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Abstract: The review presents brief theoretical foundations of the mechanochemical and
chemomechanical surface effects (MCE and CME) associated with corrosion-mechanical destruction
of metals, considers the results of various scientific publications that studied the mechanochemical
behavior of steels in near-neutral pH media, and analyzes the application of the results of such
studies with the purpose of their practical use in the stress corrosion cracking (SCC) prevention. The
article attempts to summarize the results of modern experimental studies and numerical modeling of
mechanochemical and chemomechanical processes occurring on the surface of pipe steels and at the
tip of the crack under the simultaneous effects of stresses/strains and corrosion media. The influence
of these processes on the mechanism and kinetics of corrosion cracking of pipe steels in near-neutral
aqueous solutions is discussed. The criteria for the quantitative assessment of the influence of MCE
and CME on the SCC of pipeline steels are considered. The analysis of research methods for the
study of MCE and CME, was carried out with the aim of further developing a unified
methodological approach to assessment and quantification in predicting SCC in neutral media.
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1. Introduction

Stress corrosion cracking of pipeline steels is one of the most important problems in countries
that have an extensive system of high-pressure buried gas pipelines. Cases of SCC of pipeline steels
were reported in USA, Australia, Canada, Russia, Iran and a number of other countries [1-12].
Analysis of the literature data showed that failures of the SCC occur in gas pipelines operating in
different continents and in climatic regions, built of pipes of different diameters, and, according to
the standards of different countries, pipe steels had significantly different chemical composition and
mechanical properties; the only constant condition for the development of this process was the access
of the aqueous medium to the surface of the metal of the pipes due to disbondment of the tape
coating [1,2,5,6,9,12,13].

Depending on the composition of the electrolyte under the coating, two main types of SCC of
pipeline steels are distinguished: intergranular cracking in concentrated carbonate electrolytes with
high pH (8-10) and transgranular cracking in dilute electrolytes with near-neutral pH (5.5-7.5). The
qualitative characteristics of the main types of SCC are presented in a large number of original works
and reviews [1,4-6,8,13,14].

To date, it has become apparent that it is impossible to apply the equations (or criteria) of
electrochemistry and fracture mechanics separately to describe the kinetics of the SCC pipeline steels,
since the process occurs under the simultaneous action of electrochemical and mechanical factors.
Secondly, the mathematical (quantitative) description of the SCC models of pipeline steels is
possible based on the results of experimental modelling of various stages, but the disadvantage is that
the obtained empirical coefficients and dependencies cannot be used for a wide range of pipes laid in
soils with different component composition.

It seems that a more realistic approach today is to divide of SCC pipeline steels into separate
significant phenomena and study these phenomena separately with using of the results to improve the
accuracy of the predictive SCC models of pipeline steels [15,16]. This approach allows us to
describe the SCC process, but quantifying requires a more detailed study of individual effects. This
will improve the accuracy of predictive SCC models of pipeline steels.

The fundamental relationships, including thermodynamics and kinetics of interactions between
the chemical reactivity of a solid surface and the stress state of the surface layers, are described in [17]
and further in monographs [18-21]. The acceleration of chemical reactions by mechanical action
(mechanochemical effect-MCE) and the increase in near-surface plasticity caused by chemical
reactions (chemomechanical effect-CME) simultaneously open up new possibilities for controlling a
wide range of processes from corrosion protection to design new materials. In our opinion, such
significant phenomena as mechanochemical and chemomechanical effects, which develop at the tip
of stress-corrosion cracks with a synergistic interaction between them, should be more deeply
investigated to prevent the failure of main gas pipelines. In the following subsections of the review,
the authors will try to critically consider the use of mechanochemical methods for studying corrosion
under the stress of main gas pipelines and predicting their durability in near-neutral groundwater.

2. Theoretical background and experimental verifications of MCE and CME

The term “mechanochemistry” was introduced by Wilhelm Ostwald [22] at the beginning of the
XX century. The effect of mechanical deformation of a solid on the course of chemical reactions is

AIMS Materials Science Volume 6, Issue 6, 1065-1085.



1067

one of the oldest empirical observable facts, e.g., in procuring fire. Although some separate
manifestations of heterogeneous mechanical actions on chemical reactions have been studied for
many years, it was only in recent decades the mechanochemistry of solids began to develop as an
independent science [19,23-28]. In a number of papers [29-32], the MCE is designated as M-E
effect (mechano-electrochemical effect), but since the authors used the analytical dependences of the
effect derived in [17-19], we will use its former name in this article. The chemomechanical
effect [17-21] is the change in the physico-mechanical properties of a metal under the influence of
chemical (electrochemical) reactions on its surface. In the literature, this effect is paid less attention
than the opposite effect-the influence of mechanical effects on the course of chemical
transformations in materials (MCE), which is due to the wide area of its practical applications. At the
same time, both CME and MCE can be regarded as interrelated. The main cause of the
chemomechanical effect is an increase in the flow of dislocations in the surface metal layer under
conditions of chemical reactions on the surface, which causes plasticization and additional
deformation of the dissolving metal. An additional flow of dislocations is formed as a result of the
rapid saturation of the surface layer of the metal with dislocations to the maximum possible
“dynamic” density with the subsequent removal of this layer due to chemical dissolution [19].

An ideal ordered surface of a crystalline solid does not occur in reality. Each real surface always
contains a certain number of structural defects. Steps between adjacent crystal planes constitute one
of the most common structural surface defects. Zero-dimensional or point defects include adatoms,
vacancies, and dislocation emergence points on the terrace; kinks, step adatoms, as well as step
vacancies at steps. One-dimensional or line defects involve step edges and domain boundaries [33].
At the surface, the main kinetically stable defects are points of dislocation emergence, meanwhile in
the crystal bulk the dislocations are line defects. At the point of dislocation emergence, the ordering
of the surface atoms is disrupted. The emergence of a screw dislocation creates a step, which is tied
at one end to the dislocation emergence point. There may be other sources of steps on the surface,
which overwhelm the effect of dislocations, such crystal edges, point defects, particularly impurities,
as well as unassisted nucleation of steps in the unstrained regions between the dislocations [33].

Up-to-date concepts of the dissolution of a crystalline solid (e.g., anodic dissolution mechanism
of metals) are based on the idea of the initial formation of monatomic pits (bidimensional dissolution
nucleus) and sequential etching of atomic layers along the crystallographic plane by shifting the
monatomic step with successive repeating of the layer dissolution process. The surfaces of
monatomic steps may also serve as sources of new dislocations [19]. Therefore we can conclude that
the appearance of an additional flux of dislocations due to the dissolution of surface atoms by the
anodic current (CME) is caused by heterogeneous nucleation and the action of new surface sources
of dislocation with formation of monatomic steps [19,34]. The saturation of dissolving layer with
dislocations is possible because of the very high (almost sonic) velocity of dislocation multiplication
as compared to solid dissolution, which take a few second to etch one monatomic layer. Thus,
favourable conditions are created for multiple slip dislocations and, consequently, for relaxation of
microstresses and a decrease in the hardness of the surface layer [19].

In accordance to the mechanochemical theory, a stressed solid (working electrode) dissolving in
an electrolyte changes its equilibrium electrode potential due to the mechanical stress. The decrease
in the equilibrium electrode potential Agy, corresponds to an increase in mechanochemical activity
and a decrease in corrosion resistance of a solid. The value Agy for a solid system of positive ions
due to the presence of the mechanical action of positive or negative elastic stresses (their
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absolute value AP > 0) and plastic deformations of a solid can be found from Eqs 1 and 2,
respectively [19]:

APV,

Ap, = — (1
nATR
Apo = — @kNyzF (2)

where V,—molar volume; z—charge-transfer valence; F—Faraday constant; »—number of planar
dislocations in a pile-up; =—resolved shear stress; R—universal gas constant; @ —coefficient,
describing mobile dislocation density (109-1011 c¢m?); k—Boltzmann’s constant and N,—
maximum possible dislocation density considered as one mole of dislocations.

The anodic current increase Ai, can be expressed by the Eqs 3 and 4 [19]:

. . A
Big = iglexp () = 1] 3)
where i, is the anodic current density before plastic deformation at the same anodic potential.

In the dynamic regime of plastic flow, the magnitude of MCE depends on the deformation rate
¢ defining hardening magnitude:

Ai, = ia(fo ~ 1) (4)

where {0 is the anodic current density for the strain rate &, T is the temperature.

As experimental verification of MCE, it was investigated the effect of plastic strain on kinetics
of cathodic and anodic processes on wire specimens of low-carbon steel [17-19]. As can be seen
from Figure 1 [19], the increase in anodic increment A4i, before the onset of easy glide is proportional
to the growth of strain hardening A7 in the stress range between the elastic limit and the beginning of
easy glide. Summing up the theoretical analysis of the effect of plastic deformation on MCE, we
should point out three stage of strain hardening curve. In the stage [—new dislocations appear at
easy glide without planar pile-ups formation. MCE does not increase essentially and may even
decrease due to relaxation of existing pile-ups. Besides, a small mechanochemical activity at initial
stage of plastic deformation is due to the pinning of the motion of the originally existed dislocations
by Cottrell atmospheres-atoms of carbon or nitrogen [35]. Stage II is characterized by intense strain
hardening at the stress increase, and planar pile-ups appear leading to sharp increase in MCE in
accordance with Eq 2. Dislocation glides and cross slips lead to their uneven distribution, resulting
into numerous dislocation tangle and pile-up groups that collectively contribute to the strain-
hardening of the polycrystalline metal [36]. Stage IIl as a final stage of dynamic recovery is
characterized by planar pile-ups destroying, cell walls (sub-boundary) are formed leading to the
sharp decrease in n values (Eq 2), strain hardening is weakened, and MCE significantly decreases.
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Figure 1. The effect of strain and strain rate € on anodic current density i, for low-carbon
wire steel in 3.5 M H,SO4 (Reprinted with permission from Ref. [19]).

To study the chemomechanical effect on the metal surface, various electrochemical, physical
and mechanical methods were used, such as measuring nano- and micro-hardness under conditions
of anodic polarization [19,37-39]. Experiments conducted on iron single crystals and steels
confirmed the presence of the chemomechanical effect in microhardness tests [19]. A linear
dependence of the hardness loss on the logarithm of the current density in all ranges of passive
potentials is established for 304-type stainless steel in a solution of 3.5M H,SO,. Recently, this effect
was also confirmed for carbon and silicon steels, where the change in steel hardness was associated
with a depth of the surface layer of 1025 pum [38]. The relative microhardness of AISI 1070 steel
derived as the square ratio of penetration depth of an indenter in air and in 0.6M NaCl solution
(Aha,-r/Ahsol)2 show the minimum (noticeable CME) at near-neutral pH values. Explaining this finding
requires further study. The reduction of the nano-hardness under anodic polarization comparing to air
was confirmed also for pure iron [37] and for Cr—Ni 800 alloy [39]. The locally increased ductility of
metals due to anodic dissolution (CME) causes a creep rate jump compared to that in air, e.g., for
copper in acetic acid [40], 316L stainless steel in MgClI [41], Mg and Mg—Al alloys in the buffer and
NaCl solutions [42—43]. Additionally, elongation of a high-strength Cr—Ni—V alloy with anodic
polarization in 0.5 M H,SOy sulfuric acid is approximately 40% more than that obtained in air [21].

The role of MCE in SCC of metals has been undoubtedly established, e.g., by Hoar for stainless
steels where it was found that “yield-assisted anodic dissolution of 18-8 chromium-nickel steel is
clearly a conjoint mechano-chemical phenomenon, not the result of consecutive action of separate
mechanical and chemical processes” [44]. Additionally, it was found [45-46] that the effect of
yielding (plastic deformation) on the rate of the anodic dissolution of metals (Fe, Mo, Ni, and Cu) in
acid solutions is much more pronounced than that of the elastic deformation. It can be assumed that
MCE plays a very important role not only in accelerating the rate of anodic dissolution and

AIMS Materials Science Volume 6, Issue 6, 1065-1085.



1070

nucleation of cracks from corrosion pits, but also in increasing the propagation velocity of cracks in
such a complex multi-stage process as SCC. To explain the SCC phenomenon scientifically, many
different mechanisms or models have been proposed. So far, numerous researchers, such as Scully [47],
Ford and Andresen [48], Parkins [4,49], Saito & Kuniya [50], have associated corrosion cracking
with film formation and destruction at the tip of growing crack, i.e., with active-to-passive transitions.

As stated by Saito & Kuniya [50], they present “a predictive methodology for SCC crack
growth using a mechanochemical model based on slip formation/dissolution mechanism”. However,
this is actually not a mechanochemical model, and it is based only on the Ford—Andresen (FA) film
rupture-dissolution model [48], which was supplemented by the known parameters of plastic
deformation at the crack tip. With this limited approach, anodic dissolution at the crack tip was taken
into account only for the bare surface generated as a result of the formation of active planes due to
plastic deformation. In the equations presented by the authors, the crack growth rate is related to the
average current density of the anodic dissolution, which is defined as a function of time for the
formation of the slip step. This time depends on dislocation velocities, and the latter depend on the
effective stress or stress intensity factor. Thus, the authors manifested that they arrived at ‘the
theoretical equation of SCC crack growth rate derived on the mechanochemical model’ for the crack
strain rate as a function of the stress intensity factor. However, these equations show that the anodic
dissolution rate here depends on the stress only through the dependence of the number of active
planes on the stress, i.e., the authors took into account only a quantity of active sites as a function of
stress during plastic slip (a purely mechanistic approach), but not the dependence of the “quality” of
such planes on the stress that can be a true mechanochemical approach, which, first of all, should be
based on the dependence of the chemical potential of the metal on the stress, as proposed in [19].

Besides, after the criticism of Gutman [51], the Ford—Andresen film rupture-dissolution model
was again examined by Hall [52], and it was “concluded that the FA model cannot be considered
either phenomenologically or fundamentally supported”. Therefore, selective dissolution of metal in
the crack tip required for its growth may be cause by other reasons, which are not necessarily
connected with competing processes of passive film rupture and recovering [51]. In this paper, we
consider other possible processes that affect the dissolution of steel under stress (MCE) or
mechanical behavior as a result of chemical/electrochemical interactions (CME) in a near-neutral pH
aqueous medium, and, accordingly, the development of individual stages of SCC.

3. Mechanochemical and chemomechanical effects during SSC of pipe steels in pH-neutral
aqueous media, taking into account the sequence of the process stages

It is generally recognized that the stress corrosion cracking of pipe steels is a multi-stage process,
which includes at least four main stages: the incubation period, the initiation of cracks, the stable
development of cracks to a critical size, and the accelerated accidental destruction [1,4,8,11,15,16, 53—
57]. Let us consider the successive stages of the formation and propagation of the cracks from the
point of view of the possible manifestation of the effects MCE and CME, using as an example the
well-known scheme of the time-dependent crack velocity [1,4,8,49,54] (Figure 2), which are
described in more detail in [15].
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Figure 2. Schematic illustration of the effect of time upon SCC velocity (Reprinted with
permission from Ref. [49]).

At stage 0 (the incubation period), metal dissolution, enhanced by stress and plastic deformation,
occurs in NNpH solutions with the formation and growth of corrosive pits and “pitting-like” damage,
formed near structural inhomogeneities (non-metallic inclusions, pearlitic colonies, slip bands, etc.)
and near mechanical damage (scratches, dents or tears), which are stress concentrators on the surface
of steel [8,11,55-60]. The key word here is “stress”, since the minimum of mechanochemical activity
corresponds to zero stress. For example, for the samples of mechanically and electrochemically
polished pure cobalt, the cathodic polarization curves in an acid electrolyte practically coincided.
However, the anodic current densities at the same potential differed several times (up to 10) [61]. At
close values of the degree of roughness, easier anodic dissolution is associated with residual stresses
obtained by mechanical polishing. Increased corrosion of the metal caused by the simultaneous
effects of stresses/deformations and the environment can be explained from the standpoint of the
mechanochemical concept discussed above. Recently, some expressions of mechanochemistry, in
particular, for the change of equilibrium electrode potential A¢y (Eqs 1 and 2) and anodic current
density 4i, (Eq 3) of elastically and plastically stressed metals, were taken into account in study of
stress corrosion of pipeline steels in near-neutral pH solutions [29-32,59,60,62—-64].

The effect of mechanical factors on parameters electrochemical reactions (MCE) appears, e.g.,
in the change in an open circuit potential (OCP) of pipe steels during the slow strain rate test in
a 0.5M Na,COs;—1M NaHCO; solution [65] and in the NS4 (pH 6.8) anaerobic solution [62]. It was
established that for X80 steel in a carbonate-bicarbonate solution open to air at the chosen strain rate
(1 x 107° s™"), OCP monotonically shifts in a positive direction at increasing strain from 0 to 0.070
due to the continuous formation of a passive film without its destruction even in the field of plastic
deformation [60]. As contrary to this fact, in the NS4 anaerobic solution using the same strain rate
and strain range, X70 steel shows the OCP shift to the negative direction with increasing strain. The
effect of plastic deformation on the electrochemical parameters is attributed to three main aspects of
MCE: an increase in the electrochemical thermodynamic activity of steel, a change in the density and
distribution of dislocations, and an increase in surface roughness [59]. Similarly to [66,67], authors
call the process of localized surface plasticity due to anodic dissolution which could increase the
mobility of dislocations (CME) as “corrosion-facilitated plasticity” [60]. In this example, the close
relationship between mechanochemical and chemomechanical effects is clearly manifested. Plastic
deformation due to MCE causes a change in the electrochemical parameters (shift of an open circuit
potential), contribute to the absorption and permeation of atomic hydrogen into steel, as well as
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anodic dissolution, especially, in localized active centers, which serve as nucleation sites for cracks [68];
in turn, under certain conditions (low atomic hydrogen concentration, etc.), hydrogen can cause the
hydrogen-induced plasticity (CME).

The effect of very small initial plastic deformation of X80 steel ranged from 0.001 to 0.008 (the
yielding plateau) on corrosion behavior in 0.62 M NaCl was investigated in a four-point-loading
apparatus in which the exact strain values were obtained using the adjustable bolt and measured by
strain gauges [60]. Excluding a very narrow range of the strain (0.0055 £+ 0.0010), the negligible
values of i, were found which practically did not differ from that for unloaded samples. However,
at strain closed to 0.0055, a six-fold increase in i, was observed. Such a jump in i, was explained
by an avalanche increase in the number of dislocations (multiplication), which gradually turn into
pile-ups of dislocations. Taking into account (Eq 2), the authors explain such a jump in i, by a
significant increase in the number of dislocations n and resolved stress Az, although the yield
plateau is characterized by a constant value of Az [60]. Similar dependencies were obtained for the
same steel in an in-situ tensile test combined with a potentiodynamic polarization test under the
given potential (OCP + 100 mV) in a sulfate-reducing bacterial solution with pH = 7.1 [64]. At the
beginning of the yielding plateau, a huge jump in 4i, was detected from 0.18 to 10 pA due to
destroying the dislocation pinning and their multiplication (a jump in n, see Eq 2). The further slight
decrease of the anodic current density, as explain the author, is due to a decrease in the generation
velocity of the Liiders bands (localized bands of plastic deformation in metals experiencing tensile
stresses) [64]. The same phenomena have been observed in literature [19,31].

Mechanochemical behavior of X100 pipeline steel under uniaxial elastic stress in a near-neutral
pH solution was estimated [30]. Take the relevant parameters and the maximum uniaxial stress
of 600 MPa (c/Gyicq = 0.75) into Eq 1, it was calculated that the theoretical change of equilibrium
electrode potential is Agy = 7.4 mV. The experiment showed that A@ was significantly less than Agy.
This is due to the significant electrochemical heterogeneity of the surface (places with predominant
anodic or cathodic reactions), as a result of which the only average value of the electrode potential
(OCP) is measured, while the Eq 1 refers to the local potential of the electrode, which varies much
more significantly.

Additionally, when there is a local plastic deformation, the local corrosion activity is increased
remarkably. With static elastic stress, which is well below the yield strength, local plastic
deformation is possible, e.g., if there are some metallurgical defects, pits, etc. [19,31,63]. For
example, when the solution contains an aggressive chlorine ion CI", macroelastic deformation which
is applied to bainitic and ferritic low carbon steels using both “soft” and “hard” loads (constant load
and SSRT), respectively, causes stress accelerated corrosion due to MCE with pits formation [63].
When the critical stress exceeds 0.5 and 0.7 oyiqq for ferritic and bainitic steels, respectively, the
applied mechanical energy will cause microplastic deformation of the macroelastic deformed steel,
which generates at grain boundaries and then extends into the grains. Due to the stress concentration
in the pits caused by chloride ion, the potential change A under loading from 0 to 0.5 Gyicla Was
calculated to be 16.4 mV (Eq 1), which is smaller than the experimental value 33.8 mV. A large
number of local plastic flows generated at grain boundaries due to enhanced dislocation motion are
the reason which causes the break point in MCE [63]. In turn, additional anodic dissolution in
regions of pits and grain boundaries is connected with local plastic deformation, and demonstrates
manifestation of CME. However, the authors do not explain the reason why, at constant load, which
exceeds the value of the critical stress, the corrosion current markedly decreases with an increase in
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load for bainitic steel, and changes non-monotonously with increasing load for ferritic steel (a
twofold growth with an increase in stress ratio from 0 to 0.3 /G2, then a three-fold decrease with
increasing stress ratio from 0.3 to 0.5, etc.). This behavior of steels at constant load, which can be
called “cold or room-temperature creep”, is unclear.

Potentiodynamic polarization of plastically deformed (pre-strained) samples [63] or specimens
during a tensile test, e.g., SSRT [31,59,64,67], demonstrates increasing corrosion rate and crack
growth rates due to MCE. It was showed that the influence of MCE becomes significant during
plastic deformation of X100 steel [31]. The tests were carried out on the pre-strained X100 steel
samples using the SSRT method (1 x 10 s7') in an NS4 solution at pH 6.8. Both anodic and
cathodic reactions are enhanced at a pre-strain of 0.010, 0.022, and 0.039, however, its effect on
anodic reaction is more significant. Plastic strain would increase the MCE significantly, as
demonstrated by corrosion potential, coupling current density and electrochemical impedance
spectroscopy (EIS) measurements. The authors suggest that, in reality, a non-uniform distribution of
plastic stresses and strains on pipelines would cause quite different corrosion activities on the steel.
This could be the reason to initiate preferential localized corrosion and even cracks [1,9]. On the base
of a number of dependencies of mechanochemistry [17—-19], the shift of electrochemical corrosion
potential as a function of plastic strain, &,, was established for the different initial density of
dislocations N prior to plastic deformation [31]. The calculation of the shift of corrosion potential
shows that increasing Ny on one order of magnitude from 1 x 10® to 1 x 10° at plastic deformation
of 0.005 and 0.035 causes the shift of A(pg in the negative direction from —4 to —20 mVscg and
from —16 to —42.5 mVgcg, respectively. The indicated results on the assessment of dislocation
densities, obtained by computational methods, require more detailed study and experimental
confirmation in the case of SCC of pipe steels in media with a pH close to neutral.

According to [29], both the anodic and cathodic reactions should take into account at the
analysis of the mechanochemical corrosion of plastically-strained steel. By FE method and using
localized electrochemical impedance spectroscopy on the samples of X100 steel with various widths,
it was shown quite different corrosion activities on the steel due to a non-uniform distribution of
plastic strains. The FE simulation of MCE was performed using the pipe length segment of 2 m; the
length of an elliptically shaped defect of 200 mm, and growing depths of 20%, 40%, 60% and 80%
of the pipe wall thickness at constant length. The boundary conditions of solution: the solution
boundary is electrically isolated, except the solution/steel interface that is set as a free boundary. The
left end of the steel pipe is fixed; to simulate soil strain, the right end is loaded with tensile strain
ranged from 0 to 0.004 along the longitudinal direction. The bottom of the pipe is set as electric
grounding. The FE simulation included elasto-plastic solid stress analysis of the pipe, electrode
potential and current density analysis at the steel/solution interface, and simulation and analysis of
MCE, i.e., the interaction of mechanical parameters and electrochemical corrosion behavior of the
steel in solution. The authors assume that the pipe steel is in an active dissolution state; as anodic
reaction—dissolution of iron, and as cathodic reaction—reduction of H' ion to atomic hydrogen. The
equilibrium potentials of anodic reaction depending on elastic and plastic strains were calculated
using Egs 1 and 2. Meantime, for describing of mechanochemical effect on cathodic reaction, a semi-
empirical expression is derived, although the choice of such dependence is not quite clear:

iC = iOC . lovmaMises/6F(bC) (5)
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where iy is exchange current density of hydrogen evolution on X100 steel in the absence of external
stress/strain, Guises 1S von Mises stress calculated from FE, and b, is cathodic Tafel slope [29].

The equilibrium potentials of the oxidation of steel and hydrogen evolution are determined by
Nernst equations with the assumption that molecular hydrogen was adopted instead of atomic
hydrogen reaction since the standard state of atomic hydrogen is not defined clearly. Assume the
concentration of ferrous ions in NS4 solution is 10° M with solution pH of 6.8, the equilibrium
potentials of anodic and cathodic half-reactions are calculated as —859 mVgcg and —644 mVgcg,
respectively. The most important findings obtained using the FE model are the various effects of
tensile strain and depth of corrosion defect on stress distribution. While tensile deformation leads to
an overall increase of stress through the pipe wall, the increasing corrosion defect depth causes a
more concentrated stress at the defect center, which serves as anode, and the sides of the defect, as
cathode. Local plastic deformation due to increased tensile strain or the corrosion depth leads to
anodic dissolution in the center of the defect, where local corrosion activity increases significantly.

Subsequently, this FE model was supplemented by the study of time-dependent
mechanochemical effect at corrosion defect, enabling prediction of the defect growth over a long-
term time period [32]. For example, anodic current density was calculated at the center of a stressed
corrosion defect with initial depth of 2 mm over a period of up to 100 years depending on its width.
The time dependence of local stress and anodic current density at corrosion defect can be featured
with three stages, i.e., a negligible corrosion in elastic region; a slow increase of both stress and
anodic current density under mild plastic deformation; and a rapid increase of both local stress and
corrosion current density under a high local plastic deformation. The accelerated corrosion at
stressed defects (MCE) can be mitigated effectively by reducing operating pressure and application
of cathodic protection on pipelines. The disadvantage of this work [32] is the lack of consideration of
residual stresses on the pipe surface. Thus, in [15], it was established that increased residual
deformations measured by fiber-optic sensors when loading pipes with pressure are observed in areas
with shallow corrosion defects and SCC cracks (depth up to 1.5 mm). Therefore, one should expect a
high rate of steel dissolution even at small sizes of defects due to the influence of residual
operational stresses in the surface layer.

A numerical method for studying mechanochemical processes in the pitting and grooving
corrosion of steel structures under external and internal stresses was proposed [62]. FE analysis was
performed for a 0.8 x 0.8 x 0.015 m’ plate with pitting corrosion features and a simplified stiffened
plate model (4.75 x 0.95 x 0.015 m®) with grooving corrosion features, as typical representatives of a
deck or bottom plating of an oil tanker. Numerical simulation of these processes allows determining
local surface areas with an increased level of stresses and deformations and, accordingly, identifying
localized areas of accelerated dissolution of stressed metal (mechanochemical corrosion), and
quantitatively describe the increase in dissolution current.

Modeling using the mechanochemical concept [29,32,62,64], allows one to predict the crack
growth rate and current density of the anodic/cathodic reactions at local stress concentration,
including corrosion defects on pipelines. However, based on such modeling, as a basic approach,
new predictive models of SCC formation should be developed taking into account MCE and CME,
as well as recommendations on the practical application of such modeling (or such models). Solving
these problems will complement/improve the available material in accordance with the SCC
prediction.
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According to the analysis of the literature, we can certainly conclude that MCE plays a
dominant role in the formation of pits, which are the sites of cracking. It is generally accepted that
the main parameter determining the formation and rate of NNpHSCC microcracks (stage I) are the
residual tensile stresses in the surface of pipes, the effect of which is added to the applied operational
stresses and weakens as the depth of the crack increases [11,15,16]. As a result, the total tensile
stresses on the surface of the pipe in places of local corrosion defects can reach the values of the
yield strength of the material [69,70], and therefore the implementation of the CME and MCE is
possible. It was found [71] a strong correlation between residual stress and the presence of near-
neutral pH SCC colonies in pipes grades from X52 to X70. In a number of cases (as a first
approximation), the effect of tensile residual stresses on SCC can be studied using constant loading
in a corrosion solution. For example, in NS4 solution under the applied load o1, Which was very
close to the yield strength (2, crack initiation was indeed observed in pipe steels X70 [72] and
X80 [73]. As a result, during 278 d, the failure of steel X70 was observed at the stress ratio Gappl/Go.2%
of 0.999 for, while at the same duration and a ratio of 0.972 only pitting corrosion and cracks was
observed without failure [72]. Similarly, during 148 d, the failure of X80 samples was revealed at
Ouppl/00.2 > 0.956 [73].

The kinetics of further development of the SCC at this stage is determined by the
aggressiveness of the near-pipe electrolyte, the level of residual stresses, structural and textural
features in the surface layer of the pipe and to a lesser extent depends on the operational loads. The
applied pipe manufacturing techniques lead to the formation on their surface of areas with different
levels of residual deformation [69,70]. Reducing the effect of residual stresses [70,74] due to the
textural heterogeneity of the material can lead to a partial or complete cessation of destruction
[69,75]. Considering that the determination of the exact value of residual stresses in the metal of the
pipe is difficult and requires further study, and the use of macro-properties of the material
(mechanical characteristics) to describe the development of shallow (short) cracks is incorrect due to
their variation even within one pipe [76], stage I requires more detailed study.

It appears that the chemomechanical effect can contribute in the process of crack formation on
pipeline steels in neutral pH environments. For example, as indicated in [77], both atomic hydrogen
and dissolution at the surface discontinuities can increase the surface plasticity of steel (micro-plastic
deformation), contributing to crack initiation and propagation. At this time, as noted in [78], the
emission of dislocations also plays an important role in promoting both localization of
microplasticity and localized dissolution, as well as in maintaining crack sharpness.

The mechanism for the further development of NNpH cracks (stage II) is studied in the most
detail. Most researchers are trying to explain the development of SCC at this stage by various
interactions between applied stresses, hydrogenation and local metal dissolution. The influence of
these processes on SCC is interrelated, and different authors point out on various combinations that
have a dominant effect on crack growth.

The majority of researchers are trying to explain the propagation of SCC at this stage by the
various interactions between hydrogen charging, and local dissolution of the metal [11,29,79-82]. It
has been suggested [83—87] that hydrogen and cyclic loading plays a significant role in the cracking
of pipeline steel in near-neutral pH electrolytes. As mechanisms of hydrogen influencing crack
growth in NNpH solutions are considered hydrogen-induced plasticity (HIP) [88-96] and the
internal-hydrogen-assisted cracking mechanism, instead of the hydrogen environmental-assisted
cracking mechanism [87].
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A large group of researchers believes that the cause of the growth of cracks in NNpHSCC pipe
steels is the synergistic effect of anodic dissolution and hydrogen absorption in the metal [92,97,98].
A near neutral-pH environment is capable of generating a catalytic surface effect on hydrogen
evolution in pipeline steels [99]. Hydrogen evolution markedly depends on the oxidation state of
steels [100,101], and it changes the chemical potential of the steel and enhances anodic
dissolution [102]. Thermodynamic justification of the effect of hydrogen concentration on anodic
dissolution is given in [103—106]. Hydrogen introduced into the steel can promote anodic dissolution
and SCC susceptibility, but these ideas contradict the known data on the inhibitory effect of atomic
hydrogen on the anodic process of dissolution of iron in acidic environments [107].

It is important to note that the effect of hydrogen on the cracking of pipe steels manifests itself
when it reaches a certain “critical” concentration in metal, which depends on the composition of the
corrosive environment, as well as the type and level of the applied mechanical load [108]. However,
it was established [109] that the current density of hydrogen penetration into steel in the field
conditions does not reach the “critical” values, above which hydrogen embrittlement is observed.
Therefore, the development of NNpHSCC with the predominant effect of absorbed hydrogen on
crack growth is unlikely, but can be observed with a significant potential shift in the negative
direction in solutions containing the hydrogen penetration promoter and/or under specific loading
conditions (a certain combination of K, 4K values and cycle frequency) [110-112].

Other researchers believe that local anodic dissolution of the metal has a major effect on crack
growth in pipeline steel in weakly acidic and near-neutral electrolytes [15,79,113—116]. Selective
dissolution of metal at the tip of the crack is not necessary connected with competing processes of
passive films rupture and recovering. Moreover, in NNpH solutions, conventional film rupture—
repassivation theory does not apply for pipelines, which are in an active dissolution state [4].
However, as was recently proposed by Cheng [8], at an early stage of coating disbondment, the
electrolyte penetrated under the coating is sufficiently thin and the steel can be in passivity. With an
increase in the time and thickness of the solution layer, it is impossible to maintain the passivity of
the steel, and the steel goes into the active state of dissolution. In our opinion, one of the possible
reasons of cracking at this stage is the development of mechanochemical and chemomechanical
effects at the tip of a crack. This conclusion is based on an analysis of the results presented below.

In work [117], the corrosion rate near the tip of previously grown fatigue cracks on X65 pipe
steel samples was studied at various stress levels in a neutral pH medium (NS4 solution with 5%
CO; purge to pH 6.6). It has been shown that near the tip of the crack, the steel is in a state of active
dissolution. The corrosion potential near the tip of the unloaded crack was =730 mVgcg. There was
no significant change in the values of corrosion potential (within + 10-20 mV) near the crack tip
under various loads. However, the current density of corrosion increased by more than 2 times with
an increase in the applied load up to 95% of the yield strength of the steel, which indicates an
increase in the corrosion rate near the crack tip and, as a result, the implementation of MCE.

The rate of local anodic dissolution of samples of ferritic-pearlite pipe made of steel X70 (yield
strength of 650 MPa and tensile strength of 740 MPa) with pre-grown fatigue cracks (2—3 mm length)
along the surface of the sample, as well as samples without cracks, was investigated under a constant
load of 3000 N in NS4 solution, which was purged with 5% CO,—N; to pH of 6.8 [118]. It has been
established by numerical simulation methods that the stress concentration at the tip of the cracks
reaches values up to 80% of the yield strength of steel when a tensile load of 3000 N is applied to
samples with cracks. It is shown that such a stress concentration almost 3-fold increases the local
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anodic dissolution rate of steel (and therefore MCE is implemented) at the crack tip. At the same
time, the dissolution of the crack tip is accompanied by the formation of a layer of corrosion products
on the metal surface, which does not effectively protect the steel from further dissolution due to a
loose, porous structure. This leads to the continuous propagation of cracks and an increase in the
concentration of stresses at the crack tip, which, in turn, further accelerates the local dissolution of
the metal with the time of testing.

It has been suggested [8,81] that crack growth is possible through anodic plasticity caused by
dissolution (CME), but this effect has not been studied in more detail. Another manifestation of the
chemomechanical effect (in a wider sense than the definition given at the beginning of section 2) can
be considered the results in [116]. It has been established that crack growth rate in X70 pipe steel in a
weakly acid electrolyte (pH 5.5) under the action of a static load may slow down due to a decrease in
the rate of dissolution of the metal with increasing degree of filling the surface with hydrogen. Thus,
an indirect effect of the cathodic reaction of hydrogen evolution on the change in crack growth is
shown, which can be considered as a special case of CME.

In works [88-96], the mechanism of crack growth was considered taking into account the
concepts of hydrogen-induced plasticity (HIP). The effect of HIP can be considered as a special case
of the CME. The HIP effect slows down the process of SCC of the steel in a near-neutral pH medium
(NNpHSCC) due to an increase in the plastic deformation zone in front of the crack tip in the
potential ranged from —680 to =930 mVcg (Figure 3) [67]. However, the detailed mechanism of HIP
and its relationship to chemomechanical effect are unclear and require further study.

70
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60l —a— in pH=4 solution

o — HE+HIC

HIP =—
a0
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10 i L i 1 i 1
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Figure 3. Effect of cathodic potential on reduction-in-elongation in NS4 solution and pH
4 solution as compared to air (Reprinted with permission from Ref. [67]).

Based on a detailed description of the reasons for the formation of SCC cracks in near neutral
pH solutions, one can conclude that the main role in the process play residual stresses, but in our
opinion, the more urgent issue is not the search for the causes of cracking (as stated above, these
reasons have already been established), but how to take into account the quantitative contribution of
these causes to the SCC process, for example, how to assess the influence of the level of residual
deformations/stresses of pipes of various composition and strength classes for the intensity of
electrochemical processes and the development of microcracks. For example, the empirical
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expressions for describing the SCC speed at stages I and II proposed in [11] does not take into
account the listed factors and can be used very approximately with the SCC forecast.

Further growth of the crack at stage III occurs with the participation of the near-pipe
environment under design loads (seasonal ground movements, changes in working pressure), and is
also determined by the interaction with adjacent cracks in the colony, with the result that when a
certain size and relative position of the crack are reached, linear dimensions increase [8,54,55,119].
After that, an increasing effect of variable loads in the pipeline from gas pressure leads to the
formation and development of a longitudinal main crack until the pipeline collapses. It can be
assumed that at these stages of the process, the MCE is responsible for the accelerated anodic
dissolution of the metal at the tip of a deep crack under the simultaneous action of the medium and
variable load [120,121]. In addition, diffusion of atomic hydrogen to the tips of such cracks and the
implementation, e.g., of hydrogen-induced cracking (HIC) [11,54] cannot be ruled out. Apparently,
the qualitative laws governing the manifestation of MCE and CME at this stage will be similar to
those discussed above, and quantifying the contribution of these effects will require taking into
account the peculiarities of the variable loading.

4. Concluded remarks

An analysis of the literature has shown that the MCE and CME exist when cracking pipe steel.
During the incubation period of a crack initiation near such inhomogeneities as grain boundaries,
inclusions, metallurgical defects, etc., the dissolution of the metal, enhanced by stress during elastic
and plastic deformation, takes place in NNpH solutions with formation and growth of corrosion pits,
where undoubtedly, the MCE plays a dominant role. The MCE is responsible for accelerating anodic
dissolution at the tip of a crack when a load is applied (constant or cyclic), which causes the crack to
propagate. It has been shown that the MCE has been studied, including some examples of numerical
modeling, in more detail than the CME. All authors agree that MCE accelerates the formation of
corrosion defects and cracks propagation, however, the assessment of the quantitative contribution in
the literature is either absent or controversial for different authors—the differences are associated
primarily with different experimental conditions (sample shape, solution composition, loading
conditions, etc.). It is obvious that studies of the CME during the cracking of pipe steels are few,
isolated, and require further systematic study, including modeling. In the near future new methods of
modeling both mechanochemical and chemomechanical effects should be developed for quantitative
prediction of stress corrosion cracking in pipe steels.

In conclusion, it should be noted that further study of MCE and CME in the process of stress
corrosion cracking of pipe steels requires more detailed experimental studies in the following areas:

-Determination of dislocation densities in pipe steels with SCC;

-Assessment of the influence of the level of residual deformations/stresses of pipes of different
composition and strength classes on the intensity of electrochemical processes;

-Determination of the mechanisms of local dissolution of the metal at the tip of the crack,
alternative to the generally accepted concepts of “film rupture-dissolution”;

-Assessment of the effect of atomic hydrogen on the plasticization of the surface layers at the tip
of the crack;

-Determination of quantitative criteria to account for MCE and CME in a multi-stage model of
pH-neutral SCC pipe steels.
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