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INFLUENCE OF THE HYDROGEN SULFIDE CONCENTRATION ON THE
CORROSION AND HYDROGENATION OF PIPE STEELS (A SURVEY)

M.S.Khoma,' Kh.B. Vasyliv,"” and M.R. Chuchman'

We consider the process of corrosion of steels in hydrogen-sulfide media of different concentrations
with regard for the specific features of the formation of sulfides of different chemical compositions and
their influence on the course of redox reactions. We present different points of view on their role in cor-
rosion processes. On the basis of generalization of the influence of iron sulfides on electrode reactions,
release and absorption of hydrogen by Armco iron, U8 steel, and 45 steel of different structures, it is es-
tablished that, despite the fact that iron sulfides mainly reduce the overvoltage of cathodic reactions
and increase the amount of hydrogen released under cathodic polarization, they do not always promote
the hydrogenation of these materials. Iron sulfides predominantly affect the reaction of hydrogen release,
whereas its absorption depends on the structures of steels. By an example of 17G1S-U steel, we show that
the corrosion rate is affected by the nature of sulfides formed on the surface. Indeed, for their concentra-
tions varying within the range 25-100 mg/ dm?, the corrosion rate decreases by almost an order of
magnitude. Moreover, for hydrogen-sulfide concentration Cy,s 2 500 mg/ dm?, we observe the for-
mation of porous sulfides, corrosion defects are localized, and the intensity of absorption of hydrogen
by steel becomes almost twice higher than at lower concentrations, which promotes the development of
cracking and corrosion cracking. It is shown that the critical concentration for the development of hy-

drogen-sulfide corrosion cracking of steels of this class is Cy,s < 100 mg/ dm?.

Keywords: hydrogen sulfide, steels, corrosion, corrosion rate, hydrogenation, hydrogen-sulfide corro-
sion cracking, corrosion products, sulfides.

Introduction

The protection of materials of structures against the aggressive influence of external factors is one of the
most urgent tasks for various branches of industry. According to the report of the National Association of
Corrosion Engineers (NACE), the total amount of losses caused by corrosion throughout the world consti-
tutes 3.4% of the global gross domestic product. Moreover, about 40% of the entire amount of annually pro-
duced metals is spent for the compensation of corrosion losses [1, 2]. The major part of corrosion losses
corresponds to the oil-and-gas extraction and refining industries. Hydrogen sulfide is the most aggressive com-
ponent in the composition of extracted products. It causes hydrogen sulfide corrosion, blistering, pitting, hydro-
gen-initiated cracking, hydrogen-sulfide stress-corrosion cracking, and other defects [3]. At the same time,
as the ultimate and yield strengths of the metal increase, the hazard of sulfide stress-corrosion fracture becomes
higher [3, 4].
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The investigation of the resistance of steels and alloys to stress-corrosion fracture in hydrogen sulfide media
is very important for the proper choice of steels intended for operation in the oil-and-gas extraction, oil-refining,
and chemical industries. The resistance of steels to hydrogen-sulfide corrosion and its mechanisms, hydrogena-
tion rate, and the phenomenon of accelerated fracture of steels in hydrogen-sulfide media are now extensively
investigated in numerous institutions throughout the world, namely, in the National Association of Corrosion
Engineers (NACE) (USA), University of Calgary (Canada), China University of Petroleum (China), King Fahd
University of Petroleum and Minerals (Saudi Arabia), Egyptian Petroleum Research Institute (Egypt), National
Taiwan University (Taiwan), Sharif University of Technology (Iran), Universidad Politécnica de Valencia
(Spain), Norwegian University of Science and Technology (Norway), etc. [3—11].

According to the NACE standard [12], the influence of hydrogen sulfide on the corrosion cracking of steels
is studied in a NACE aqueous solution (5% NaCl + 0.5% CH3;COOH saturated with H,S at a temperature
of 24 £3°C). The application of this highly aggressive solution in our investigations imposes elevated require-
ments on the choice of materials for the oil-and-gas extraction equipment. However, the content of hydrogen
sulfide in the extracted products is, as a rule, lower. Thus, in particular, in Ukraine [13], we discovered ten oil
and gas fields in the Western part of the country and 19 fields in the Eastern part, where the H,S concentration
does not exceed 3 vol.%. In these fields, it is not necessary to use oil-and-gas extraction equipment made of
high-cost structural steels because the processes of corrosion and stress-corrosion fracture differ from the pro-
cesses observed in a NACE solution. Thus, the analysis of the possibility of application of steels with much
lower requirements imposed on their chemical composition and mechanical properties under the analyzed condi-
tions is a quite actual problem.

The main hypotheses concerning the influence of hydrogen sulfide on the corrosion and hydrogenation of
metals are based on the formation of [Fe(HS)],qs surface catalysts facilitating these processes [9]. However,
these hypotheses do not relate the course of redox reactions to the formation of various sulfide-containing corro-
sion products whose compositions depend on numerous factors. In the H,S—H,O system, for different pH val-
ues and redox potentials, there exist HS ™, S%7, and H,S ions [3, 14]. Depending on the hydrogen-sulfide con-
centration, temperature, and pH values of the medium, they form corrosion products of different stability. First,
we observe the formation of unstable mackinawite Fe(1,,)S, where 0 < x <0.1 [11]. Then, depending on the pH
value of the medium and concentration of sulfide ions, it transforms into pyrite (FeS,), troilite (FeS), or kanzite

(FegSg). It was established [5, 14] that, on Armco iron, at low concentrations of H,S (up to 2.0 mg/de),
sulfide films consist of troilite (FeS) and pyrite (FeS,) with crystals of up to 20 nm size. For Cy,5 = 2~

20 mg/dm3, the indicated sulfide films consists of troilite with small amounts of kanzite (Fe¢Sg). Finally, for
Ch,s > 20 mg/ dm?, kanzite with crystals of up to 75 nm in size was predominant in corrosion products. It is

believed that kanzite (characterized by imperfect crystal lattice) does not have high protective properties. At the
same time, pyrite and troilite have small numbers of defects, which enhances their protective action [14]. How-
ever, in [10], it was indicated that the FeS film does not protect metal against corrosion because the corrosion
rate is higher than the rate of formation of sulfides. The composition and protective properties of iron sul-
fides also depend on temperature, the salt composition of solutions, and the hydrodynamics of the flow [3-5].
The elevation of temperature promotes the formation of sulfides more enriched with sulfur in the following se-
quence [15, 16]:

mackinawite Fe(,)S (x =0-0.1) — troilite FeS — pyrrhotite Fe(_,)S (0 < x <0.2) — pyrite FeS,.

The corrosion products, as a rule, have two layers: an inner layer enriched with iron and an outer layer en-

riched with sulfur [17-19]. In the corrosion products of steels, one may also observe the formation of greigite
(FesS4). However, it is stable only in the absence of air and moisture [20].
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The stability of various iron sulfides depends on the pH value of the solution and the H,S concentration.
The highest stability was detected by orthorhombic marcasite FeS, and cubic pyrite FeS, [11]. In view of the
properties of various sulfides formed on the surfaces of steels, their effect on the formation of corrosion de-
fects, hydrogen release and absorption, and the subsequent development of stress-corrosion fracture can be am-
biguous [5-7, 17-24].

Depending on the conditions, hydrogen sulfide exerts different influence on the corrosion of steels [25-27].
The comparison of the rate of formation of a film of corrosion products with the corrosion rate of Kh65 steel in
a 1% NaCl solution with an addition of 9.4-107°-9.4-107 mole H,S [18] shows that, as a result of the for-
mation of surface sulfide structures, the corrosion rate of steel decreases but always remains higher than the
growth rate of films and unambiguously depends on the concentration of H,S. The sulfide films have a finely
divided inner layer with high density and high protective properties and a more porous outer layer with weaker
protective action. The corrosion rate of steel depends on the morphology, porosity of the corrosion products,
and their adhesion to the surface stronger than on the thickness of the corrosion layer and the rate of formation
of iron sulfides participating in the formation of the inner layer [17].

On the other hand, the investigations of the influence of H,S concentration on the electrochemical proper-

ties of SAE-1020 steel at a temperature of 90°C demonstrated that the corrosion rate increases as the hydrogen-
sulfide content becomes higher [25]. According to the voltammetric dependences, as the H,S concentration

increases from O to 408.44 mg/dm3 (~0.012 mole/ dm3), the cathodic current density increases, the anodic
current density remains unchanged, and the corrosion potential shifts toward the region of more positive values.
This reveals a significant influence of cathodic processes on the corrosion potential. Under these conditions,
we detect the formation of nonstoichiometric iron-sulfide films consisting mainly of mackinawite Fe(; .S,
where x =0.054-0.061, which plays the role of precursor for the other types of sulfides. As the H,S concen-
tration becomes higher, the amount of deposited corrosion products increases but the film is porous and has
many structural defects. As a result, local corrosion runs on the surface of carbon steel, which leads to the for-
mation of pits [25].

Atomic hydrogen is one of corrosion products in aqueous solutions of H,S: Fe + 2H" — Fe?* + 2HY [3].
It can be absorbed by metals and affect their mechanical and electrochemical properties. Sulfides inhibit the
transformation of atomic hydrogen into the molecular hydrogen, which promotes its diffusion toward the metal
surface and absorption. The process of molization of hydrogen atoms inside the metal leads to the appearance of
internal stresses promoting both delamination and the formation of cracks and blisters [3, 8,9, 18].

The hydrogenation ability of the steel varies under the action of mechanical stresses [28-33]. It depends
on the applied mechanical voltage, material of the specimen, and the medium. It was discovered that the pene-
tration of hydrogen through the membrane under tensile loads becomes more intense as the level of elastic
strains increases but less intense as the level of plastic strains becomes higher. Under the conditions of elas-
tic deformation, the interatomic distances in steel increase, and we observe the formation of low-energy disloca-
tions and slip bands facilitating the diffusion of hydrogen. Under the conditions of plastic deformation, numer-
ous dislocations and defects (massive edge dislocations inside grains, grain boundaries, and microcracks caused
by the deformation of grain boundaries) play the role of traps for hydrogen, which may inhibit its diffusion into
the metal.

It is possible to assume [5] that sulfide films appearing on the metal surface may form barriers blocking the
diffusion of hydrogen into steel. The characteristics of blocking depend on the chemical composition and mor-
phology of sulfides. Indeed, it become stronger as the hydrogen-sulfide concentration increases and the pH
value of the solution decreases. This is explained by the fact that the corrosion products are semiconductors
of the n-type, which form a network of positive charges on the corrosion-film—solution interface. They at-
tract S>~ and HS™ anions, which interact with Fe?t , form sulfide films, and repel H* cations from the surface.
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As the thickness of the film increases, its inner layer becomes more compact, whereas the outer layer becomes

less dense and porous. Since the diffusion of H™ ions toward the surface is retarded by the electrostatic repul-
sive forces, the reduction of hydrogen ions to H atoms becomes weaker. The authors of [5] showed that the
compositions of mackinawite and FeS on the surface inhibit the process of hydrogenation of carbon steel.

The authors of [29] stated that sulfide films inhibit the process of penetration of hydrogen in steel inde-
pendently of elastic or plastic deformation. Under the conditions of elastic deformation, the potentials of hydro-
gen overvoltage (mMy) of steel with sulfide films are lower than for steel without films. Under the conditions of
plastic deformation, the potential ny of steel without films decreases, whereas My of steel with films signifi-
cantly increases. In wet H,S, mackinawite appears on the surface in the form of spherical agglomerates without
cracks and delaminations. Under stresses ¢ =0.25G,, the changes in the morphology of the film are insignif-
icant. At the same time, for 6 >0.5G(,, cracks are formed in films, and individual spherical grains are sepa-

rated. The thickness of the films does not exceed 5 um and is independent of tensile stresses.

Influence of Sulfide Films on the Corrosion-Electrochemical Properties of Steels

In view of the existence of different assumptions concerning the action of sulfide-containing corrosion
products on the corrosion-electrochemical properties of steels, the researchers of the Karpenko Physicomechani-
cal Institute of NASU studied the influence of various iron sulfides on the surfaces of Armco iron, U8 steel,
and 45 steel of different structures on the rate of redox processes and the hydrogenation of these steels in chlo-
ride—acetate solutions [34-36]. Iron sulfides (pyrite FeS,, troilite FeS, and kanzite Fe,Sg) were formed under
a potential E = —400 mV (NHE) for hydrogen sulfide concentrations of 1, 10, and 100 mg/ dm?, respectively,
in sodium-sulfide solutions with pH =3.2,7.2, and 11.2 for 1 h [37, 38]. To identify these sulfides, we used
X-ray phase diffraction analysis carried out in a DRON 3,0M diffractometer in the CukKj, - and CoK, -radiation.
By the method of vacuum extraction [39], we determined the amount of hydrogen absorbed in steel at tempera-
tures of 200 and 800°C (Cy,,, and Cyg, ) and its total content (Cy, ). Hydrogen desorbed at 200°C (diffu-
sion-mobile) is weakly bound to the crystal lattice and may escape from it for a short time and at room tempera-
ture. At the same time, hydrogen desorbed at higher temperatures (residual) has a higher energy of bonding with
the metal [40, 41].

In [34], it was established that the formation of pyrite on the surface of Armco iron decreases the rate of ca-
thodic and anodic processes in a 0.5% CH3;COOH + 5% NaCl solution. In the presence of troilite, the rate of
cathodic processes increases, whereas the rate of anodic process decreases. In the presence of kanzite, the effi-
ciency of both pyrite and troilite increases, which leads to an increase in the corrosion rate by a factor of ~ 3.5
(Table 1). On the contrary, pyrite decreases the corrosion rate of Armco iron, which reveals the manifestation of
its protective properties. The cathodic processes combine the reduction of oxygen and hydrogen ions. On Arm-
co iron and Fe—FeS,, their rate depends on oxygen depolarization, whereas on Fe—FeS and Fe—FegSg, their rate
depends on hydrogen depolarization. For current densities much higher than i = 10" mA/em?, the rate of ca-
thodic processes is mainly determined by hydrogen depolarization and, hence, in the first approximation, for
i=1mA/cm?, it was assumed that voltammetric dependences characterize mainly the behavior of hydrogen
depolarization. The comparison performed under the outlined conditions of overvoltages of the cathodic reac-
tions that characterize mainly the activation energy of hydrogen depolarization for the volumes of hydrogen re-
leased and absorbed by Armco iron under cathodic polarization did not reveal any direct dependence between
them [34].

In the presence of Fe—FeS, pyrite on the electrode, for the highest cathodic overvoltage, the volume
of released hydrogen is ~ 5.5 times higher than for Armco iron and hydrogenation increases by at most ~ 30%.
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Table 1

Characteristics of Electrode Processes and Hydrogenation of Armco Iron
in a 0.5% CH3;COOH + 5% NaCl Solution

Rates of cathodic and anodic Overvoltages of cathodic | Concentration of Volume of
Electrode processes, mA/ cm? processes M., mV, |absorbed hydrogen | released hydrogen
Cathode Anode for i = 1 mA/cm? CH, . ppm Cy, , mliter
Fe 0.064 0.072 265 1.04 1.58
Fe-FeS, 0.042 0.022 305 131 8.62
Fe—FeS 0.090 0.056 217 1.17 421
Fe—FeoSg 0.152 0.146 157 2.15 11.18

At the same time, in the presence of Fe—FeySg kanzite, the cathodic overvoltage is lowest, the hydrogen reduc-
tion is ~ 7.1 times more intense, and hydrogenation increases by a factor of ~2.1.

This shows that sulfides, depending on their composition, exert different influence on the rates of different
stages of the reaction of hydrogen release and, in particular, the reaction of catalytic recombination of hydrogen
atoms specifying the surface concentration of adsorbed hydrogen atoms and playing the role of prerequisite and
driving force of their absorption. In view of the fact that all investigated sulfides promote, to one or another ex-
tent, the hydrogenation of Armco iron, we can assume that they decelerate the analyzed reaction.

The formation of sulfides on the surfaces of U8 steel [35] decreases the rates of anodic processes but in-
creases the rates of cathodic processes. Iron sulfides, independently of their composition, reduce the overvoltage
of cathodic processes by 10-40% and increase the amount of released hydrogen. Independently of the volume
of hydrogen released under the conditions of cathodic polarization of hydrogen, the presence of troilite promotes
the hydrogenation of pearlite and sorbite to the greatest degree. At the same time, kanzite weakens hydrogena-
tion of troostite and martensite by 30-35%, which demonstrates that the influence of sulfides on these process-
es is ambiguous.

The formation of pyrite and troilite on 45 steel [36] leads to a more pronounced increase in the rate of anod-
ic processes as compared with the rate of cathodic processes as a result of which corrosion occurs under cathodic
control. Kanzite reduces the corrosion rate of 45 steel with sorbite and troostite structure, and it runs under the
anodic control. Under cathodic polarization in chloride—acetate solutions, ferrite—pearlite is hydrogenated to the
highest degree, while the degree of hydrogenation of sorbite is twice lower. Pyrite and troilite promote their hy-
drogenation better than kanzite. Troostite and martensite absorb the lowest amounts of hydrogen, and the influ-
ence of sulfides is, in this case, negligible. The analysis of the action of iron sulfides on the electrode reactions
of hydrogen release and absorption by Armco iron, U8 steel, and 45 steel with different structures show that,
despite the fact that iron sulfides, as a rule, decrease the overvoltage of cathodic reactions and increase the
amount of hydrogen released under cathodic polarization, they do not always promote the hydrogenation of
the analyzed materials. This confirms the fact that iron sulfides mainly affect the reaction of hydrogen release
but its absorption depends on the structure of steels [34—37].

On the basis of the analysis of the action of various iron sulfides on the corrosion rate, hydrogen over-
voltage, and hydrogenation of carbon steels, we supplemented the well-known scheme of the mechanism of in-
fluence of hydrogen sulfide on the absorption of hydrogen by metals by the reactions of formation of sulfides of
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Fig. 1. Generalized scheme of electrode reactions in the process of corrosion of steels in hydrogen-sulfide media. The well-known
scheme is underlined.

different compositions on the surface (Fig. 1). These sulfides affect the rate of recombination of hydrogen at-
oms and, hence, the molization of hydrogen and its absorption by the metals [37].

The scheme generalized according to the available literature data (underlined in Fig. 1) terminates by the
formation of the [Fe(HS)],4s surface catalyst, which promotes the ionization of iron and reduction of hydrogen
ions [9, 19, 42, 43]. It does not take into account the fact that the oxidation of iron in sulfide-containing media
is accompanied by the formation, on the surface, of poorly soluble sulfides whose compositions depend on the
conditions of corrosion. It was proposed to supplement this scheme by the reactions of formation of sulfides of
different compositions, which would affect the rate of hydrogen release and, in particular, the recombination
of its atoms. Thus, the main difference of the proposed scheme is that, as a result of decomposition of the
[Fe(HS)],qs surface catalyst, we observe the formation of unstable mackinawite and its subsequent transfor-
mation into pyrite, troilite, or kanzite, which may differently affect the reaction of hydrogen reduction and,
hence, its absorption by the metals.

The influence of hydrogen sulfide on the corrosion rate and hydrogenation of the steels was considered by
an example of 17G1S-U steel in different media saturated with hydrogen in which kanzite is mainly formed
on the surface as a result of corrosion [44]: NACE solution, distilled water, 5% NaCl, and 0.5% CH3;COOH .
The duration of the tests was 720 h.

The obtained results (Table 2) demonstrate that, in these solutions, hydrogen sulfide causes a significant increase
in the level of hydrogenation of steel, which may become as high as 27.0-32.0 ppm independently of the pH value
and corrosion rate [45]. At the same time, in the absorbed hydrogen, the concentration of diffusion-mobile com-
ponent (Cy,,,) is ~2.2-3.5 times higher than the concentration of the residual component (Cy,, ), which is
characterized by a higher energy of bonding with the metal. In the absence of H,S, the hydrogenation of steel
is ~ 4-7 times weaker and the concentration of diffusion mobile hydrogen constitutes only ~ 30-40% of its total
content.

Thus, hydrogen sulfide not only intensifies the hydrogenation of steel but also causes a substantial increase
in the amount of absorbed diffusion mobile hydrogen as compared with hydrogen with higher energies of bond-
ing with the metal, which may play the role of the main factor of influence on the stress-corrosion fracture re-
sistance of steel.

The influence of hydrogen-sulfide concentration (0-2800 mg/dm3) in a chloride—acetate solution with
pH = 2.7 on the corrosion-electrochemical properties of 17G1S-U steel was investigated in [46]. It was shown
that an increase in the H,S content shifts its electrode potential toward more negative values and leads to an al-
most linear acceleration of corrosion. At the same time, it does not change the character of electrode reactions.
Indeed, the Tafel constants of cathodic reactions are, on the average, equal to 110 mV, whereas the Tafel con-
stants of the anodic reactions constitute 65 mV for ten days. This means that hydrogen depolarization with elec-
tron transfer as the control stage is the main cathodic process in these corrosive media [34].
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Table 2
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Corrosion Rates and Hydrogenation of 17G1S-U Steel in Various Media

Corrosion rate,

Amount of desorbed
hydrogen, ppm

Total amount

Solution pH of absorbed hydrogen,
mm/yr

200°C 800°C ppm
NACE 2.7 1.6-4.8 9.7-20.0 1.0-6.0 11.0-27.0
0.5% CHACOOH + 2.7 1.1-5.0 0.5-2.0 0.5-4.0 0-6.0
59, NaCl + Ar . d-D. < 0.0-2. <0.0-4. —0.
0.5% CH;COOH +
5%NaCl + O, 2.7 2.1-84 <0.5-1.7 <05-24 0-4.1
5%NaCl + H,S 4.0 08-14 6.2-26.5 2.2-10.0 8.4-30.0
H,O + H,S 4.0 03-1.7 5.6-17.5 3.8-7.9 9.4-252
0.5% CH;COOH +
H,S (satur.) 2.7 14-23 8.6-18.9 1.0-13.5 14.0-32.4

Table 3

Corrosion Rates of 17G1S-U Steel in a 5% NaCl + 0.5% CH3;COOH Solution
with Different Concentrations of Hydrogen Sulfide [46]

H,S concentration,

Kass» /(m?-h), T=05h | Ky, g(m>-h), T=150h

mg/ dm? mA/cm? (electrochemical investigations) | (gravimetric investigations)
0 0.040 0416 3915
50 0.047 0.494 0.436
750 0.079 0.830 0.996
1500 0.126 1.321 0912
2800 0.142 1.484 3.834

These electrochemical investigations make it possible to determine the rate of redox processes in the initial

stage of interaction of metals with media. However, in the course of time, sulfides are formed on the surfaces

of steels placed in hydrogen-sulfide solutions. They may affect the course of corrosion and localize it, which

promotes the changes in the actual area of the surface. Under these conditions, the gravimetric methods of in-

vestigation enable us to trace the time dependences more adequately. As a result of conversion of the electro-

chemical index into the mass index, we performed the comparative evaluation [45] of corrosion rates in hydro-

gen-sulfide solutions of different concentration at the beginning and after holding for 150 h in the gravimetric

tests (Table 3). It was shown that, in freely aerated chloride—acetate solutions, the corrosion rate increases with
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Fig. 2. Dependences of the concentration of absorbed hydrogen on the duration of holding of 17G1S-U steel in a 5% NaCl + 0.5%
CH3;COOH solution for different hydrogen-sulfide concentrations (mg/ dm3): (1) 25; (2) 100; (3) 500; (4) 1500.

Fig. 3. Surfaces of the specimens of 17G1S-U steel in a 5% NaCl + 0.5% CH;COOH solution after corrosion tests for different hy-
drogen sulfide concentration (mg/ dm3): (a) 500 (450 h); (b) 1500 (400 h).

time by about two orders of magnitude. For Cy, g =50 mg/drn3 , it changes insignificantly but, for 750; 1500,
2

and 2800 mg/drnS, it increases by 20%, by a factor of ~1.5, and by a factor of 2, respectively. This is an addi-
tional indication of the fact that, in order to choose steels for oil-and-gas extraction equipment, it is necessary to
take into account the actual chemical composition of working media.

The analyses of the development of corrosion in 17G1S-U steel and its hydrogenation in the indicated me-

dia [45, 46] showed that, for CHZS =25 mg/ dm? , the corrosion rate remains practically constant as a function

of time and equal to 0.37-0.54 g/(rn2 -h). This can be explained by the formation of troilite—mackinawite (FeS—
Fe(,,S) mixed dense films with small sizes of crystals.

For Cy,s =100 mg/drn3 , the corrosion rate decreases with time and becomes equal to 0.48 g/(rn2 -h) after

holding for 720 h. For hydrogen-sulfide concentration of 500 and 1500 mg/drnS, it first decreases but then in-
creases up to 1.6-1.8 g/(rn2 -h), and steel absorbs a twice larger amount of hydrogen (Fig. 2) as in the case of low-
er concentrations due to the formation of looser films as a result of elevation of the content of kanzite. For these
hydrogen-sulfide concentrations, hydrogen-induced cracking appears on specimens for 400 h (Fig. 3). Cracks
are located along the direction of rolling of steel. Thus, for these hydrogen-sulfide concentrations in acid media,
17G1S-U steel is susceptible to stress-corrosion fracture.

The outward appearance of the specimens after investigations in hydrogen-sulfide-containing media shows
that only pitting corrosion manifests itself on their surfaces after 400-450 h (Fig. 3). It has the form of chains
directed along the direction of rolling of steel but no transformations into cracks were observed. Thus, local cor-
rosion defects are detected despite certain protective properties of sulfides formed under these conditions.
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Thus, the increase in hydrogen-sulfide concentration in chloride—acetate solutions at the beginning of hold-
ing accelerates the corrosion of 17G1S-U steel almost linearly without changing the character of electrode reac-
tions. In the course of time, the corrosion rate is affected by the nature of sulfides formed on the surface.
Thus, at a concentration of 25-100 mg/dm3, sulfides decrease the corrosion rate by an order of magnitude.
For hydrogen-sulfide concentrations Cy,s 2 500 mg/ dm?®, the corrosion rate is 3-4 times higher, we observe

the formation of porous sulfides, corrosion defects are localized, and steel absorbs almost twice larger amounts
of hydrogen as for lower concentrations, which promotes the development of cracking and corrosion crack-
ing. The tests of steel for corrosion cracking under static loads ¢ =0.8G(, in chloride—acetate solution with

Ch,s = 100 mg/dm3 for 720 h did not lead to the fracture of specimens [45]. This is why we can state

that Cy,s < 100 mg/ dm?® is the critical concentration for the development of hydrogen-sulfide corrosion crack-

ing of steels from this class.

Prospects of the Investigations of Corrosion and Stress-Corrosion Fracture of Steels in
Hydrogen-Sulfide Media

On the basis of the presented results, it can be stated that, for the rational and economically efficient appli-
cations of steels in oil-and-gas extraction equipment, it is necessary to take into account the actual chemical
compositions of the working media and their hydrogen-sulfide content. In the future, the investigations should
be extended by taking into account the content of carbon dioxide in the extracted products. It is necessary to
take into account its influence on the development of corrosion and hydrogenation of steels. The problem of
carbon-dioxide corrosion appeared relatively recently in connection with the development of deep gas-
condensate fields with bottom-hole temperatures exceeding 80°C, pressures higher than 30 MPa, and CO,
contents in gases exceeding 1 vol.%. In the presence of CO, and H,S in media, we observe the formation of

films containing iron carbonates and iron sulfides on the steel surface. The appearance of these films is an im-
portant factor affecting the corrosion rate because they may inhibit corrosion as a result of formation of diffusion
barriers for the components of both the medium and steel. This is why the investigations of corrosion processes
in media with different concentrations of CO, and H,S in combination with hydrogenation of steels and appli-

cation of loads prove to be of high importance. These tests should be carried out in mineralized media under
different partial pressures of corrosive gases at elevated temperatures. This requires the application of autoclave
equipment for investigations guaranteeing the possibility to maintaining partial pressures of gases participating
in corrosion processes at given levels.
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