (100 %) 71 52
700 °C 615 535 25.0 - 64 2.8
- 775 700 19.5 180 (80 %) 190 4.0
200 °C 780 650 19.0 215 (100 %) 200 4.7
300 °C 785 660 18.0 200 (100 %) 180 4.5
08KhMFA 930 °C 400 °C 760 650 19.5 215 (100 %) 120 42
500 °C 710 635 20.0 235 (100 %) - -
600 °C 685 605 21.5 250 (100 %) 86 34
700 °C 590 520 235 270 (100 %) 63 3.6
- 605 490 29.0 290 (100 %) 570 54
200 °C - - - - - -
300 °C 590 500 29.0 315 (100 %) 460 4.9
05KhGB 920 °C 400 °C 560 470 27.0 330 (100 %) 215 4.7
500 °C 530 430 28.0 314 (100 %) 90 4.5
600 °C 510 420 27.0 325 (100 %) 45 4.0
700 °C - - - - - -
Strength group K52 510-630 >353 >20 >58.,8 - -
Frontier Materials & Technologies. 2024. No. 3 23
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Table 3. Dependence of corrosion properties of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering
Tabnuua 3. 3asucumocmsv koppo3uonnwix ceoticme cmane 08XPA, 08XMDA, 05XI'b om memnepamypvl omnycka

Heat treatment Hydrogen Sulfide stress Carbon dioxide
gS::si mode cracking corrosion cracking corrosion rate,
Quenching | Tempering CLR, % CTR, % % of o, Kissc, MPa/m'? mm/yeax
- - 2.30
200 °C - 1.83
300 °C 30.6 2.24
08KhFA 930 °C 400 °C 0 0 75 31.0 1.79
500 °C 56.9 1.65
600 °C 58.4 1.75
700 °C 61.8 1.94
- 1.20
200 °C 1.25
300 °C 1.30
08KhMFA 930 °C 400 °C 0 0 75 - 1.60
500 °C 1.69
600 °C 1.41
700 °C 1.40
- 0 0 70 2.07
200 °C - - - -
300 °C 2.07
05KhGB 920 °C 400 °C - 1.93
0 0 70
500 °C 1.93
600 °C 1.40
700 °C - - - -

Note. CLR is crack length ratio; CTR is crack thickness ratio; K jssc is critical stress intensity factor at the crack tip.
Ipumeuanue. CLR — koagppuyuenm onunvr mpewun;, CTR — kosgppuyuenm monwuns: mpewjun,
K ssc — Kpumuyeckuii Kodg@uyuenm unmenHCcUgHOCY HANPAACEHUT] 6 BePUIUHE MPEUUHD.
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B Quenching from 930 °C (initial state)
O Quenching + tempering at 200 °C
H Quenching + tempering at 300 °C
M Quenching + tempering at 400 °C
B Quenching + tempering at 500 °C
M Quenching + tempering at 600 °C

B Quenching + tempering at 700 °C

B Quenching from 930 °C (initial state)
O Quenching + tempering at 200 °C
H Quenching + tempering at 300 °C
M Quenching + tempering at 400 °C
B Quenching + tempering at 500 °C
M Quenching + tempering at 600 °C

B Quenching + tempering at 700 °C

Fig. 6. Carbon dioxide corrosion of 08KhFA and 08KhMFA steels.
Dependence of corrosion rate on the temperature of tempering: a — 08KhFA steel; b — 08KhMFA steel
Puc. 6. Yenexucnomnas xopposus cmaneti 08XDPA u 08XMDA.
3asucumocms ckopocmu Koppo3uu om memnepamypust omnycka: a — cmans 08XDPA; b — cmany 08XM®PA

of a layer of corrosion products on the surface. Chromium
and molybdenum are concentrated in corrosion products,
and form amorphous Cr(OH); and Mo(OH); phases [21;
23], determining the protective properties of corrosion
products. Only Cr and Mo contained in the solid solution
participate in the formation of the protective properties of
corrosion products. In a bound state in the form of car-
bides, they are inert and are excluded from the process.
In the studied low-carbon steels, in the tempering tempe-
rature range of up to 600 °C, the formation of special car-
bides with the participation of Mo and Cr practically does
not occur, and their concentration in the solid solution
does not change. This, apparently, determines the absence
of the effect of tempering on corrosion resistance.
A slightly lower rate of carbon dioxide corrosion of
08KhMFA, steel compared to 08KhFA and 05KhGB
steels (Table 3), is associated with the additional contribu-
tion of Mo to the protective properties of the corrosion
products.

According to existing estimates, the studied steels have
increased resistance to HC and SSCC under all heat treat-
ment modes (Table3). In SSCC tests, 08KhFA and

08KhMFA steels at a load of 0.75 o, and 05KhGB steel at
a load of 0.7 o, withstood without destruction 720 h. How-
ever, the presence of high residual stresses after quenching
and the anisotropy of the quenched structures determine
the need for more stringent conditions for testing samples
for SSCC resistance after quenching, and low-temperature
tempering. It is proposed to conduct tests for SSCC at
stresses of 0.8 or 0.85 of 6, determined in mechanical ten-
sile tests for this group of samples.

The obtained data indicating that the resistance to car-
bon dioxide corrosion of steels, with a lath carbide-free
bainite structure, does not change with increasing temper-
ing temperature, allow choosing heat treatment modes more
reasonably. In the production of pipes from low-carbon
low-alloy steels with a bainite structure after water quench-
ing, instead of traditional heat treatment (single or double
quenching + high tempering), quenching from the austenitic
region in water + medium tempering can be used, which
provides a combination of higher strength properties with
high corrosion resistance in aggressive oilfield environ-
ments. Medium tempering in steels with a lath carbide-free
bainite structure, allows maintaining high strength properties,
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relieves the most dangerous residual stresses, and ensures the
carbide phase formation. Tempering can be excluded or limi-
ted to low-temperature tempering for pipes operating in envi-
ronments with a low H,S content, or if the steel used with-
stands the more stringent SSCC tests proposed above. In the
proposed heat treatment technology (without high temper-
ing), microalloying of steel with V and Nb is advisable, when
the precipitation of carbonitride particles of these elements
occurs at the stage of formation of bainite structures.

CONCLUSIONS

1. The general structure type and mechanical properties of
lath carbide-free bainite of low-carbon steels in the tempering
temperature range up to 500 °C change insignificantly.

2. Tempering of lath carbide-free low-carbon bainite
(0O8KhFA, 08KhMFA and 05KhGB steels), has little effect
on its resistance to carbon dioxide corrosion.

3. Quenching and medium tempering in low-carbon
low-alloy steels with bainitic hardenability, form a structu-
ral condition that ensures a combination of high mechanical
properties, and high corrosion resistance in oilfield envi-
ronments.
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BaHMSA SBILSIETCSI CO3JAaHME HOBBIX CTalel ¢ Ooiee BBICOKHM COIPOTHBIICHHEM KOPPO3HMOHHO-MEXaHWIECKOMY pa3pylie-
HUI0. B Hacrosiee Bpemst A1l M3rOTOBJICHHST HE()TEra30NpOBOIHBIX CHCTEM HCHONB3YIOTCS HU3KOYIIIEPOJUCThIE HU3KO-
JIETHPOBAHHBIE CTAJH, B KOTOPBIX IPH 3aKajke B BOXy 0oOpasyercst peeuHbli OeckapOuaHbIii OeiiHuT. Takas cTpykTypa
JTaeT COYETaHHE BBICOKOW MPOYHOCTH W CONPOTHBICHUS XPYNKOMY pa3pymieHH0. OTHaKO BOIPOCH! MOBBIMIECHUS KOPPO-
3MOHHOM CTOWKOCTH OCTAIOTCSI HepelleHHbIMU. [{enb paboThl — yCTAaHOBUTH CTPYKTYPHOE COCTOSIHUE HU3KOYTIIEPOIMCTHIX
HHU3KOJETHMPOBAaHHBIX TPYOHBIX CTajel, oOeclieunBaoniee COUCTaHNE BBHICOKMX MEXaHWYECKHMX CBOWCTB C IOBBIIICHHOM
KOPPO3HMOHHOW CTOHKOCTBIO B HE(TEIIPOMBICIOBBIX cpefax. MccienoBaHus MPOBOAMINCE HA CTAIAX ITOCIECIHETO OKOJIe-
Hust 08XDA, 08XDPMA u 05XT'b, Hanbosiee pacpOCTPaHECHHBIX NP M3TOTOBJICHUH He(Tera3onpoBoaHbIX Tpyo. O6pas-
LBl JUISl UCCIIEIOBAHMS BBIPE3ANCh U3 TPYO M 3aKaJMBAJIHMCh U3 ayCTEHUTHOW 00JacTH B BOJY, 4TO (POPMHPOBAIO CTPYK-
Typy peedHoro O6eckapOumgHoro OeitHHUTa. 3aKaleHHbIE 00pa3Ibl MOBEPTaUCh OTITYCKY Ipu Temreparypax 200, 300, 400,
500, 600 u 700 °C. Inst ycTaHOBJIEHHS CBSI3U MEX1y MOp(OIoruell OEHHUTHBIX CTPYKTYp M X CBOMCTBaMHU 00pasIibl 110-
Clle 3aKaJIKK U OTIYCKa C KaKAOH TeMIepaTyphl II0ABEPrajJuch MeTauiorpaguieckoMy aHalu3y, PEHTTCHOCTPYKTYPHOMY
aHAIHN3Y, MEXaHWIECKUM HCIIBITAHWUSAM, HCTIBITAHUAM Ha CTOMKOCTh K KOPpO3HH. B paboTe moka3aHbl OCIEI0BATEIEHOCTD
TpaHcopMaluu CTPYKTYpBI, TEMIIEpaTypHbIE HHTEPBaJbl (a30BbIX U CTPYKTYPHBIX NpPEBpAILCHUN, N3MEHEHHS MEXaHH-
YECKUX CBOMCTB M KOPPO3UOHHOM CTOMKOCTH, MPOUCXOASIINE ITPH OTIIYCKE PEEYHOr0 OeCKapOUIHOTO HU3KOYTIIEPOIUCTO-
ro Oeitaura. [TokazaHo, 4TO OTHyCK peedHoro OeckapOumnoro OcitHuTa (ctamm 08XDA, 08XM®DA u 05XI'F) He Biauser
Ha CKOPOCTH YIJIEKHUCIOTHOH KOPPO3HH. Y CTAaHOBJICHO, YTO CPEIHHUN OTIYCK (POPMHUPYET CTPYKTYPHOE COCTOSIHHE Oeckap-
OMJHOTO HU3KOYTJIEPOAUCTOr0 PeeuHoro OelHMuTa, 00ecreYrBarollee COYeTaHNEe BBICOKUX MEXaHUUECKHX CBOMCTB M BBI-
COKOM KOPPO3HMOHHOW CTOMKOCTH B HE()TEHNPOMBICIOBBIX cpenax. s KaX1ol M3 MCCIeLyeMbIX CTaled NMPHUBOIATCS pe-
KOMEH/IyeMbI€ PEKHUMBI TEPMOOOPaOOTKH.
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