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CORROSION-MECHANICAL PROPERTIES AND SUSCEPTIBILITY
TO HYDROGENETAION OF PIPE STEEL IN THE PRESENCE
OF CARBON DIOXIDE GAS AND HYDROGEN SULPHIDE IN ENVIRONMENT

M. S. Khoma,' V. I. Pokhmurskii,! M. R. Chuchman,' Kh. B. Vasyliv,'*
V.R. Ivashkiv,1 and N. B. Ratska !

The effect of different concentrations of CO, and H,S in a chloride-acetate solution on corrosion-
mechanical properties of 17G1S-U steel was studied. In a solution saturated with CO,, the corrosion
rate of steel was lower than in the presence of H,S, but increased over time due to the absence of
protective carbonate films on the surface, plasticity parameters were 2—2.7 times lower than in air due to
dimple surface damage. The corrosion rate and hydrogenation of steel was determined primarily by the
hydrogen sulfide concentration in the environment. At a concentration of 100 mg/dm3 , dense films of

the troilite-mackinavite composition were formed, which inhibit corrosion. At higher concentrations,
the corrosion rate increased due to the sulfides transformation and the formation of surface layers with

defects. With an increase in the H,S concentration from 100 mg/dm3 , the strength characteristics of

steel decreased in three times, and plasticity decreased in 3—5 times.

Keywords: pipe steels, carbon dioxide, hydrogen sulfide, corrosion, hydrogenation, mechanical properties,
microstructure.

Introduction

Pipelines today are the cheapest way to transport gas and oil. For the production of pipes, as a rule, low-
alloy low-carbon steels are used, which are prone to degradation due to the presence of carbon dioxide and
hydrogen sulfide in the transported media. Dissolved gases accelerate corrosion and steel hydrogenation, thus
deteriorating its mechanical properties and causing crack initiation [1-5].

Carbon dioxide is an integral component of production gas, gas condensates, as well as attendant gases of
oil. Its concentration in gas can vary from 0.01 to 20%, and in formation water vary from 30 to 50%. Gas was
considered to contain hydrogen sulfide at a partial pressure of hydrogen sulfide of 0.08%, which, as a rule, is

present in deep layers of gas fields. Its content in domestic deposits is 8x107> to 3.1% [6]. As a result of the
dissolution of carbon dioxide in the environment, the concentration of carbonic acid increases and the rate of
corrosion can reach several millimeters per year [7-9].

During the interaction of hydrogen sulfide with steels, sulfides with a complex crystal structure are formed,
most often these are mackinavite (tetragonal Fe,,,S), cubic FeS, and troilite (stoichiometric hexagonal FeS) [10].
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Under such conditions, hydrogen ions are reduced and steel is hydrogenated, which causes specific damage —
hydrogen-induced cracking and delamination of the metal (blistering).
With the simultaneous presence of CO, and H,S in the environment, films containing iron carbonates and

sulfides can be formed on the steel surface [4, 8]. The composition of corrosion products depends on the
competitive ability of iron carbonate and mackinawite [8]. Such films affect the rate of corrosion and
hydrogenation of steel, as they can retard these processes, creating a diffusion barrier for the components of the
environment and steel. Their structure and properties depend on the partial pressures of CO, and H,S, pH of

the environment, solubility of steel components, temperature, etc. The damage character was determined by the
residual stresses applied from outside or inside the pipe, as well as the defectiveness of the steel.
The influence of the ratio of CO, and H,S concentrations in the chloride-acetate solution on the corrosion-

mechanical properties and hydrogenetaion of 17G1S-U steel was studied.

Test Method

Ferritic-pearlitic x 17G1S-U steel (mass%: 0.17 C; 0.47 Si; 1.4 Mn; < 0.3 Cr; 0.3 Ni; < 0.3 Cu, Fe is
balance) was studied in a 5% NaCl + 0.5% CH;COOH (pH 2.7) solution, which is the basis of the NACE

solution which is standard for the study of corrosion and corrosion-mechanical fracture in hydrogen sulfide
environments [11]. The solutions were continuously bubbled with argon, carbon dioxide, or hydrogen sulfide.
The mixtures of argon or carbon dioxide with hydrogen sulfide were also prepared at different ratios of partial
pressures, which were passed through a chloride-acetate solution, maintaining a hydrogen sulfide concentration

of 100 or 500 mg/dm3 1 10%. Tests were carried out at a temperature of 25°C and a total pressure of 0.1 MPa.
The corrosion rate ( K, ) was calculated by the formula K, =(m, —m)/(Sx 1), where m,, m is the weight of

the sample before and after the experiment, respectively, g; S is its area, m?; tis exposure time in a corrosive
environment, 4. The steel corrosion losses for a year were estimated according to the formula K, =1.11K,,.

The electrochemical characteristics of corrosion processes were investigated in the potentio-dynamic mode using
a PI-2MK-10A potentiostat. The reference electrode was a silver chloride electrode of EVL-1M1 type, platinum
electrode was used as the auxiliary electrode. The sweep rate of the potential was 1 mV/s. A LECO DH 603 analyzer
determined the concentration of hydrogen in the samples. The effect of the hydrogen sulfide concentration on the

mechanical properties of steel under tension at a constant rate of 10°%s7" in a 5% NaCl + 0.5% CH;COOH

solution, saturated with carbon dioxide, was studied on the UIP installation for slow tension. The
microstructure, chemical composition, and thickness of corrosion products were measured by an EVO 40XVP
scanning electron microscope with a micro-X-ray spectral analysis system, using an INCA ENERGY 350 energy
dispersive spectrometer.

Results and Discussion

Electrochemical studies proved that the electrode potential of steel was 0.575 V, and the corrosion current
density was 0.091 mA/cm? in a chloride-acetate solution saturated with carbon dioxide. When adding hydrogen
sulfide to the solution, the potential shifts to the cathodic side: at concentrations of 100 and 500 mg/dm’® by
approx. 9 and 55 mV respectively, and in a saturated solution — by 70 mV. At hydrogen sulfide concentration of

100 mg/dm3 the corrosion rate does not change, but at a concentration of 500 mg/dm3 and in a saturated



CORROSION-MECHANICAL PROPERTIES AND SUSCEPTIBILITY TO HYDROGENETAION OF PIPE STEEL
IN THE PRESENCE OF CARBON DIOXIDE GAS AND HYDROGEN SULPHIDE IN ENVIRONMENT 207

solution, it increases slightly — by approx. 6.4 and approx. 20.8% (Fig. 1; Table 1). The Tafel slopes of the
polarization curves in all solutions practically do not differ. Therefore, hydrogen sulfide does not change the
character of corrosion processes. Carbon dioxide in a chloride-acetate solution with a pH of 2.7 accelerates
corrosion more than twice compared to a solution deacidified with argon [12]. Thus, for short-term tests, which
are electrochemical studies the effect of hydrogen sulfide on corrosion in the presence of carbon dioxide was
negligible. During polarization at potentials, more negative than approx. 750 mV, the rate of cathodic reactions
increases due to the direct reduction of hydrogen from the H,S molecule, similar to the case in environments

with argon and different concentrations of hydrogen sulfide.
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Fig. 1. Polarization curves of 17G1S-U steel in a chloride-acetate solution for the concentration of dissolved gases: (I) CO,

(saturated); (2) CO, + 100 rng/drn3 H,S; (3) CO, +500 mg/dm3 H,S; (4) H,S (saturated).

Table 1
Effect of Different Ratios of Hydrogen Sulfide Concentrations and Carbon Dioxide in a 5% NaCl + 0.5%
CH3;COOH Solution on the Electrochemical Properties of 17G1S-U Steel

Ratio of gases concentrations in solution E. . [V] Lo [mA/cm2 }
CO, (saturated) —0.575 0.091
CO, + 100 mg/dm® H,S —0.614 0.091
CO, + 500 mg/dm® H,S —0.630 0.098
H,S (saturated) —0.645 0.110

The corrosion rate of steel in a 5% NaCl + 0.5% CH;COOH + CO, solution without hydrogen sulfide for
720 h is the lowest and equals 0.2 to 0.8 mm/year (Fig. 2a). At hydrogen sulfide concentration of 100 and
500 mg/dm3 , the initial corrosion rate was on average 0.95 and 1.2 mm/year, and in saturated — 2.8 mm/year. During
the first 240 to 300 h of exposure, corrosion slows down, the most — in a saturated solution (almost by 60%). In

environments with 500 and 2800 mg/dm3 H,S corrosion increases again in 2-2.5 times after 720 h of exposure

(Fig. 24). In a solution containing 100 mg/dm’ H,S, corrosion decreases from 0.95 to 0.46 mm/year during 720 h.
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Fig. 2. Influence of hydrogen sulfide concentration on the dependence of 17G1S-U steel corrosion rate on exposure time in a
5% NaCl + 0.5% CH;COOH solution with (a) carbon dioxide and (b) argon: (1) CO, (saturated); (2, 3) CO, + 100 and

500 mg/dm3 H,S; (4) H,S (saturated); 2', 3" are Ar + 100 and 500 mg/dm3 H,S.

In a chloride-acetate solution, containing argon instead of carbon dioxide, the dependence of the corrosion
rate on time was similar (Fig. 2b) and depended on the concentration of hydrogen sulfide.

In a chloride-acetate solution with a pH of 2.7, saturated with carbon dioxide, iron carbonates were not
formed and the corrosion rate increases with time. In the presence of hydrogen sulfide at the initial stage the rate
of general corrosion decreased because of the formation of sulfide films on the surface. At a concentration of
100 mg/dm® H,S, the rate of corrosion was the lowest. Dense sulfide films were formed on the surface, which
inhibit the diffusion of ions. Their structure corresponds to the composition of troilite—makinaivite sulfides
(FeS—Fe,,S) [13, 14]. When the content of H,S was 500 and 2800 mg/dm?, the rate of corrosion of steel
slowed down at the beginning of exposure, but increased after some time (Fig. 2a). This was due to the
transformation of sulfides and the formation of loose FeS troilite films [13] with a cubic structure and three
times greater size of crystallites (Fig. 3).
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Fig. 3. Microstructure of the sulfide film on the surface of 17G1S-U steel.

Thus, the development of corrosion processes in hydrogen sulfide environments were divided into two
periods. During the first, sulphide films, which inhibit corrosion, creating a diffusion barrier for the components
of both the environment and the steel were formed. The initial rate of corrosion increases with increasing
aggressiveness of the corrosive solution. During the second period, after 100 to 300 h, depending on the
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environment, corrosion accelerated, which was caused by the transformation of sulfides and the appearance of
more defective surface layers.
In a solution saturated with carbon dioxide, the concentration of absorbed hydrogen did not exceed 0.8 ppm

(Fig. 4, curve I). At a concentration of 100 mg/dm?> H,S it was 4 to 5 ppm, and with its increase from

500 mg/dm3 to saturation, cathodic reactions became more intense and the concentration reached approx. 7 to 10
and approx. 14 to 18 ppm, respectively (Fig. 4). The increase in the experimental data scattering with an
increase in the concentration of hydrogen sulfide can be explained by the capture of hydrogen by traps (structure
defects) and its secondary redistribution in the volume of the sample.
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Fig. 4. Dependence of the absorbed hydrogen concentration on the exposure time of 17G1S-U steel in a 5% NaCl +0.5% CH;COOH + CO,
solution with different concentrations of hydrogen sulfide: (1) 0; (2) 100; (3) 500; (4) 2800 mg/dm3 .

Similar dependences of hydrogen absorption by steel on hydrogen sulfide concentration were found in the
5% NaCl + 0.5% CH;COOH solution saturated with argon. In particular, the concentration of absorbed

hydrogen in steel after 720 h of exposure to the solution without hydrogen sulfide was 1 ppm, at a concentration
of 100; 500 and 2800 mg/dm3 it was approx. 4; approx. 10 and approx. 20 ppm, respectively [12]. Thus, the

intensity of steel hydrogenation in a chloride-acetate solution depends, first of all, on the concentration of
hydrogen sulfide. Replacing argon with carbon dioxide practically did not affect this process.

After steel exposure to the 5% NaCl + 0.5% CH;COOH solution, saturated with carbon dioxide, argon and
their mixtures with different concentrations of hydrogen sulfide, signs of pitting corrosion were recorded (Fig. 5).

In the solution saturated with carbon dioxide, rounded pittings of a depth of up to 150 um were formed on
the steel surface, in the absence of hydrogenation and mechanical stresses, no cracks were detected (Fig. 5a). In
the solution with 100 mg/dm’ H,S, the surface was less damaged, there were no signs of hydrogen
embrittlement (Fig. 55). With an increase in H,S concentration to 500 mg/dm3 the depth of pittings increase,
the nuclei of cracks appeared at their bottom (Fig. 5¢). Numerous subsurface cracks were formed in the

saturated hydrogen sulfide solution, which was a sign of hydrogen-induced cracking (HIC) of steel (Fig. 5d).
The damage character of steel after exposure to the 5% NaCl + 0.5% CH;COOH solution with argon [13] was

similar (Fig. Se, f). After exposure to the environment with a concentration of 100 mg/dm3 H,S, pitting corrosion

with a depth of up to 80 to 100 um was recorded on the samples surface. At concentrations of 500 mg/dm3 and

above, the depth of pittings increases, cracks appear and poropagate, indicating the HIC.
In the solution saturated with carbon dioxide, the strength characteristics of steel were by 3—5% lower than
in air, and the plasticity parameters were approx. 2—2.7 times lower, which was probably due to pittings presence
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on the surface. With the introduction of 100 and 500 mg/drn3 H,S into the solution, the ultimate strength and

yield strength decrease by approx. 30%, and the elongation and reduction in area decrease in 3—4.5 times. In the
solution saturated with hydrogen sulfide, the strength characteristics decrease by 35 to 45%, and plasticity
decrease in 4.4—4.8 times, compared to saturated carbon dioxide (Table 2). The time to samples fracture
decreases in 2.6—4.3 times with an increase in the concentration of hydrogen sulfide.
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Fig. 5. Microstructure of 17G1S-U steel corrosion damage in the solutions of 5% NaCl + 0.5% CH;COOH with (a—d) carbon dioxide
and (e, f) argon with concentrations of hydrogen sulfide ( mg/dm3 ): (@) 0; (b) 100; (c) 500; (d) 2800; (e) 100; (f) 500.

Table 2
Influence of the Ratio of Hydrogen Sulfide and Carbon Dioxide Concentrations
in the 5% NaCl + 0.5% CH3;COOH Solution on the Mechanical Properties of 17G1S-U Steel

Concentration of Yield Ultimate  Reduction ) Time to
Environment S [mg/ dmﬂ strength strength in area El%nﬁjlt]lon fracture
2 oy [MPa] oy [MPa] v [%] ? 7 [h]
Air - 460 680 46.6 24.8 108.5
59 NaCl + 0 430 650 19.9 16.9 79.1
+0.5% CH;COOH + 100 444 590 4.9 6.7 42.4
+ Ar+
Ar+ H,S 500 345 460 47 6.7 22.1
504 NaCl + 0 449 650 17.4 13.5 74.8
+0.5% CH;COOH + 100 320 472 4.7 45 28.2
+ +
€O, + HyS 500 334 430 3.8 4.2 23.1
5% NaCl + 0.5% CH,COOH +
305 362 3.9 3.8 17.2

+ H,S (saturated)
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In the chloride-acetate solution saturated with argon, the strength parameters of steel were by 5 to 7% lower
than in air, and the plasticity parameters were 1.2 to 2 times lower. With an increase in the concentration of

hydrogen sulfide from 100 mg/dm3 to saturation, the ultimate strength decreased by 10 to 30%, and the relative

elongation decreased in 2.5-4.5 times. The tests duration before the samples fracture was reduced in
1.8-3.5 times (Table 2).

In the same solution saturated with carbon dioxide, the corrosion rate was lower than in the presence of
hydrogen sulfide, but increased with time due to the absence of protective carbonate films on the surface. After
corrosion tests, rounded pittings were formed on the steel surface. Under the simultaneous influence of
mechanical loads and corrosive environment, the plasticity parameters of steel decreased in 2-2.7 times. The
strength parameters decreased by only 3 to 5%, which was probably caused by the low concentration of
absorbed hydrogen.

With the addition of 5% NaCl + 0.5% CH;COOH + CO, hydrogen sulfide to the solution, the character of

corrosion processes did not change during short-term tests. In the long-term tests, the corrosion rate, the
hydrogenation intensity and the mechanical properties of steel were determined by hydrogen sulfide

concentration. The rate of steel corrosion at the initial stage decreased due to the formation of sulfide films on

3

the surface. At a concentration of 100 mg/dm” H,S, the protective effect of dense troilite—mackinavite films

was maintained throughout the entire test time (720 h), and at concentrations of 500 and 2800 mg/dm3 — only

for 200-250 h. Then the protective effect increased in 2—2.5 times due to the transformation of sulfides and the
formation of more defective surface layers. The formation of sulfide phases was accompanied by steel
hydrogenation, which increased from 5 to 18 ppm with an increase in the concentration of hydrogen sulfide from

100 to 2800 mg/dm’.

After corrosion tests in the solution with different concentrations of CO,/H,S, pitting corrosion was
detected on the steel surface. With an increase in the concentration of hydrogen sulfide from 100 to
2800 mg/dm3, the depth of pittings increased, and at a concentration of 500 mg/dm3 cracks appeared and
propagated indicating the HIC.

When there were no mechanical loads the rate of corrosion, hydrogenation and damage of steel was the lowest
in the solution with 100 mg/dm3 of hydrogen sulfide. Steel mechanical properties deteriorated sharply: yield
strength and ultimate strength were reduced by a third, and relative elongation and reduction in area decreased in
3—4.8 times, respectively. At higher concentrations, the mechanical properties deteriorated, but to a lesser extent.

As a result of corrosion and hydrogenation, the defectivity of the steel surface layers increased: pittings

were formed, internal stresses in the crystal lattice increased and cracks initiated. When external mechanical
loads were applied, cracks initiated and developed in the crystal lattice, which could lead to metal fracture [15].

CONCLUSIONS

In the chloride-acetate solution saturated with carbon dioxide (pH 2.7), the corrosion rate of 17G1C-U steel
was lower than in the presence of hydrogen sulfide, but increased with time due to the absence of protective
carbonate films on the surface. The plasticity of steel decreased in 2-2.7 times due to the localization of
corrosion, while the strength decreased insignificantly. ~With the addition of hydrogen sulfide to the
5% NaCl + 0.5% CH;COOH + CO, solution, the character of corrosion processes during short-term tests did

not change. During the long-term tests the rate of corrosion, hydrogenation and mechanical properties of steel
were determined by the concentration of hydrogen sulfide. The corrosion rate of steel at the initial stage of long-
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term research decreased due to the formation of sulfide films on the surface. With an increase in hydrogen
sulfide concentration from 500 to 2800 mg/dm3 and test time increase, corrosion rate increase in 2—2.5 times
due to the transformation of sulfides and the formation of defective surface layers. With an increase in hydrogen
sulfide concentration from 100 to 2800 mg/dm3 steel absorbed from 5 to 18 ppm of hydrogen. After tests in the
solution containing carbon dioxide and hydrogen sulfide, pitting corrosion was observed on its surface. When

the concentration of hydrogen sulfide increased from 100 to 2800 mg/dm3 , the depth of pittings increased, at
500 mg/dm3 cracks initiated and propagated, thus indicating hydrogen-induced cracking. At the hydrogen

concentration from 100 mg/dm3 to saturation, the mechanical properties of steel deteriorated sharply as a result

of hydrogenation: the yield strength and ultimate strength decreased by 30 to 45%, and the relative elongation
and reduction in area decreased in 3—4.8 times.
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