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Abstract

This work is aimed at studying the possibility of initiation and growth of local (pit-like)
defects under cathodic polarization, both in neutral and alkaline solutions, as well as the effect
of hydrogen on the local dissolution of tube carbon steel and on the defect formation under
permanent cathodic polarization conditions. A combination of optical and electrochemical
methods of research allowed us to study the kinetics of the initial stages of localized cathodic
dissolution of steel in detail. In fact, the initiation of pit-like defects under cathodic
polarization of carbon steel in the presence of chloride ions in the electrolyte was observed
experimentally. The incubation period of defect formation under various conditions was
determined with high accuracy, and the factors affecting the incubation period of defect
initiation were determined. It has been shown that the dependence of the density of appearing
corrosion defects on the potential passes through a maximum, while the time until the
appearance of the first defect decreases as the potential is shifted towards negative values. It
has also been shown that the dependence of the density of corrosion defects on the time of the
test passes through a maximum, i.e., some of the appearing defects are metastable and stop
functioning after a few dozen hours. It has also been found that the increased rate of hydrogen
penetration into the metal caused by addition of a metal hydrogen absorption promoter
(thiourea) stimulates both the initiation and development of local defects at cathodic
potentials. An increase in thiourea concentration, rate of hydrogen penetration into the metal
and the amount of hydrogen absorbed by steel results in a shortening of the incubation period,
on the one hand, and in an increase in the number of pit-like defects, on the other hand.
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Introduction

Corrosion is the cause of emergency destruction of metal structures, especially
underground and underwater ones, such as water supply systems, gas and oil pipelines,
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underground reservoirs and storage facilities, underwater part of sea and river transport,
etc. [1-4].

The most common method of protecting underground structures from corrosion is
electrochemical cathodic protection (ECP). All transmission pipelines in our country are
protected by ECP as it is regulated by the corresponding normative documents [5, 6].

The long-term use of electrochemical protection has proved its efficiency in the
suppression of uniform corrosion. However, despite the fact that almost all transmission
pipelines are equipped with ECP installations. This is where cases of occurrence and
development of such a dangerous type of corrosion attack as stress corrosion cracking
(SCC) have become more frequent [7, 8].

All reported cases of SCC on underground pipelines in Russia have occurred with the
functioning ECP [9—11]. The effect of ECP on the occurrence and development of SCC is
currently not clear enough, but, in particular, it is supposed that cathodic polarization of
pipe steel may cause pitting-like defects, which are concentrators of annular voltage on the
outer wall of high-pressure pipelines and, consequently, initiators of SCC [12]. The
occurrence of localized corrosion defects was studied, as a rule, at periodic change in the
cathodic potential value, for example, during the cycling of the potential stage [13] or the
overlay of sinusoidal AC with the “protective” ECP potentials [14]. However, at constant
value of cathodic potential formation of pitting-like defects on steel was observed [15].

However, the pattern of localized dissolution of carbon steel with cathodic potentials
has not been studied sufficiently. Nowadays the causes of formation, the kinetics of
corrosion defects and the factors affecting the localized dissolution of steel with cathodic
potentials are unknown.

In this regard, the aim of this work was to study the features of formation and
development of localized pitting-like defects with cathodic polarization at the initial stages,
as well as to identify factors affecting their formation and development.

Experimental

The experimental setup presented in Figure 1 was used for optical and electrochemical
measurements. It consists of a potentiostat, a three-electrode cell, a microscope connected
to a digital video camera and a computer.

Disk electrodes made of carbon steel St 3 with a working area of 0.28 cm? pressed
into the holder made of polyamide PA-6 were used as a working electrode. The surface of
the samples was polished with abrasive paper and diamond paste ASM 0.5/0 micron POM
to obtain a mirror surface with roughness Ra = 0.1 microns..

After that, the samples were washed with ethyl alcohol and distilled water and then
dried in the air for 30 minutes. The potential of the working electrode was measured with
respect to the silver chloride electrode (reference electrode). A platinum plate 0.7x0.6 cm
was used as a counter electrode. The experiments were performed at room temperature. In
this work, all the potentials are given with respect to the silver chloride electrode.
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Figure 1. The work cell: 1 — potentiostat, 2 — working electrode, 3 — solution, 4 — reference
electrode (KCI), 5 — counter electrode (Pt), 6 — microscope with digital video camera.

Corrosion-electrochemical behavior of iron and low-alloy carbon steels in neutral
environment was studied using borate buffer 0.4 M H;BO3;+0.1 M Na,B,0; pH 6.7 as a
background solution, because it is shown in the literature that the change in the
concentration of borate ions does not affect the kinetics of active metal dissolution [16—
18]. Chloride ions (0.1 M NaCl) were added to the background solution, as they can
contribute to formation and development of localized dissolution [18].

The following electrolytes were used in the work: background pH 6.7; background +
0.1 M NaCl pH 6.7.

The thickness of the working solution layer was 1.8 cm above the electrode. The
solution had a natural contact with air. The laboratory reagent grades were used in this
work. All the solutions were prepared with distilled water.

Potentiostatic studies were carried out in the range of potentials from —0.8 to —1.4 V
vs. the silver chloride electrode and in a three-electrode electrochemical cell using an PI-
50-1 potentiostat.

To visualize changes in the metal surface during the experiment, digital image
processing was used. It is usually used to process images of the metal surface during its
corrosion or anodic dissolution [19, 20]. Observation of the processes occurring on the
metal surface was carried out using an optical microscope Carton SPZT50 with 200x
magnification. A magnified image of the surface area of 1.93 mm? was recorded
throughout the experiment using a digital CMOS camera Amoyca AC-300 connected to
the eyepiece via an adapter with 1x magnification. The camera resolution in pixels was
2048x1536. The data from the camera was transferred to a personal computer and
processed in the program ScopePhoto 3.0.
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The images obtained during the experiment allow to extract quantitative information
about the kinetics of defects development, their quantity, as well as to establish the exact
time of the first defect. During the photo processing, the defects the formation and
development of which could be observed during the experiment of 150 hours were taken
into account. Thus, the "lifetime" of defects was in the range of 4<t<150 hours, where
4 hours was the time through which defects were recorded on the surface in all the
solutions (except the background). The filling density of defects p (quantity) was
calculated using the formula (1): p = N/S, where N is the number of defects in the interval
of 4<1<150 hours, S is the visible area of the sample (1.93 mm?).

To obtain kinetic dependencies of the individual defects development, the mean
visible defect area S,, was used, which was calculated using the formula: S,, :Zs/n,

where s is the the area of individual defect observed during the whole experiment, n is the
number of defects recorded in the interval from the first defect formation to the end of the
experiment (150 hours).

X-Ray spectrum analysis and photography of the metal surface in secondary electrons
were carried out using the microanalyzer Camebax SX50, with Si (Li) solid-state detector.

Results and discussion

A study of localized dissolution of carbon steel at cathodic potentials showed that under
these conditions of borate buffer the steel behaves steadily. Thus, the formation of
localized defects was not recorded after addition to the background solution at —1.2 V for
150 hours (Figure 2). However, under the same conditions (E = —1.2 V, test duration — 150
hours), the addition of chloride ions (with concentration 0.1 M) to the background solution
leads to defects on the surface in 5.3 hours (Figure 3a). That’s why the localized
dissolution of steel was studied in the borate buffer with the addition of chloride ions. The
obtained optical images showed the formation of localized defects with the potentials
corresponding to the ECP potentials (Figure 3). Thus, defects were registered at constant
cathodic polarization in the range of potentials —1.2 to —1.4 V (Figures 3a-3c).

In order to make sure that we observe the formation of corrosion defects (not the
result of optical distortion) “exsitu” electron microscopic study and X-ray spectrum
analysis of the sample surface subjected to cathodic polarization were carried out. In
Figure 4a you can see a photograph of the electrode after its addition to the background
electrolyte at a constant potential E = —1.2 V for 150 hours. As you can see, there are
several corrosion defects of the metal surface (marked with numbers 1—-4 in the photo).
X-Ray spectrum analysis carried out in the field of corrosion defects showed that these
defects are formed side by side or in the place of non-metallic impurities, which mainly
consist of iron and silicon carbides and oxides. Thus, Figure 4b shows the spectrum
obtained in the center of defect 4 in Figure 4a.
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Figure 2. Photograph of sample under a constant cathode potential E = —1200 mV, pH 6.7,
after 150 min of testing.
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Figure 3. Photographs of samples with constant cathodic polarization, in a background
solution + 0.1 M NaCl, pH 6.7:a — E=-1200 mV; b — E=-1300 mV; ¢ — E = —1400 mV.

It is obvious that the defects formed at cathodic polarization of metal are not pitting in
the classical sense [22], that means the defects caused by the breakdown of the passive
barrier film, so we call them pitting-like defects.

Consequently, the process of formation of a pitting-like defect during cathodic
polarization (cathodic localized corrosion) should depend on the rates of both cathodic
hydrogen extracting and anodic dissolution of the metal, so it is impossible to predict the
dependence of the cathodic localized corrosion characteristics on the potential.

In Figure 5 you can see the influence of the cathodic potential value on the number of
defects on the steel surface in the background solution during 50 hours. With less negative
potentials (E = —0.8 to —0.9 V), the formation of pitting-like defects are also observed. In
this range of potentials the formation of defects occurs against the background of uniform
dissolution of steel, as with the potential of free steel corrosion in 0.1 M NaCl solution
(—0.51 V) [23]. However, with cathodic potentials, the number of defects formed per unit
surface area (defect density) is much less. When the potential shifts towards the negative
direction, the density of defects increases and then decreases. The maximum number of
defects is formed with E=-1.2 V.
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Counts

Figure 4. EDX of Steel 3 at E = —1200 mV in the background electrolyte: a — a photograph of
the visible area in “in situ” measurements; b — elemental composition of surface layer at point 4.

As for kinetics of the individual defects development, during the first few dozens of
hours (90 hours) an increase in the visible size of the defects, and then their decrease were
observed (Figure 5). If E = —-1.2 and —1.3 V, the rapid growth of the defect occurs within
the first hour, as well as it was observed with the free corrosion potential [23], then their
average size stabilizes and begins to decrease (Figure 6, curves 1 and 2). If E= -1.4 V, the
average defect size increases for about 90 hours, and then it begins to decrease rapidly
(Figure 6, curve 3).



Int. J. Corros. Scale Inhib., 2018, 7, no. 4, 683—-696 690

(38}

p. pes'mm-2
4
2

-700 -900 -1100 -1300 -1500

E,mV (SCE)
Figure 5. The dependence of p on E, time = 50 hours.
16
—~—-1200
——-1300

-1400
z
o 8
—
! y
o)
E:

0 »
0 40 80 120 160
t, hours

Figure 6. The dependence of the average area of defects on time in the background solution +
0.1 M NaCl, pH 6.7, at different constant potentials.

It is suggested that the decrease in the mean defect size over time may be connected to
the fact that the resulting localized defects are metastable. The confirmation of
metastability is a decrease in the number of “working” defects while the experiment

duration increases (Figure 7). During the first 90 hours of the experiment, the number of
defects does not change, but then their number decreases.
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Figure 7. The number of defects as a function of time in the background solution + 0.1 M
NaCl, pH 6.7, E = —1200 mV.

As for the time before the formation of the first defect, the incubation period is
considerably longer with less negative potentials (E= —0.8 to —0.9 V) than with negative
potentials (see Table 1). According to the literature data, the decrease in the incubation
period of defect formation when the potential shifts towards the cathodic area may be
connected to the hydrogen absorption of metals [24—-26].

Table 1. The incubation period of the appearance of defects (IP) in a solution of borate buffer, pH 6.7,
with the addition of 0.1 M NaCl at different potentials.

E,V -0.8 -0.9 -1.0 -1.1 -1.2

IP, h 23.7 24.0 5.3 4.9 9.95

As it was suggested, hydrogen added to the metal should influence the formation of
localized defects, so the penetration of electrolytic hydrogen into the steel was investigated
and the rate of hydrogen penetration was determined in the conditions of our experiment.
In Figure 8 you can see the dependence of the rate of hydrogen penetration into the metal
on the potential value. You can see that with the potentials —0.8 and —0.9 V, the hydrogen
penetration rate is approximately 2.7-10°° A/cm? (curve 1). When the potentials are shifted
towards the cathode area, the rate of hydrogen penetration into the metal increases, but
slightly (curve 2). To increase the rate of hydrogen penetration into the metal, the hydrogen
absorption promoter — thiourea — was used. As it can be seen in Figure 9, the addition of
10°M thiourea to the solution (curve 3) significantly increases the penetration of
hydrogen into the metal. Increase in the thiourea concentration to 10 M leads to an
increase in the rate of hydrogen penetration by 12 times (curve 4). Thus, the process of
formation of defects on the metal surface with an increase in the concentration of thiourea
in the solution is more intensive (Figure 9).
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Figure 8. The dependence of the current density of hydrogen penetration on the value of the
electrode potential at pH 6.7: curve 1 — the background; curve 2 — the background + 0.1 M
NaCl; curve 3 — the background + 0.1 M NaCl + 10~ M thiourea; curve 4 — the background +
0.1 M NaCl + 10 * M thiourea.

Figure 9. Photographs of samples at a constant potential E = —1200 mV, pH 6.7: background
solution + 0.1 M NaCl + 102 M thiourea.
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Figure 10. Kinetics of the development of defects with time at E = —1200 mV in background

solution + 0.1 M NaCl + thiourea pH 6.7 depending on the thiourea concentration: 1 — 10> M
thiourea; 2 — 102 M thiourea.

In Table 2 there are the rates of hydrogen penetration into steel with E = -1.2 V in the
studied solutions. As it can be seen, the increase in the rate of metal hydrogenation leads to
a significant increase in the density of corrosion defects and to a decrease in the duration of
the incubation period of their formation. In addition, with an increase in the concentration
of the hydrogenation promoter, a faster increase in the area of a single defect is observed
(Figure 10); over time, this process slows down, but does not stop completely, as it

happened in the background solution with this potential (Figure 6).

Table 2. The rate of penetration of hydrogen into steel (i), the density of filling the metal surface with
defects (p) and the duration of the incubation period (IP) in solutions of different composition at constant

E=-12V.
Composition of solution ip, A/cm’ p, defects/mm? IP, h
Background 8.5:10° - >150
Background + 0.1 M NaCl 4.7-107° 2.5 5.3

Background + 0.1 M NaCl +

105
102 M CH.N,S 7.9-10 20 3.7

Thus, the obtained data confirm that metal hydrogenation contributes to the formation

and development of cathodic localized corrosion.
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Conclusions

The formation of pitting-like defects during cathodic polarization of carbon steel in
the presence of chloride ions in the electrolyte was experimentally recorded. It is shown
that the dependence of the density of emerging corrosive defects on the potential passes
through the maximum, and the time before the formation of the first defect decreases with
a negative shift of potential.

It is shown that the dependence of the corrosion defect density on the test time passes
through the maximum, what means that some of the arising defects are metastable and
cease to function in a few dozens of hours of the experiment.

It is found that the increased rate of hydrogen penetration into the metal caused by the
addition of a metal hydrogenation promoter stimulates both the formation and development
of a localized defect with cathodic potentials.

The work was financially supported by the Russian Foundation for Basic Research
(grants No. 16-08-00445, 17-03-00232).
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