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Abstract: The research was aimed at studying pitting corrosion, which precedes the appearance of
fistulas in steel and cast-iron pipelines in water supply systems and leads to significant expenditures.
The process of fistula formation is accompanied by the formation of tubercles and craters on the
surface of a corroding metal. The study focused on examining the qualitative and quantitative
composition of the solution, which is generated inside the tubercles during their growth. It was found
that, during the operation of water pipelines, the concentration of aggressive chloride ions inside the
tubercles increases significantly compared to the chloride content of the source water. The increase
in chloride concentration leads to an accelerated corrosion rate, potentially causing the formation
of fistulas over time. As a result of the study, a mechanism for changing the mineral composition
of the solution inside the tubercles has been proposed. This is due to the manifestation of selective
properties by a dense layer of tubercles. The study also examined the appearance of crystalline
forms of corrosion products that form after removing pipes from the water supply system. The
study also reveals the conditions of corrosion products emerging. Further studies on the structure
and properties of a dense layer of corrosive sediment could be used to evaluate the effectiveness of
various corrosion inhibitors.

Keywords: scale; pitting corrosion; steady water; steel and cast-iron pipes; tubercles; water distribution
system

1. Introduction

The corrosion of steel pipelines in municipal water supply systems leads to significant
economic losses. In particular, in the Russian Federation, over 1000 km of pipelines are
completely replaced annually after decommissioning due to intensive corrosion. According
to statistics, about 50% of the accidents and incidents in the field of housing and communal
services are related to water supply, in particular to the gusts of water supply networks [1].
Accidents occur either due to a significant excess of the standard service life of pipelines or
due to abnormally rapid corrosion, which develops in most cases unpredictably and has
many causes [2-5]. Fistula on steel pipelines is the most common type of damage (68%).

The corrosion of steel pipes in cold and hot water supply systems has been quite
well studied [3,6-8]. During operation, tubercles, which have a specific structure and
composition, appear on the inner surface of pipelines. The structure of tubercles normally
includes four elements: a loose surface layer; a thin but dense shell layer that creates a rigid
framework of the tubercle; a loose core that includes corrosion products; and a corroding
base [8-12]. Figures 1 and 2 show fragments of pipes with corrosive tubercles: the pipe
with tubercles with a loose core (Figure 1) and the pipe with hollow tubercles (Figure 2). It
was noted that the inner cavity of the tubercle is filled with an acidic solution [6].
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Figure 1. A fragment of steel galvanized pipe with corrosion tubercles.

Figure 2. A fragment of steel pipe (from the fire-fighting water supply system) with corrosion
tubercles [6].

The formation of the surface and shell layers of tubercles is quite well studied, as are
the core structure and composition [8-13]. However, there are almost no studies that reveal
the processes occurring inside the tubercles during their growth or experimentally prove
the transition from ulcerative corrosion to pitting corrosion.

The study of the corrosion mechanism has three directions. The first direction is
related to the effect of an external electric current on samples of various metals. This
method includes electrochemical impedance spectroscopy (EIS). The second direction deals
with the field studies of the corrosion of steel pipes, which are in operation. Finally, the
third direction aims at the corrosion effects on pipelines that are no longer in service after
an accident [14-16].
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Most of the studies within the third direction are based on scale samples that are
released from the environment of their formation. As a rule, it means a relatively long
time from the sample extraction to their examination in the laboratory. This means that the
accident consequences should be urgently localized; however, within this time, the scale
structure undergoes significant changes [17].

Results of the structural and crystallographic composition of corrosive tubercles in
a were presented in the research of Swietlik et al. [18]. These studies revealed the pre-
dominant presence of green rust, wherein iron compounds and various anions reflect
the mineral composition of natural water. A significant amount of the least stable green
rust in chloride form was found in almost all samples of the corrosive scale. During the
experiment, the steady water that surrounds and partially fills the tubercles in the pipes
was investigated. The study showed that drying the samples before analysis significantly
changes the crystallographic phases in the corrosion products.

Table 1 shows the chemical composition of the steady water within the research of
scale samples taken from cast-iron pipes of the water supply system with a diameter of
80-120 mm. The chloride content in the tap water sample was 130.8 mg/L, and the pH was
5.84 [18].

Table 1. The chemical composition of the steady water [18].

Cations Fe?* Mn2* K* Na* Mg?* Ca?*
[mgL~!/meqL™"] 960/32.28 3.5/0.064 3.8/0.097 23/1.0 12.6/1.036 170/8.5

Anions - SO42~ F~ Br~ NO;~ -
[mgL~"/meqL™"] 1808.2/51.007 267.99/5.583 0.47/0.025 8.1/0.101 0.11/0.002 -

The total salinity was 3257.66 mg/L, and the concentration of chlorides in steady
water was 13.8 times higher than the concentration of chlorides in the source tap water.
The sum of the cations is 42.977 meq L1, and the sum of the anions is 56.718 meq L1 The
inequality of the sums of anions and cations indicates that the steady water may contain
other unaccounted cations. According to [19], the pH of the solution inside the pit should
have a more acidic environment; therefore, a pH of 5.84 means that selected samples of
steady water were partially diluted with the tap water. The undefined content of sulfates
in the source water may be an indirect confirmation of the predominant chloride transfer.

In [19], the authors identified and studied two types of water: steady (near the tuber-
cles) and occluded (inside the tubercles). The data on the chemical composition of both
water types are generally consistent with the studies [20]. The authors also found a lower
concentration of nitrates in steady water under stagnant conditions, which is explained by
the reaction of nitrates with dissolved iron and the formation of nitrites and ammonium
ions. The same effect was described in [21].

The above results of the steady water study reveal that the solution located inside the
tubercles has a higher concentration than the water outside the tubercles. However, even
within a short period between the extraction of the pipe and sampling, the concentration
of salts in the steady water will decrease due to the dilution of the remaining water in the
pipe. Therefore, the presence of high-concentration salts in the tubercles requires deep
investigation, although the effect of water salinity on corrosion has been known for a long
time [20,22,23]. The water composition is also important; the content of chlorides, sulfates,
hardness, and alkalinity in the transported water affects the composition of corrosive
deposits and the rate of iron release from the corrosive scale [24].

In the research of Soltis et al. [25] and Galvele et al. [26], the focus was on the sequence
of pitting occurrence on stainless steel: the destruction of passivity, the emergence of pitting,
and the pitting propagation. Two groups of pits are considered: metastable and stable.
The difference between how these types of pits grow is that metastable growth ends with
repassivation, whereas stable pitting continues growing. The development of a stable pit is
determined by its internal chemical composition with a high concentration of salts.
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Within the study of pitting corrosion on stainless steel samples [27], Pistorius and
Burstein established the range of concentration values of the solution inside the pit, which
precedes the growth of stable pitting. Research with stainless steel (type 304) showed that
the concentration of metal cations in solution should be higher than 75-80% saturation of
the chloride salt to prevent repassivation [28]. If the concentration of metal cations is less
than about 75% saturation (i.e., below 3 M), the anolyte is not aggressive enough to support
the rapid dissolution of the alloy, and repassivation is inevitable. The aggressive anolyte,
which is formed in the growing pit, is the result of low pH and high chloride concentrations.

Based on the conducted research, Pistorius and Burstein proposed an equation by
which the concentration of salts of corroding metal in pitting can be determined [27]:

2r )
AC—<3xszxD)xzxa (1)

where AC is the concentration difference of metal cations between the inner surface of the
pit and the bulk solution;

D is the diffusion coefficient of metal cations in solution;

i is the current density at which the pit is dissolving;

a is the pit radius;

F is the Faraday constant;

z is the oxidation state of the cations which are produced by dissolution.

Equation (1) shows that pit growth requires minimal values of multiplying current
density i by depth or radius of pit a. If to apply that AC =3 M; z =2.19; F = 96,485 C/mol;
D=10"9 m2/s, a critical value of i X ais equal to 0.3 A/m. The diffusion analysis determines
a narrow range of i X a values in which the pit is stable. The lower limit requires that AC
should exceed 3 M; the upper limit is determined by the solubility of the metal salt. If
a saturation concentration of iron chloride is equal to 4.2 M, the condition for stable pit
growth is expressed as:

03A - m'<ixa<06A -m! 2)

A high concentration of salts in the pit can be explained by the pit size, which is small
enough to neglect the effect of diffusion and convective transfer from the pit to the bulk
solution. Moreover, the impact of the oxide film (partially preserved during the destruction)
on the perforated coating has not been disclosed. This coating regulates the density of the
corrosive current, providing an additional barrier to diffusivity.

In [29], Pistorius and Burstein clarified the role of the perforated coating, which “serves
as an additional barrier to diffusion and maintains a sufficiently aggressive concentration of
anolyte. Small breaks in this coating as the metastable pitting grows increase the diffusion
rate without diluting the pitting anolyte and support the growth of the pitting. Such rup-
tures may occur due to the effect of the difference in osmotic pressure developing through
the coating”. In [30], Scheiner and Hellmich attempted to model the perforated coating
and its effect on diffusion processes. The importance of coating was also highlighted in
other studies [31,32]. In [33], the authors consider in detail the initial stage of pit nucleation
and propagation. It was concluded that providing metastable pitting propagation requires
a set of conditions to control diffusion: a current and surface roughness (the presence of
occluded sites).

Research [34] is focused on the effect of chloride ions on pitting corrosion. It was
shown that a concentration of chlorides of more than 245 mM in the electrolyte volume is
required to maintain the spread of pitting on austenitic 316-L stainless steel. When chloride
concentrations were below 245 mM, pitting became metastable.

Research [35] showed that the chloride ion creates an intermediate complex with a
passive metal, followed by a sequential dissolution of the passive film and pit nucleation.

Some authors have noted the role of the solid salt film in the formation of pitting
corrosion. The salt film can be formed on the metal surface because of the supersaturation
conditions when the ionic concentration in the pit solution grows due to an increase in the
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pit current density [36]. If a film exists, the rate of pit growth is limited by mass transport,
and the pit has a regular hemispherical shape; if not, pits may have an irregular shape.
Some studies reveal that the salt film helps to stabilize the pit and provide a buffer of ionic
species, for example, in case of a sudden loss of a protective pit cover [37-39]. Additionally,
salt film promotes oxide passivation in solutions that contain perchloric and sulfuric acids
at potentials above the passivation potential [39].

Numerous publications were aimed at factors that affect the corrosion potential and
their importance for the initiation of pitting and overall corrosion [23,40,41]. During
stagnation, the corrosion potential of iron decreases noticeably [40].

Despite the quite comprehensive knowledge about the mechanism of pitting corro-
sion, it should be noted that in the above works, the research was carried out with highly
concentrated solutions. However, these studies did not disclose how these concentra-
tions of salts were created at the metal-solution boundary within the tap water with a
lower salinity. Therefore, the main purpose of current research is to clarify the mecha-
nism of the implementation of suitable conditions for the occurrence and development of
pitting corrosion.

2. Materials and Methods

Dried scale samples from old corroded steel pipes were examined in the current
research. The study was based on the investigation of the effect of electrolyte concentration
on pitting corrosion. It was supposed that a shell-like layer provides an exchange between
internal and external media [9,42], and consequently, the liquid fraction of the scale inside
the tubercles can be extracted by repeated dissolution and analyzed.

The experiment consisted of extracting tubercles from defective pipes and analyzing
soluble scale components of tubercles after the pipelines were taken out of service. At the
same time, the anionic composition was focused on because during drying, iron cations are
oxidized to form insoluble substances deposited in the structure of the tubercles. It allows
for analyzing the processes inside the pipe even if the study was carried out after a long
period from the pipe extraction from the distribution network.

Studies of the structural features of the tubercles were carried out on the pipes after
being in operation. The inner surface of a fragment of an uncoated steel pipe DN 300,
extracted from the water supply system in Moscow, is shown in Figure 3. Corrosion deposits
on the surface of the pipe are solid, dense, and durable, with oval tubercles measuring from
5 x 51010 x 10 mm and with a height of 5-8 mm. The pipe service life was 36 years. The
tubercles were divided into three groups according to the following criteria. Tubercles with
a full set of structural differences were assigned to Group 1: surface layer, shell layer, core,
and base. The second group of tubercules was without a base, and the third group included
the most deformed tubercules removed from the pipe. Figures 3 and 4 show photographs
of the inner surface of the pipe.

The surface of the pipe under the layer of corrosive deposits has traces of entire
ulcerative corrosion and spot damage on the background of flat traces. The depth of spot
damage was from 1.0 to 3.0 mm, and the diameter was from 2 to 5 mm. There are also
traces of extensive corrosion; the thickness of the corroded metal can be estimated from the
remaining sections at 0.5-1.0 mm.

The content of chlorides, calcium, and magnesium was determined by titration with
standard solutions. Iron, sulfates, and nitrates were measured on a Lange 5000 spectropho-
tometer (Hach, Loveland, CO, USA), and pH was measured with a Hanna HI 2215 pH
meter (Hanna Instruments, Woonsocket, RI, USA). Micrographs of the scale were made on
a Quanta FEI 250 electron microscope (FEI Company, Hillsboro, OR, USA) in the mode of
secondary electrons without coating at an accelerating voltage of 10-25 kV.
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Figure 4. Photo of the pipe inner surface after removal of corrosion deposit layer (zoom 2x).

3. Results and Discussion

The experiment was performed in the following sequence. The suspended particles of
the tubercles with the removed pulverized fractions were placed in a measuring cylinder
with a fixed volume of distilled water (V1), and the volume of water displaced by the scale
(V) was immediately measured. Then, a change in the volume of water (V3) absorbed by
tubercles was observed within the next 48 h. According to these data, the density of the
tubercle material was calculated, as was the volume of water (V4 = V, — V3) in the scale
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at the time of extraction from the cylinder. The concentration factor K was determined as
K =V;/Vy. Table 2 shows the values of scale density and the amount of absorbed water.

Table 2. Scale sorption of distilled water.

Volume of Distilled Water [mL]

Concentration Scale Density

1 le M .
Sample Scale Mass [g]  without Scale, With Scale, Vo After 48 h, Vs Absorbed by a Factor, K [g cm—3]
Vi Scale, V4
1 50.4095 150 173 170 3 50 2.52
2 50.2405 150 171 167.5 3.5 42.8 2.87
3 50.2026 150 172 168.5 3.5 42.8 271

During the study, it was assumed that V4 was equal to the volume of the solution that
was in the tubercles before the removal of the pipe. Distilled water, penetrating into the
pores, desorbs well-soluble salts located inside the tubercles and forms a mixed solution
of salts. Thus, after 48 h, the concentration of salts in the cylinder and in the tubercles is
equalized. The relatively low scale density (2.65-2.87 g/cm?®) compared with the density of
iron oxides and hydroxides indicates the presence of pores and voids in the structure of
the tubercles.

The values of ion concentrations in the solution inside the tubercles were determined
by multiplying the concentration of salts in the water sample after desorption and dissolu-
tion of salts from the tubercles by the concentration factor K (Table 3). Desorption of salts
from the tubercles was carried out once.

Table 3. Estimated composition of the solution inside the tubercules.
pH Concentration [meq/L]
Sample e
/ H* Cl- S0,2- NO;3~ Fe?* Mg?* Ca**
1 3.32/1.63 23.93 756 1.0 0.24 5.05 150 550
2 3.73/2.10 7.97 647 0 0.83 3.59 171 471
3 3.28/1.65 22.46 749 0 0.97 591 170 514

Note: * determination of water with desorbed salts in a sample; ** calculated value.

According to the acidity of each sample and the concentration factor, the pH values of
solutions in the pores of the tubercles were calculated at the time when pipeline operation
was stopped. These values were 1.63, 2.10, and 1.65, respectively.

The results in Table 3 confirm that the tubercle within its growth contains a multi-
component salt solution. The total concentration of salts inside the tubercle significantly
exceeds the salt content in the source water in the pipeline. If the chloride content in the
composition of the internal solution was predictable, the high content of magnesium and
calcium was unexpected.

In addition to determining the composition of water, the qualitative composition of
desorbed salts was evaluated. For this purpose, 3 mL of water was evaporated on an
aluminum foil substrate in a drying cabinet at a temperature of 80 °C. The dry sediment
was studied using a Quanta FEI 250 scanning electron microscope and an EDAX (Gatan,
Pleasanton, CA, USA) energy dispersion spectral analyzer (Figure 5).
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EDS Quantitative Results
Element Wt$% At%

CK 3.98 9.71
NK 5.11 10.69
OK 4.34 7.94

NakK 1.02 1.30

Mgk 1.46 1.76

AlK 4.73 5.13

SiK  0.99 1.04
PK 0.64 0.60
SK 0.69 0.63

ClK 55.40 45.80
KK 0.49 0.37

Cak 18.95 13.86

MnK 1.42 0.76

FeK 0.79 0.41

——50m 300x

Figure 5. Spectrogram of the elemental composition (in the area marked by a red cross) of desorbed water.

The data obtained using the electron microscope show that the main components
of the solution are chlorides, nitrates, and calcium. The contribution of each of the other
elements is estimated at 0.3-1.5%. The acidic medium of the solution is determined by the
presence of hydrogen cations.

The analysis of the obtained results, based on the structural features of the tubercles
and theoretical aspects of corrosion, allows for the description of the development of pitting
corrosion inside water pipes. The formation of tubercles goes with the first phase, which
involves fixing the base of the tubercle on the inner surface of the pipe and forming a
dense layer firmly adjacent to the metal. In [43,44], it was observed that the contour of
the tubercle on the metal surface is formed by the water flow in the pipe and fixed after
60-70 days. Anodic and cathodic areas appear on the metal surface; afterward, a loose
layer of iron hydroxides with immobilized water grows on the anode sites. The corrosion
process is controlled by oxygen depolarization. As the oxygen concentration on the metal
surface decreases, the redox environment changes inside the scale layer, which is followed
by the formation of a dense layer and the tubercle [15]. The dense layer at this stage is
relatively permeable to ions and water. The conversion of iron hydroxides into magnetite,
which forms a dense layer, proceeds with the dehydration of hydroxides and leads to the
appearance of free water inside the tubercle. In the absence of oxygen, hydrogen ions act as
the depolarizer. Hydrogen ions are reduced to molecular hydrogen at the cathode sites of
the metal inside the tubercle, forming “chimneys” in the structure of the tubercle [44]. The
medium inside the tubercle is acidified due to the reaction of Fe?* hydrolysis.

The second phase includes an increase in salt concentration inside the tubercle. Ac-
cording to the previous research results [27,28], the pit is stable at a very high solution
concentration of approximately 3 mol/L. Thus, it is necessary to explain how a dense
layer provides not only the transfer of ions and water but also ensures the appearance of a
solution with a high concentration. A well-studied method for obtaining highly concen-
trated solutions under the action of electric current is electrodialysis. As a rule, devices
with “closed” brine chambers with no external water supply can be applied, while the
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concentration occurs due to osmotic and electroosmotic transfer of hydrated ions through
selectively permeable anion-exchange and cation-exchange membranes [44].

Since metal serves as an anode for corrosion, anions are required to neutralize the
charge of iron cations. Therefore, the dense layer should act as an anion-exchange mem-
brane. Based on the studies of the qualitative composition of desorbed salts, it can be stated
that the dense layer has selective properties, preferably passing monovalent chloride ions
(Table 3). Thus, an increase in the concentration of iron cations inside the tubercle (because
of corrosion) is provided by the transfer of an equivalent amount of hydrated chloride ions
(as well as sulfates and nitrates), leading to an increase in the total concentration of the
electrolyte and an increase in its aggressive properties.

From the theory of electrodialysis, it is known that the concentration of fixed ions
in the membrane structure limits the maximum concentration of brine on electrodialysis
devices [45,46]. It was experimentally established that the concentration of the salt solution,
which can be achieved during membrane concentration, grows within the increase of
current density and membrane selectivity. This corresponds to the studies of Pistorius and
Burstein on the dependence between the electrolyte concentration inside the pit and the
current density [27].

It can be assumed that the high concentration of the solution in the tubercle is also
associated with the concentration of fixed charges in the dense layer. Fixed ions are
embedded in the voids of the crystal lattice of a dense layer that occurs during its formation.
At the same time, the high concentration of fixed cations in the dense layer prevents the
access of iron ions into the water flow outside the tubercle. Thus, the total concentration of
electrolyte in the structure of the tubercle can reach high values, as follows from the data in
Table 3.

Obviously, the permeability of a dense layer is developed within its formation during
the transfer of hydrated anions to a soluble anode. At the same time, the pressure inside
the tubercle increases due to the electroosmotic transfer of water, contributing to the dense
layer growth and, in some cases, its destruction.

The anion selectivity of the dense layer can be confirmed based on the comparison
of the quality of the water sample with desorbed salts and the water sample in the water
supply system during pipe operation. For example, in Moscow, chloride content in tap
water is no more than 10% of the total anionic composition, while chloride content in
desorbed salts exceeds 99%. According to the above, the selective properties in a dense
layer can be confirmed by the concentration of chloride ions in the desorbed solution and
the inhibitory effect of individual anions on the potential of pitting formation. Overall,
corrosion rate can be influenced by introducing various inhibitors [29,47,48].

The third phase includes the processes preceding the formation of a fistula. This stage
can be represented as a complex effect on the metal surface of a multitude of pits that
form on a limited metal surface directly under a dense layer of tubercle. At this stage, the
tubercle stops growing and goes into the mode of autocatalytic action. The corrosion inside
the tubercle intensifies as the metal is now in contact with a concentrated solution of FeCl,
instead of tap water. Corrosion is supported mainly by water, which is located directly in
the volume of the tubercle.

At the last stage, the role of hydrolysis of iron chloride with the formation of H*
and OH™ ions should be noted. They inhibit the growth of iron concentration, creating
crystalline forms of Fe(OH),. On the other hand, the reduction of H+ ions to hydrogen
gas at the cathode contributes to sealing the pores of a dense layer due to the large size of
gas bubbles, which exceed the pore size. Thus, the condition for the fistula emerging is an
amount of water within the tubercle core that is sufficient for the oxidation of iron ions,
considering the remaining thickness of metal. In case of a shortage of water, separate pits
and the overall tubercle are repassivated. Therefore, pipes with a thicker wall (cast iron
pipes, for instance) are more resistant to corrosion.

When analyzing damage to the pipe walls caused by fistulas, attention should be paid
to the formation of a conical crater on the inner wall of the pipe, with a pit in the crater
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center. If the high concentration of chlorides causes the formation of a fistula, the presence
of the hollows on the walls of this crater may be expected, eventually reaching the outer
boundary of the pipe wall and forming a fistula. However, the analysis of the crater surface
did not confirm such expectations. That means that in addition to the effects that chlorides
have, other anions also participate in corrosion. This is confirmed by the study [49], which
presents the research on the corrosion of 304 stainless steel in seawater. The results of
experiments and simulations show that C1~ corrodes locally with the formation of narrow
and deep pits, while Br~ has a polishing effect, forming shallow and wide pits.

Figures 1 and 2 reveal photographs of pipes with different tubercle structures. Since
the corrosion in the formed tubercle occurs in an area bound by the contour of the tubercle,
iron accumulates inside the tubercle. At the same time, favorable conditions occur for the
precipitation of iron oxides, which have low solubility. Figure 6 shows the sizes of crystal
structures that can be used to calculate the density of the corrosive current according to
Equation (2).

pressure| HFW | tilt — 30 um; de / es t 10}}1
120 Pa |99.5 ym|0 Quanta 0 Quanta

Figure 6. Forms of scale in steel pipes within fistulas formation under different magnification:
(a) 3000x; (b) 8000x; (c) 7000x; (d) 2400 x.
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Figure 7. Microphotographs of corrosion scales in cold water pipes (a) and hot water pipes (b).

pressure

Figure 6 shows photographs that explain the last stage of the development of pitting
corrosion. The metal under the tubercle collapses and forms crystalline conical structures,
which duplicate the shape of the pitting. This happens due to the lack of water inflow into
the tubercles through a dense layer or a limited amount of water in the pitting structure.

Figure 6 shows the formation of a large number of conical elements. The chaotic
location of separate crystals indicates the mutual movement of crystal structures inside the
core of the tubercle with continued corrosion. If the volume of water is sufficient inside the
tubercle, then the shallow pit can turn into a deep one. Otherwise, the corrosion may stop
completely or be suspended for a while in accordance with external conditions. Crystal
structures fill the inner volume of the tubercle during the entire life of the pipeline; therefore,
the presence of dense tubercles is characteristic of pipes that have been in operation for a
long time.

Additional information about the process of scale formation in pipes can be provided
by the analysis of photographs obtained after the extraction of tubercles. Figure 7 shows
micrographs of corrosion scales removed from an uncoated steel pipe of the cold water
supply system DN 900 mm (a) and a galvanized steel pipe DN 100 from the hot water

supply system (b).

30 pm

Hemispherical scale crystals, which copy the metal surface, are formed with a sig-
nificant oversaturation of the solution. The second condition is the absence of spatial
restrictions confirming the presence of a high concentration of iron salts in the inner volume
of the tubercles (Figure 8).
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Figure 8. Microphotographs of corrosion scale, which forms a dry layer of the metal base of the pipe.

4. Conclusions

The corrosion in water-supplying steel pipes with the formation of fistulas, as a rule,
proceeds in several stages. The results of the study propose a corrosion model that considers
the entire process as a whole. In the first stage, ulcerative corrosion develops, accompanied
by the growth of tubercles covered with a dense layer of corrosion products (magnetite). In
subsequent stages, corrosion develops by a pitting mechanism inside the tubercles. The
emergence of fistulas is preceded by an increase in the concentration of electrolyte inside the
tubercles due to the peculiarities of the structure of the dense layer. Within the formation,
the dense layer acquires the properties of a selective membrane.

An increase in the concentration of electrolyte on the metal surface under a tubercle
intensifies the pitting corrosion, converting unstable pits into stable ones. At the final
stage, the growth of tubercles ceases, and the process becomes autocatalytic. In this case,
the presence of sufficient water within the core of the tubercle provides conditions for
the formation of a fistula. If there is no external water supply, fistulas may form only if
there is sufficient water in the tubercular structure to oxidize the entire iron, considering
the thickness of the remaining metal. In the pits, water is consumed by the hydrolysis of
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iron liberated during corrosion. In cases of water scarcity, individual pits and, generally,
tubercles become repassivated. Consequently, pipes with thicker walls, such as cast iron,
are more resistant to corrosion. It is proposed that the dense layer in the tubercles in carbon
steels and the perforated coating in the structure of the pitting in stainless steels have
identical properties, ensuring the creation of critical conditions for intense corrosion.

The studies carried out to determine the concentration of salts in the structure of
the tubercles after extraction from pipes can be used to better understand the mechanism
of corrosion. At the same time, it is necessary to study not only the structure but also
the properties of the dense layer, which will allow the determination of the directions of
influence on the ongoing corrosion processes.

The results of the research propose a new direction to assess the influence of a dense
layer on the corrosion of steel and cast-iron pipes before the appearance of fistulas. A
possible change in the electrical resistance of the layer when applying various inhibitors is
also presented.
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