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Peculiarities of corrosion-mechanical fracture of 09G2S pipe steel samples in the conditions of cathodic
protection were investigated. It was established that depending on the level of protective potential, stress-
corrosion cracking of pipe steel of a ferrite-pearlite class 09G2S can occur by different mechanisms. The range of
protective potentials was determined, at which the anodic dissolution and hydrogen embrittlement occur
simultaneously during the fracture of steel, namely from -0.85 V to -1.0 V. The existence of the above
mechanisms is confirmed by the change in the strength and viscosity properties of the steel and the morphology
of the fractures. For steels of other manufacturing technology and grades, these potential areas may differ.
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Introduction

Today, underground pipelines are one of the most
efficient ways to transport gas and oil. Corrosion
insulation and electrochemical protection are used to
protect them from the negative effects of the
environment. However, it is almost impossible to achieve
full protection, and after prolonged operation, the
destruction of pipes still occurs [1, 2].

Long-term operation of pipelines contributes to the
development of various types of damage [3-10], in
particular: damage of protective covers [4, 5], corrosion
damage to the pipe wall [6-10], the formation of defects
in metal pipes of various origins (potholes, branched
cracks, cracks in welds and seam area) [3]. According to
the analysis of statistical data made by various experts,
the main causes of gas pipelines accidents are slightly
different, but the share of failures caused by corrosion,
including stress-corrosion cracking, is from 20 to 40%
[9-10].

Accidents that occur during the operation of
pipelines significantly affect the ecological state of the
environment [1-3, 11-12]. SCC is especially common on
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pipelines with polyethylene tape [4, 6, 13, 14]. Studies of
stress-corrosion cracking of gas pipelines have been
conducted for more than five decades, after the first
recorded case in 1965 [1, 15].

Depending on the operating conditions and
composition of the soil electrolyte, there are two main
types of corrosion cracking of tubular steels
«classical», intergranular cracking in carbonate
electrolytes with high pH values and «non-classicaly,
transcrystalline cracking in dilute electrolytes with near
neutral pH. Near neutral pH SCC is typical for Ukrainian
gas pipelines.

In general, SCC at near neutral pH occurs at a
corrosion potential of -760 to -790 mV (relative to the
copper sulfate reference electrode, m.s.e.) under a
peeling coating, where cathodic polarization is not
achieved due to the shielding effect of the coating or
some other factor of the pipe surface. The cracks are
mostly transcrystalline, usually wide with significant
corrosion of the crack edges. The coated electrolyte is a
dilute solution of HCO3; with a pH in the range from 5.5
to 7.5 [6, 16-18].

This type of SCC differs significantly from the
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relatively well-studied SCC at high pH, which develops
in a carbonate/bicarbonate medium with a pH of 9 to 13
at a potential of -600 to -750 mV (relative to m.s.e.).
Cathodic protection is effective to provide such
potentials. Cracks in this type of SCC are intergranular
and narrow [6, 21, 22].

A number of works are devoted to the study of
operational degradation of structural steels, which
emphasizes a significant reduction in mechanical
properties and characteristics of brittle fracture and
resistance to SCC [21-23]. In recent years, the literature
presents the results of research on the effect of cathodic
polarization on stress-corrosion cracking of pipe steels
[24-27]. However, most of the data relate to controlled
rolling steels, such as X70, X80, etc. It is of interest to
investigate the effect of cathodic polarization on the
corrosion cracking of pipe steels with a different
structure, which are used on main pipelines, in particular
long-term operation. It is probable that, depending on the
microstructure, the regularities of SCC may differ, i.e.
brittle fracture will develop in a different range of
protective potentials than for the above-mentioned steels.

Based on the above, the study of the peculiarities of
the development of stress-corrosion cracking of gas
pipelines made of 09G2S steel with cathodic protection
is of great practical importance.

The purpose of this work is to study the patterns of
stress-corrosion cracking of pipe steel 09G2S, in
conditions that mimic the operating conditions of main
gas pipelines.

I. Materials and test techniques

The samples for investigations applying the slow
strain rate method were cut from the sheets of a pipe steel
09G2S of 10 mm thickness across the rolled metal. The
samples were manufactured according to the sketch (Fig.
1, a). The cross-sectional area of the working part of the
samples in the initial state was 30 mm?, the length of the
working part was 42 mm. The samples were stretched in
air and in the solution at a rate of 10°%s ! in the rupture
machine AIMA-5-1.

The surface of the samples was cleaned
mechanically using SiC sandpaper with the grit
granularity 800, washed with distilled water, degreased
with magnesium dioxide and dried in air. The tests were
performed at a slow strain rate in accordance with 1SO
7539-1 [28]. The samples were stretched in the rupture
machine AIMA-5-1 at a rate of 10° s in the NS4
solution at an open curcuit potential and at induced
cathode potentials in the range from -0.75 V to -1.2 V.
All potentials were measured against saturated silver
chloride reference electrode. The scheme of the
installation is shown in Fig. 2.

As the working electrode, a sample of steel was

served, the auxiliary electrode was platinum and the
reference electrode was saturated silver chloride
electrode. During the tests, stress and elongation of the
sample were controlled. The chemical composition of
steel 09G2S and its mechanical properties are presented
in Table 1, 2, respectively.

The hardness of the steel is approximately (160-170)
HVs. Non-metallic inclusions were evaluated on non-
etched sections. The steel contains non-metallic
inclusions in some areas, mainly in the form of brittle
silicates and fine rounded oxides (Fig. 1, b).

As to the structure this steel belongs to a low-carbon,
low-alloy, silicon-manganese steel of ferrite-pearlite
class, Fig. 1, c¢. The structure of steel contains ferritic and
pearlitic grains in the ratio of 70 and 30%, respectively.
Ferrite grains correspond to the size number (6-7)
(according to GOST 5639 [29]). A part of perlite is
arranged in the form of bands.
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Fig. 1. Sample for slow strain rate tests (a), non-
metallic inclusions, x50 (b) and microstructure of steel
09G2S, %320 (c).

Table 1
Chemical composition of steel 09G2S.
Material C Mn S P Ni \Y Cr Cu
Experimental sample 0.08 1.65 0.68 |0.034| 0.019 | 0.10 | 0.007 0.10 0.27

Steel 09G2S according to GOST

19282 0.12 | 1.3-1.7

0.5-0.8 [0.035| 0.03 | 0.25| 0.12 0.3 0.3
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Table 2
Mechanical properties of steel 09G2S
oo2, MPa o, MPa 3, %
325 470 21

To simulate a corrosive environment with a near-
neutral pH, to which underground pipeline is exposed to,
a neutral NS4 solution of the following chemical
composition was used: 0,122 r/n KCl + 0,483 g/l
NaHCOj3 + 0,181 r/n CaCl, + 0,131 r/n MgSO4 (pH 8,2)
[12, 18, 30-33]. Reagents of analytical grade and a
distilled water were used. The tests were performed at a
periodic wetting with a solution: 10 min in air and
50 min in the solution).

For testing in the conditions of periodic wetting the
laboratory installation was developed, the sketch of
which is presented in Fig. 2.
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Fig. 2. Scheme of experimental installation for slow
strain rate investigations. Designations: WE — working
electrode, AE — auxiliary electrode, RE — reference
electrode (saturated silver chloride).

Polarization  curves were taken in the
potentiodynamic mode according to the three-electrode
scheme. Potentiostat PI-50-1.1, programmer PR-8 and
recording device XY RECORDER A3 were used. The
potential scanning rates were 0.5 and 100 mV/s
depending on the purpose of the tests.

The degree of electrolytic hydrogenization of steel
was determined applying the procedure according to
GOST R 9.915 [35].

To study the microstructure, the method of optical
microscopy was used. The sections were prepared
according to the standard procedure. Detection of the
structure was performed by etching in nital (4% solution
of nitric acid in ethanol).

All the mechanical and electrochemical tests were
performed at a room temperature under the conditions of
free air access.

After rupture of the samples, their surface in the
fracture zone and a fractography of the surface were
analyzed. The surface of the fracture of the samples was
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cleaned by ultrasound and examined using a scanning
electron microscope (SEM, Leica Cambridge Stereoscan
S360, England).

Il. Experimental results

2.1. Electrochemical tests

According to the model proposed in [35], in a
corrosive environment, the edges of the crack during its
propagation undergo the action of a cathodic
polarization, and the tip may remain in an unbalanced
state. Thus, the regularities according to which the
process of stress-corrosion cracking of steel 09G2S
proceeds in the conditions of a cathodic protection can be
preliminarily evaluated by analyzing the polarization
curves obtained at a high and a slow rate of potential
scanning.

In Fig. 3 the potentiodynamic polarization curves of
steel 09G2S in the NS4 solution obtained at a slow (0.5
mV/s) and a high (100 mV/s) potential scanning rates are
presented. In the curves, the zone of active-passive
transition is absent and the steel electrode was in the
active state during the entire range of potentials both at a
slow and a high polarization rates.

Zone lll: HE

Zone I: AD

_4’0 1 ! 1 ;

-0,7 -0,8 -0,9 -11 -1,2

E (VAg/AgCI)

Fig. 3. Polarization curves of steel 09G2S at a
potential scanning rate 0.5 mV/s and 100 mV/s.

The analysis of the polarization curves of steel
09G2S shows that the potential scanning rate has a
significant effect on the corrosion potential: at a slow
polarization, the corrosion potential becomes more
positive due to a slower anodic dissolution, about -
0.85V, at a fast polarization it is more negative, -1.0 V.
It was established that the position of the corrosion
potential divides the range of potentials into three zones.

In the zone I, the anodic ionization reaction of iron is
dominated

2 —
Fe >Fe™ +2e 1)

in the zone Ill, the reactions of reduction of the
aqueous electrolyte with the formation of hydrogen

atoms occur:
O +2H>O +4e —40H @)

HyO+e — H+OH 3)
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In the zone Il, cathodic and anodic reactions can
proceed simultaneously.

2.2. Slow strain rate test

The curves of corrosion-mechanical fracture of the
samples are given in Fig. 4, a, tensile strength and
elongation (b) of steel 09G2S at different potentials — in

Fig. 4, b.
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Fig 4. Fracture diagrams (a), ultimate tensile strength
and elongation (b) of steel 09G2S at different potentials.

Fig. 5 presents the picture of samples fracture area. It
is obvious that under the action of the corrosive
environment, the fracture of the samples occurs faster
than in air, and a decrease in the ultimate tensile strength
is noted.

Induction of a cathodic polarization accelerates the
process of fracture, a significant decrease in strength
(ultimate tensile strength) and ductility (elongation) is
observed as compared to the similar indices during the
tests in the solution at an OCP (open curcuit potential).
As is follows from Fig. 4, b, the value of the tensile
strength at an OCP and different cathode potentials is
lower than in air. At the potential shifting from OCP to -
0.85 V, a decrease in the tensile strength from 506 MPa
to 440 MPa is noted, at a further potential shifting in the
negative direction to -1.0 V — a slight increase to
450 MPa, and then — again a sharp decrease to 435 MPa
are observed. The elongation of the samples at a cathodic
polarization from -0.75 V to -1.05 V (corresponding to
the range of protective potentials, normalized by DSTU
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4219) varies within 2%, and at a potential of -1.2 V, it
decreases to 31%, Fig. 3, b. The most intense decrease in
the mechanical characteristics of the steel is observed at a
potential of -1.2 V.

The obtained data are in agreement with the results
of studies by other authors, which indicate that during the
fracture of cathodic polarization, the tensile strength does
not always change much, the elongation decreases more
intensely [37]. The analysis of the area of fracture of the
samples (Fig. 6) shows that with shifting of the potential
to more negative values, the cross-sectional area
increases.

On the samples that fractured in the solution at the
potentials from OCP to -0.85 V, near the edge of the
fracture, the signs of plastic deformation were detected.
In some samples, short secondary cracks are visible,
located parallel to the rupture line.

At the potentials from -0.85 to -1.0 V, on the surface
of the samples, in addition to the signs of plastic
deformation, deeper secondary cracks are visible, the
number of which is greater than on the samples at more
positive potentials. The shape of the edge of the rupture
is more complex: in addition to smooth areas, step-like
areas are observed.

At the potentials more negative than -1.0 V, the
plastic deformation is much lower, the rupture line is
complex broken and deep secondary cracks are present.

To analyze the sensitivity of steel 09G2S to SCC
under the conditions of cathodic polarization, the
coefficients of loss of tensile strength (Foys), cross-
sectional area (Fs) and relative elongation (Fs) were
calculated. The change in mechanical properties in the
solution was compared with the corresponding values in
air:

s 4
Fy  =|1-285|4100% )
us air
us
SS
Fo =|1-—>5 |x100% )
air
Js
Fs =|1--25 |x100% (6)
air

opsr Ssy O and g4ir, § ., Oy are the ultimate
tensile strength, cross-sectional area and relative
elongation of the samples in the solution and in air,
respectively.

The degree of sensitivity to SCC was estimated also
by the dimensionless coefficient Kg [36, 37], which was

count as the ratio of the relative reduction in area of a
specimen in air to the relative reduction in area in the
solution according to the formula (7):

Kg = Yair
Vs

(7

where i and wg are the relative reduction in
area of specimens, respectively, in air and in the solution.
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S=17.31m

Fig. 5. Photo of surfaces near the area of fracture samples at different potentials in the NS4 solution.

With shifting of the potential from OCP to more
negative values in the zone I, all the coefficients change
little, Fig. 7. In the zone Il, a decrease in Fs and a
nonmonotonic change in Fq, and Fs are observed. In the
zone 111, the most significant loss of all properties of the
steel is observed, namely: strength, elongation and cross
section.

The coefficient of susceptibility to SCC in the zone |
is in the range from 1.04 to 1.15, in the zone II, a
tendency to its increase is observed, and in the zone I11, it
increases to 1.25 at the potentials from -1.05 V to -1.2 V.

Since Fs and F; are the coefficients of loss of
ductility, then, at the induction of more negative
potentials, the sensitivity to SCC increases. However,
when the potential is shifted in the cathode direction to -
1.05 V, a significant change in Fog is not observed, an

832

increase in the loss of strength to almost 15% was
established only at more negative potentials. Therefore,
the susceptibility of steel 09G2S to SCC has a complex
dependence on the induced cathode potential.

2.3 Nature of fracture surface during corrosion
and mechanical tests

The morphology of fracture surfaces under the
conditions of cathodic polarization in the NS4 solution is
presented in Fig. 6.

Microscopic analysis of the fracture surface showed
that the fracture occurs by a different mechanism.

During fracture in air, the fracture surface of the
sample has a ductile dimple morphology. The fracture
occurs by a ductile type (Fig. 6, in air).
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Fig. 6. Morphology of fracture surfaces of samples
under the conditions of cathodic polarization in the NS4

solution.
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Fig. 7. Coefficients of loss of properties of steel
09G2S during corrosion-mechanical tests and change in
the coefficient of susceptibility to SCC at a cathodic
polarization in the NS4 solution.

At the potentials, more positive than -0.85 V (Fig. 6,
photo at the OCP and at the potential -0,75 V), on the
fracture surface mostly ductile plastic structure with a
large number of fracture dimples is formed, which
indicates a low sensitivity of these samples to stress-
corrosion cracking.

An increase in the cathodic polarization potential
from -0.85 V to -1.0 V leads to an increase in the fraction
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of a brittle failure in the fracture, while the fraction of the
plastic component decreases with an increase in the size
of dimples and their depth (Fig. 6, photo at the potentials
-0.85 V, -0,95 and -1,0 V). Analysis of fractures shows
an increase in the varied grain sizes of dimples in the
fracture: along with large dimples (not more than 10-15
pm) finer (not more than 1 um) were detected, which are
concentrated at the boundaries around the large dimples.
It is probably, that smaller dimples were formed at the
final stage of stress-corrosion fracture. In addition, for
this zone of potentials, on the fractograms of the fracture
surfaces, facets of chipping and delamination of the
metal were revealed, which are the signs of an increased
susceptibility of the metal to brittle fracture.

At the potentials greater than -1.0 V (Fig. 6, photo at
the potentials -1.05 and -1,2 V), the fraction of dimple
fracture and the depth of dimples is much smaller, an
increase in the share of chip and delamination surfaces is
observed. This type of fracture surface is characteristic of
hydrogen-induced fracture, demonstrated by [27-29].

I11.Discussion

During stress-corrosion cracking, a fresh metal
surface is formed at the crack tip, so the crack tip
remains always in an unbalanced state of electrochemical
reaction. On the edges of the crack, corrosion products
are formed, under which the electrochemical reaction of
iron ionization occurs (1). Having considered the
electrochemical state at the tip and at the edges of the
crack, it is possible to obtain data on the SCC
mechanism.

With the help of polarization curves at a fast and a
slow potential scanning rate, it is possible to simulate the
conditions, created at the tip of the crack and at its edges,
respectively. Depending on the induced cathode
potential, at the tip and at the edges of the crack different
electrochemical reactions proceed. At a slow potential
scanning rate, the steel is in a quasi-equilibrium state.
When this equilibrium is disturbed by polarization, the
cathode reaction occurs at a more negative potential due
to shifting of the corrosion potential to more negative
values. At a high rate of polarization, the steel reaches
another quasi-equilibrium state, at which a new
stationary polarization is established. Thus, a high
potential scanning rate indicates areas where an intense
anode activity exists, while a relatively slow potential
change rate will indicate areas where relative stability is
probable [37].

In the zone | (potentials, which are more positive
than -0.85 V), both the tip of the crack as well as its
edges are subjected to anodic dissolution according to the
reaction (1). The fracture of the samples at these
potentials was accompanied by a plastic deformation, the
values of Ks were low — from 1.04 to 1.15, the
morphology of a fracture had mostly a ductile dimple
nature. It is probably, that the concentration of hydrogen
atoms formed at this level of polarization is quite low,
Fig. 7, and the formed hydrogen does not participate in
the process of fracture. In this range of potentials, the
process of stress-corrosion cracking proceeds by the
mechanism of a local anodic dissolution.
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Fig. 8. Coefficient of susceptibility to corrosion

cracking and concentration of hydrogen, which
penetrates steel 09G2S at cathodic polarization.

In the zone of potentials Il (from -0.85 V to -1.0 V),
as follows from the polarization curves, the crack tip
remains still in the state of anodic dissolution, while its
edges undergo the action of cathodic polarization. On the
samples near the rupture line, except for the signs of
plastic deformation, deep secondary cracks are visible.
For this zone, a nonmonotonic change in the coefficients
of fracture Fop, Fs and Fs is characterized, a tendency to
increase the coefficient of susceptibility to SCC — Ks is
noted. In the fractures, dimples of different sizes and
depths and fragments of chips and delamination surfaces
are formed. At the potentials from -0.85 V to -1.0 V, the
concentration of reduced hydrogen increases, Fig. 7, and
an opportunity for its penetration into the metal under the
action of tensile stresses is created. The mixed ductile-
brittle fracture morphology and nonmonotonic change in
the values of mechanical properties indicate a mixed
mechanism of stress-corrosion cracking. And depending
on the direction, in which its equilibrium is shifted, the
fraction of brittle and ductile components in the
morphology of the fracture surface varies.

In the zone of potentials Il (more negative
than -1.0 V), the fracture occurs almost without plastic
deformation, but on the surface near the line of fracture,
many secondary cracks of different lengths are formed.

On the surface of the fracture, the fraction of chips
and delamination facets increases and an increase in the
coefficients of loss of such mechanical properties:
strength, elongation, cross section and the coefficient of
susceptibility to SCC to 1.25 is observed. At the
potentials more negative than -1.0 V, an active reduction
of hydrogen occurs, its concentration in steel increases
quite sharply, Fig. 7, and it is actively involved in the
process of fracture. Namely, at such potentials, an

[1] A. Ya Krasovskii, I. V. Lokhman,
https://doi.org/10.1007/s11223-012-9366-5.

increase in the susceptibility of steels to brittle fracture is
observed. In this range of potentials, the process of
stress-corrosion  cracking occurs by a hydrogen
mechanism.

Conclusions

The mechanism of propagation of stress-corrosion
cracking of pipe steel 09G2S in the model soil
environment was investigated. It was established that the
SCC mechanism varies depending on the induced
polarization potential. At a low cathode potential,
positively than -0,85 V, the predominant mechanism of
SCC is a local anodic dissolution and at a high potential,
negatively than -1,0 V, the the dominant mechanism is a
hydrogen embrittlement. Also an intermediate range of
potentials (from -0.85 V to -1.0 V) exists, in which the
anodic dissolution occurs simultaneously with the
hydrogen embrittlement. The change in the mechanism
of stress-corrosion cracking is confirmed by the change
in the strength and ductile properties of steel,
susceptibility to brittle cracking, increasing of the
hydrogen penetration into steel and the morphology of
sample fractures.
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3aKOHOMIPHOCTI CTPeC-KOPO3iHHOI0 PO3TPiCKYBaHHS TPYOHOI cTAJI
091"2C npu kaTOAHIN MoJasIpu3anii B MOJ1eJIbHOMY IPYHTOBOMY
cepeaoBUINi

Incmumym enexmposgapiogannst imeni €.0. [lamona HAH Vrpainu, Kuis, Inyrkova@gmail.com

JocipkeHo 0co0IMBOCTI KOPO3iiiHO-MEXaHITHOTO pyitHyBaHHS 3pa3kiB Tpyon 09I'2C B ymMoBaxX KaTOXHOTO
3axHcTy. BcTaHOBNIEHO, MO B 3aJEKHOCTI Bi pIBHSA 3aXHUCHOTO IOTEHINANy, KOPO3iHHO-KOpO3iifHe
po3TpickyBaHHs TpyOHOI cram (epuTHO-TiepaiToBoro kiacy 0912C moxe BinOyBaTHCS PI3HUMH MEXaHI3MaMH.
BusHaueHo [iama3oH 3aXMCHHX IIOTEHLIANiB, NpH SKOMY AaHOJHE PO3YMHEHHS Ta BOJHEBE OKPUXYCHHS
BiZIOyBarOTHCS OJHOYACHO IIiJ] Yac pyitHyBaHHs crani, a came Big -0,85 B mo -1,0 B. HasiBHicTh BHIlIe3a3HaYEHHX
MEXaHI3MIB MiATBEPKYETHCS 3MIHOIO MIIHOCTI Ta B'SI3KOCTHHX BJIACTHBOCTEH CTajmi Ta MOpPQOIOTiEr0
pytinyBaHHA. [l crameil iHIIMX TEXHOJOTIH BHPOOHMITBA Ta MAapoK Ii OO0JacTi MOTEHIaTiB MOXYThb
BiJPI3HATHUCS.

KurouoBi cioBa: Hu3pkoByrienesa crans 09I'2C coptumenTy TpyO, kKoedilieHTH aerpaarii BIaCTUBOCTEH,
MOBLTBHA AeopMallis, MOTEHI[IOMETPis, HallPpyXEHO-KOpOo3iifHe pO3TpiCKyBaHHs, BOJAHEBAa OKPHUXKICTh, JIOKAIbHE
aHO/HE PO3UMHECHHSI.
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