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The influence of various heat treatment modes (annealing, quenching, tempering) of steel 20 on the carbon di-

oxide corrosion rate in a 3% NaCl solution in combination with carbon dioxide (CO
2

) barbotaging was stu-

died. It is established that the quenching followed by high tempering is the most effective heat treatment of

steel 20 to achieve a combination of increased mechanical properties and corrosion resistance in a carbon di-

oxide environment.
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INTRODUCTION

Carbon dioxide corrosion is one of the main destructive

factors in the operation of steel pipe products. The mecha-

nism of carbon dioxide corrosion [1 – 3] consists of several

sequential stages:

– a layer of carbonates is formed on the surface of the

metal, in which discontinuities (pores) are formed later;

– the formation and growth of pittings under a layer of

iron carbonate is observed, which leads to a decrease in car-

bonate adhesion, the appearance of an electrochemical gal-

vanic pair and accelerated growth of pittings;

– removal of carbonate crystals, stripping of the pipe

metal;

– the process of the three stages above is repeated in

other areas.

Schematically, the process of carbon dioxide corrosion

is presented in Fig. 1. In the presence of water, carbon di-

oxide (CO
2

) dissociates forming carbonic acid (H
2
CO

3
):

CO
2

+ H
2
O � H

2
CO

3
.

Typical carbon dioxide corrosion consists of three cath-

odic and one anodic reactions [10].

Cathodic reactions:

– reduction of carbonic acid into bicarbonate ions

H
2
CO

3
� H+ + ÍÑÎ

3

–
;

– reduction of bicarbonate to carbonate ion ÍÑÎ
3

–
�

H+ + ÑÎ
3

2–
;

– reduction of hydrogen ions 2H+ + 2e–
� H

2
.

The anodic reaction is the iron dissolving: Fe �

Fe2+ + 2e–.

When the concentration of ÑÎ
3

2–
and Fe2+ ions exceeds

the solubility of iron carbonate, formation of a solid precipi-

tate is observed: Fe2+ + ÑÎ
3

2–
� FeCO

3
.
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Fig. 1. Schematic representation of the carbonate corrosion process.
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There are many reasons for the development of corrosion

processes. An important role is played by both external fac-

tors, i.e. the characteristics of the aggressive environment,

and internal factors, i.e. the state of the pipe itself.

Accidents of oil pipes occurred at various fields in Rus-

sia due to non-compliance with the heat treatment modes of

pipe products [4, 5]. Figure 2 presents the impacts of carbon

dioxide corrosion, which resulted in the formation of deep

pittings in the local area of a pipe made of steel 20, which is

one of the most common steels used in the oil industry [6, 9].

One can see that in some places the pittings have a through

distribution.

Figure 3 shows the microstructure in different areas of

the upset part of the production tubing made of steel 20. A

significant difference in the corrosion destruction rate of va-

rious parts of the same pipe is due to the heterogeneity of its

structure that occurs during upsetting. When upsetting, local

heating of the metal to about 1100°C occurs with its signifi-

cant strains, as a result of which a pipe area with a high tem-

perature gradient and subsequent heterogeneous structural

transformations arises. In the destruction area, local recrys-

tallization changes of the structure from bainite to pearlite

grain growth occur.

Thus, it was established that a local increase in the corro-

sion rate in the transition zone from the upset to the smooth

part of the pipe is associated with structural transformations

during upsetting, as well as the absence of subsequent recrys-

tallization heat treatment, which led to a catastrophic corro-

sion destruction of the pipe.

This example shows how a different microstructure can

multiply change the resistance of the same steel to carbon di-

oxide corrosion.

Studies on the dependence of the corrosion rate on the

microstructure are known. For example, in [7] it was estab-

lished that the ferrite-pearlite structure of steel resists the

corrosion better than the martensite structure. In [8], for steel

20, the dependence of corrosion resistance on the size of car-

bides was determined: with a decrease in the size of the iron

carbide particle (cementite), the corrosion rate increases.

However, for one of the widespread pipe carbon structural

quality steel 20, the dependence of the corrosion rate on the

microstructure has not been studied. In this regard, the objec-

tive of this work is to investigate the influence of the steel 20

microstructure on the carbon dioxide corrosion rate.

METHODS OF STUDY

The investigation was carried out on samples (plates)

150 � 150 � 6 mm in size cut from a one-piece pipe made of

steel 20. The chemical composition of the samples, deter-

mined on an SPAS-02 optical emission spectrometer, was the

following, wt.%: 0.17 C; 0.21 Si; 0.55 Mn; 0.004 P; 0.007 S;

0.06 Cu; < 0.005 Mo; 0.03 Nb; 0.32 Cr; 0.02 Al; 0.002 Ti;

0.04 V; < 0.001 W.

The sulfur and phosphorus content is noticeably lower

than the requirements of GOST 1050, since the steel was fab-

ricated in an arc furnace with a vacuum impact.

The initial mechanical properties of steel (averaged va-

lues from the results of the investigation of three samples)

are: ultimate tensile strength �
r
= 572 MPa, yield strength
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Fig. 2. Visual example of pipe pitting corrosion.
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Fig. 3. Heterogeneity of the production

tubing microstructure.



�
0.2

= 270 MPa, percent elongation � = 24%, hardness

13 HRC. The strength and ductility characteristics were de-

termined during tests on a tensile testing machine

WDW-100E, and the hardness was determined on a Rock-

well hardness-testing machine TK-2M on a C scale.

The plates were subjected to various heat treatments to

form microstructures of different degrees of equilibrium and

dispersion (see Table 1). After heat treatment, samples

40 � 10 � 2 mm in size were cut from each plate for corro-

sion testing in an aggressive environment in the amount of

five for each test.

Preliminarily, the methods of corrosion testing of the fol-

lowing organizations were analyzed: Samara Engineering

and Technical Center; Russian Research Institute of the Pipe

Industry; NefteGazService Research and Production Center.

Based on the results of the analysis of these methods, the pa-

rameters of the following corrosion tests were selected.

Corrosion resistance was evaluated by the samples mass

loss from a unit surface for the time spent in an aggressive

environment. The aggressive medium was a 3% NaCl solu-

tion, in which samples after heat treatment of various modes

were placed. In addition, to achieve the process of carbonate

electrochemical corrosion, a gas, which was carbon dioxide

CO
2
, was supplied to the system. The test temperature was

23 � 3°Ñ; the exposure time was 120 h.

An indicator of electrochemical carbonate corrosion re-

sistance [10, 11] is the corrosion rate v [mm�year], which

was calculated by the formula

v = 8.76 �

m m

St

1 2
�

�

,

where m
1

is the sample mass before testing, g; m
2

is the sam-

ple mass after testing, g; S is the surface area of the sample,

m
2
; t is the exposure time, h; � is the material density, g�cm

3
.

The microstructure of the samples was investigated using

an electron microscope Jeol JSM-6390LA. Etching of the

samples was carried out in a 4% solution of hydrogen nitrate

in alcohol.

RESULTS AND DISCUSSION

Heat treatment modes, the obtained microstructure (grain

point, structural components) and corrosion rate are pre-

sented in Table 1.

The approximate fractions of the structural components

were determined by the secant method or by the iron-ce-

mentite diagram. Figure 4 shows the microstructure of the

investigated samples after heat treatment.

Annealing (mode 1 ) is characterized by a rough fer-

rite-pearlite structure with lamellar pearlite and grain size

No. 9 (Fig. 4a ). After recovery (mode 2 ), the grain reduces

to No. 12, the structure also consists of ferrite and lamellar

pearlite (Fig. 4b ). Full quenching (mode 3 ) forms a massive

low-carbon martensite with grain No. 11 (Fig. 4c ). After the

subsequent high tempering, the structure consists of ferrite

and spherical particles of cementite (Fig. 4e ). After quench-

ing and medium-temperature tempering, a structure, which is

a ferrite matrix with more dispersed particles of spherical

cementite, is formed (Fig. 4f ). The same structure is formed

after quenching from the intercritical temperature range

(modes 4, 7, 8 ), in which, in addition to the above compo-

nents, about 10% is ferrite that did not turn into austenite

upon heating (Fig. 4d, g, h ). Double quenching, i.e. full and

from the intercritical temperature range, followed by high

tempering (mode 9 ) forms the most uniform fine-grained

structure with about 10% not converted ferrite (Fig. 4i ).

Analysis of the corrosion rate depending on the micro-

structure of the steel confirmed that the structural state of the

steel significantly affects the corrosion resistance: the corro-

sion rate varies from 1.06 to 1.63 mm�year, i.e. more than
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TABLE 1. Corrosion rate and microstructure after heat treatment in various modes

Mode Heat treatment No. of grain Microstructure
Corrosion rate,

mm�year

RMS deviation,

%

1 A (870°C, 1 h), furnace cooling 9 25% P (lamellar) + 75% F 1.08 0.04

2 R (870°C, 10 min), air cooling 11 30% P (lamellar) + 70% F 1.32 0.03

3 FQ (900°C, 10 min), water cooling 12 100% M
mass

1.44 0.08

4 QIC (800°C, 10 min), water cooling 11 M
mass

+ 10% F 1.63 0.10

5 FQ + HT (680°C, 15 min), air cooling 12 F�C
1

(d
l
= 0.4 – 0.1 	m) 1.08 0.01

6 FQ + MT (450°C, 15 min), air cooling 12 F�C
2

(d
l

 0.1 	m) 1.28 0.04

7 QIC + HT (680°C, 15 min), air cooling 11 90% F�C
1

+ 10% F
nc

1.12 0.01

8 QIC + MT (450°C, 15 min), air cooling 11 90% F�C
2

+ 10% F
nc

1.18 0.02

9 FQ + QIC + HT (680°C, 15 min), air cooling 12 90% F�C
1

+ 10% F
nc

1.06 0.03

Notations: A) annealing; FQ) full quenching; QIC) quenching from the intercritical temperature range; HT) high tempering; MT) me-

dium-temperature tempering; R) recovery; F) ferrite; P) pearlite; M
mass

) massive martensite; F�C
1

) ferrite-cementite mixture with

interlamellar spacing of d
l
= 0.4 – 0.1 	m; F�C

2
) ferrite-cementite mixture with d

l

 0.1 	m; C) cementite; F

nc
) not converted ferrite.



one and a half times. Statistical processing of experimental

data showed a rather high repeatability of the experiment: the

spread of values did not exceed 0.1%. Steels with the most

uniform equilibrium structure after annealing (mode 1 ), full

quenching followed by high tempering (mode 5 ), double

quenching and high tempering (mode 9 ) have the lowest and

almost equal carbon dioxide corrosion rate. It should be

noted that the form of cementite, which is lamellar after an-

nealing and granular after quenching followed by high tem-

pering, did not have a noticeable effect on the corrosion rate.

The steel with a nonequilibrium quenching structure (modes

3 and 4 ) has the worst corrosion resistance, and the presence

of free ferrite accelerates corrosion by about 13%. Corrosion

rate of steel after recovery (mode 2 ) has an intermediate, but

rather high value. Lowering the tempering temperature after

full quenching worsens the carbon dioxide corrosion resis-

tance (modes 5 and 6 ).

This research did not reveal a clear effect of grain size

from No. 9 to No. 12 on the steel 20 corrosion resistance, al-

though of particular note is the significant decrease (about

30%) in the carbon dioxide corrosion resistance of recovered

steel compared to annealed (modes 1 and 2 ), which is un-

doubtedly associated with the structure refinement.
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Fig. 4. Microstructure of steel 20 after heat treatment in various modes (see Table 1), �1000: a, b, c, d, e, f, g, h, i are the modes 1, 2, 3, 4, 5, 6, 7,

8, 9, respectively.



Thus, to obtain high corrosion resistance in combination

with improved mechanical properties for pipes made of steel

20, quenching followed by high tempering should be carried

out.

CONCLUSIONS

1. Steel 20 with an equilibrium homogeneous structure

after annealing or quenching followed by high tempering has

the lowest carbon dioxide corrosion rate, and the steel 20

with a nonequilibrium quenching structure has the highest.

2. Carrying out quenching from the intercritical tempera-

ture range instead of full quenching and lowering the temper-

ing temperature leads to a decrease in the carbon dioxide cor-

rosion resistance.

3. After recovery, steel 20 has a higher corrosion rate

than after annealing and quenching followed by high tem-

pering.
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