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Abstract. The effect of the in-service scattered damage in the pipe wall metal is evaluated, and the effect of hydrogen
absorbed by metal on the variation of the structure and mechanical properties of the main gas pipeline after a long-term
operation is found. The main regularities in the graded nature of the static deformation process and the effect of hydro-
genation on the scattered damage and fracture accumulation are found.
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Introduction

About a half of the main pipelines of Ukraine have been
in service for more than 20 years, and about a quarter of
them — for more than 30 years (Nykyforchyn et al. 2010;
Maruschak et al. 2013a). Stringent requirements placed
on the integrity and efficiency of operation of such tech-
nical systems call for an increased accuracy of evaluation
of their characteristics after a long time of operation
(Hood 1974).

It is known that the structure determines the mechani-
cal properties of materials of the pipeline systems (Liang
et al. 2009). Grain size variation, accumulation of structur-
al damage on their boundaries, accumulation of hydrogen
in the vicinity of inclusions change the material character-
istics and its resistance to the static and dynamic loadings
(Kryzhanivs’kyi, Nykyforchyn 2011; Azevedo, Sinatora
2004). That’s why it is important to establish the main
regularities in the structural degradation of the material and
variation of the physical and mechanical properties.

Special attention should be paid to hydrogenation,
since hydrogen facilitates the propagation of damage, in
particular, the nucleation and growth of microcracks (Lu-
blinska et al. 2007). It is known that the content of the
residual hydrogen in the service-exposed pipeline metal is
higher than that in the initial material (Nykyforchyn et al.
2010). In a number of works it is proved, based on the
evaluation of the hydrogen permeability of steels and

hydrogen desorption kinetics, that cyclic loading increas-
es the intensity of hydrogen trapping and the energy of its
fixation in traps, which preconditions a higher defec-
tiveness of the service-exposed metal (Nykyforchyn
et al. 2010; Kryzhanivs’kyi, Nykyforchyn 2011).

Moreover, some works are known, in which the am-
biguous effect of structural defects on the deformation
properties of materials of gas and oil pipelines was found.
In a number of cases, an increase in plasticity was ob-
served due to the opening of multiple defects oriented
perpendicular to the material load lines (Nykyforchyn
et al. 2010; Kryzhanivs’kyi, Nykyforchyn 2011). The
interest in such phenomena is caused by a specific char-
acter of the material structure after a long-term operation,
when the material anisotropy manifests itself very clearly
in the longitudinal and transverse directions
(Nykyforchyn et al. 2009; Maruschak ef al. 2012).

It is in such material that irreversible changes take
place due to an increased specific share of grain bounda-
ries, which causes variation of the deformation properties
at the micro-, meso- and macrolevels (Panin, Egorushkin
2011; Makarov 2010). That is why the structure and
properties of the service-exposed material differ signifi-
cantly from those of the material in the initial state.

The purpose of this work is to perform a complex
analysis of the structural and mechanical damage of the
main pipeline after a long-term operation, and the decreased
strength and deformation properties of the material.
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1. Research technique

A section of the main gas pipeline “Kyiv — West of
Ukraine-1” (KWU-1) was investigated after 40 years of
operation under ground. The gas pipeline has a diameter
of 1020 mm, wall thickness of 10 mm, and a rubber-
bituminous insulation. The failure of insulation caused
formation of the corrosive damage on the external surface
of pipes in the form of spots, pits and cavities of different
size and depth due to the interaction between the pipe
metal and the medium. Lack of insulation on the analyzed
section of the main gas pipeline KWU-1 from steel
17G1S according to TU 1-150-67 caused the formation of
multiple corrosive damage on the external surface. A
fragment was cut from the pipe during repair (Fig. 1), in
order to evaluate the metal damage.

The kinetics of the scattered damage accumulation
in the service-exposed material under static loading was
described by the complete diagrams method, where ¢, is
the material loosening strain; the current value of the
lateral strain coefficient is taken as the main parameter
(Lebedev et al. 2002, 1996).

Fig. 1. Scheme of the investigated fragment of the service-
exposed pipeline KWU-1

The material loosening strain (Lebedev er al. 2002,
1996):

e, =(1-2-p(e))-e, )

where: u(e) is the current value of the lateral strain coef-
ficient.

The metallographic templates cut from the pipe with
the diameter of mm in the radial and axial directions from
the internal and external surfaces of the pipe were inves-
tigated. Cutting was performed on the Q-80Z (URMO-
80A) special purpose machine with water cooling. The
surface analysed was polished on the MR-1V face-
grinding machine and treated in 2% nitric acid solution,
the templates were investigated on the MMO-1600AT
metallographic microscope.

2. Corrosive defects

It is known that pipeline systems, which have been under
ground for more than 5 years, usually contain corrosive
and metallurgical microdefects or microcracks (Lubliniska
et al. 2007). The effect of technological loads and residual
stresses combined with the medium (soil), which has a cer-
tain humidity and acidity, intensifies the accumulation of
damage and hastens the propagation of these defects (Ghajar
et al. 2013). Figure 2 shows the distribution of pitting and
corrosive pits on the surface of the main gas pipeline.
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Fig. 2. Pitting (a, b) and corrosive pits (c, d) found on the exter-
nal surface of the gas pipeline after 40 years of operation
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In places of contact between the pipe metal and the
corrosive medium, the acidification of the medium takes
place under the insulation, which facilitates a reduction in
the surface energy and hastens failure of the passivating
film. The most active elements of the soil electrolytes are
the halide chloride ion CI~ and the adsorbed hydrogen
(Ghajar et al. 2013; Kotrechko et al. 2004).

As a result of microplastic deformation, the destabi-
lization of the internal energetic state takes place on local
sections of the pipe material, and the sensitivity to stress
concentrators increases under the effect of hydrogen.
Moreover, cyclic loading lowers the plasticity of the de-
formed metal, thus increasing its liability to the corrosive
cracking under the effect of the hydrogenous medium
(Nykyforchyn et al. 2010).

3. Microstructure and properties of the pipe metal

The templates cut in the axial direction are characterized
by the clear-cut damage of the ferritic-pearlitic structure
(Fig. 3a, b). A partial decarbonation of the pearlitic grains
is detected on polished sections. Numerous defects in the
form of laminations are found, which are oriented along
the rolling direction and formed due to the hydrogenation
of metal. These defects are called hydrogen lamination
and hydrogen cracking (Nykyforchyn ef al. 2010). Obvi-
ously, cracks nucleated on grain boundaries and propa-
gated under the action of stresses by the “stress—
corrosion” scheme (Lublinska ef al. 2007). As is known,
it is the localisation of the degradation processes between
rolling fibers (Fig. 3¢) that causes a significant reduction
in the impact toughness of the service-exposed pipelines
(Baron 2012).

In our opinion, the said defects testify to the over-
strained condition of the analysed section (possibly, due
to a local subsidence of soil), moreover, an increase in the
internal stress caused the localisation of structural dam-
age and its coalescence in the direction perpendicular to
the maximum tensile stresses. A change in the density of
metal damage is accompanied by a change in its geome-
try, size and spatial orientation, which preconditions a
change in microhardness of the surface layers (Teirlinck
et al. 1988). One of the main reasons for the appearance
of the said defects is damage and loss of adhesive proper-
ties of the pipe coating, which caused the penetration of
ground water into the pipe surface. Atomic hydrogen
penetrated into the metal and accumulated in micropores
and structural defects (Fig. 3b). In parallel, the decar-
bonation of metal developed due to blocking of carbon
atoms by hydrogen atoms, thus decreasing the material
plasticity (Kadkhodapour et al. 2011).

As a result of the performed investigations, the main
regularities in the degradation processes that occur during
a long-term operation were found:

—decreased mobility of dislocations due to an in-
creased level of the internal microstrains of the ma-
terial, which are the local traps for the accumulation
of hydrogen;

—accumulation of structural defects and embrittle-
ment due to hydrogenation;

—dispersed deformation defects and microcracks.
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Fig. 3. Microstructure of gas pipeline after 40 years of operation
(x200): a — in the transverse direction, where a — external sur-
face; b — internal surface; ¢ — along the pipe axis

Complete stress-strain curves method is effective
(Lebedev ef al. 2002, 1996) in evaluating the effect of
cutting direction on the damage accumulation kinetics
and deformation properties of the material under static
tensioning (Fig. 4a). It is found that the specimens cut in
the longitudinal direction are characterized by a clearly
seen yield plateau.

It is known that long-term operation causes changes
in the kinetics of deformation defects accumulation in the
structural material (Yasnii ef al. 2012), and the level of
the structural and mechanical damage of the material has
an immediate effect on the regularities in the material
failure (Fig. 4b, c).
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Fig. 4. Complete static tension curves for the service-exposed

17GI1S steel: a — cut in the longitudinal (1) and transverse (2)

directions after 40 years of operation under ground; b — micro-
fracture of specimens cut in the longitudinal direction; ¢ — mi-
crofracture of specimens cut in the transverse direction

The presented data testifies to the fact that degrada-
tion, first of all hydrogenation, raises the degree of the
material opening, due to which some essential differences
between the deformation properties are observed
(Fig. 5a). As is seen, in qualitative terms, the kinetics of
the damage accumulation process in specimens with dif-
ferent degrees of deformation is similar to the insignifi-
cant strains, when deformation processes are localized in
the vicinity of structural formations (macrolevel), in par-
ticular, a difference between the loosening strains of
specimens at low strains (¢ = 8%) was 2%. However, at
strains equal to 20%, the difference between the loosen-
ing strains was 16%.

For the specimens cut in the longitudinal direction
with € = 42%, the loosening strain was g, = 27%. For the
specimens cut in the transverse direction the maximum
relative strain was € = 20%, and the loosening strain was
& = 13%.

So, the specimens cut in the longitudinal direction
have better deformation properties (Fig. 5b). Lower
strength and plasticity of the specimens cut in the trans-
verse direction are connected with the processes of the
preliminary hydrogenation and multiple lamination of the
structure of the internal material layers (Fig. 5¢). The said
defects impede the involvement of the material mesovol-
umes in the plastic deformation process, which is con-
firmed by low values of the residual strain (Makarov
2000). Significant differences were also observed in the
slopes of the descending branches of the stress-strain
curves, which testify to a big difference between the
mechanisms of macrofailure.
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Fig. 5. Visualization: a — dependence of loosening strains on the
residual strain for the specimens of the longitudinal direction of
cutting (1) and transverse direction of cutting (2); b — scheme of
the deformation behavior of specimens cut in the longitudinal
direction from the service-exposed pipe; ¢ — scheme of the
deformation behavior of specimens cut in the transverse direc-
tion from the service-exposed pipe

The macroanalysis of fracture surfaces of the speci-
mens cut in different directions revealed a clear depend-
ence of the material deformation properties on the crystal-
lographic orientation. It is these parameters that account for
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the differences between the stress-strain curves for the steel
cut from the pipe in various directions.

It is found that for the specimens of the longitudinal
direction of cutting, the presence of the scattered damage
causes intensification of the dimple separation. The frac-
ture surface of the specimens cut from the service-exposed
steel 17G1S is covered with a dense network of deep, large-
sized dimples combined with numerous laminations, which
are connected with damage propagation during operation.

For the specimens of the fransverse direction of cut-
ting, the presence of the “composite” structure of the
fracture surface in the form of micro- and macroprotru-
sions was recorded experimentally. Thus, when hydrogen
affects the structure of the gas-pipeline metal, a great
number of ordered structures are formed in the investi-
gated material (material states), each of which has new
mechanical properties (Balokhonov 2010).

It is found that the service-exposed steel is characte-
rized by significant differences between the strength
properties in various directions, however, they are higher
than those in the initial material (see Table 1). Obviously,
the exhaustion of plasticity of the gas pipeline material
takes place during its operation. In addition, an increase
in the relative elongation of the material cut along the
pipe takes place, which is preconditioned by the opening
of multiple defects in the damaged material
(Nykyforchyn et al. 2010). The transverse direction of
cutting, on the contrary, is characterized by a decreased
relative elongation, which is caused by the material em-
brittlement and quasi-brittle shear mechanism of failure
in the vicinity of structural defects.

Table 1. Mechanical properties of steel 17G1S of the main gas
pipeline KWU-1 in initial state and after 40 years of

operation
Properties Yield Tensile | Elongation,
strength, strength, € [%]
oy [MPa] oul [MPa]
Initial state of steel 420435 580-590 | 23.5-26.0

(Certificate 162/3-69)

Service-exposed steel 460 720 44.0
of the longitudinal
direction of cutting

Service-exposed steel 520 620 20.0
of the transverse
direction of cutting

4. Mechanisms of deformation of the service-exposed
material

A difference in the mechanisms of deformation of speci-
mens cut in the longitudinal and transverse directions also
consists in:

Microlevel:

—in case of the longitudinal direction of cutting, the
metallographic and fractographic analyses allowed
revealing two micromechanisms of failure — the ini-
tial ductile (dimple) one in the central part of the
specimen and subsequent shear one — in the periph-
eral part (Fig. 6a). Discontinuities (pores) are
formed in places of accumulation of pearlite colo-

nies. Deformation took place in the plastic manner
and is connected with the processes of yielding of
the material matrix, and the accompanying material
opening processes on the whole;

—in case of the transverse direction of cutting, the
analysis of fracture surfaces revealed a greater
amount of secondary microcracks and laminations
in the service-exposed steels as compared to the re-
serve pipe, moreover, there are signs of brittle frac-
ture in the vicinity of laminations (Fig. 6d). Obvi-
ously, under conditions of the non-uniform stress
state, all the non-uniformities have a significant effect
on the multiplication and displacement of disloca-
tions (since strains propagate not in the ideal mono-
crystalline material, but in the real one, their mani-
festations are distorted and localized on structural
defects). Thus, the micrononuniformity of failure is
connected with the processes of deformation of the
hydrogen-embrittled material matrix and the ac-
companying processes of shear and separation of the
material in the vicinity of defects (Makarov 2000).
The physical investigations performed using the
transmission electron microscopy allow presuming
that deformation of such materials is connected with
the formation of the ordered structures in the form
of the volumetrically linked, localized “composite”
formations at different scale levels.

Mesolevel:

—the longitudinal direction of cutting. With an in-
crease in the specimen deformation level individual
mesobands are hardened, and deformation continues
in neighboring bands creating sections of the or-
dered mesorelief. With an increase of deformation,
the intensity of failure of the initial banded frag-
mented mesosubstructure and the local softening of
macrobands of the localized yielding increase
(Fig. 6b). A symmetrical neck covered with meso-
bands of deformation is formed in the specimen.
This facilitates redistribution of the linear and shear
components of deformation. The plastic deformation
bands are oriented in the direction of force applica-
tion. Within the local stress concentration zones,
some crack-like laminations with a well-developed
curvilinear front are noticeable. The propagation of
plastic shears from grain boundaries into the grain
volume is accompanied by the appearance of the
eddy motion in the elastically deformed material,
which is necessary for the accommodation of strain
in the neighboring areas (Makarov 2010). Individual
grains, inclusion, etc., are involved in the accom-
modation shear and turns at the mesolevel as well as
the whole fragments (grain conglomerates), which
leads to the formation of the network of localized
deformation bands (Maruschak et al. 2013b).

—the transverse direction of cutting. The view of the
lateral specimen surface testifies to the brittle failure
(Fig. 6d). At the same time, the presence of multiple
cracks testifies to the partial relaxation of stresses
during deformation. It is shown that due to the stress
concentration in the vicinity of microcracks the first
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plastic shears are nucleated under mean stresses,
which are much lower than the macroscopic yield
point, and the sections of their localization are
formed before the stress-strain curve enters the stage
of strain hardening. These conclusions are con-
firmed by the calculations made for ceramics with
various degrees of porosity investigated under com-
pression conditions. In this case, the sources of local
stress concentration are the boundaries between the
pore and the base material (Makarov 2000).
Obviously, at this mesoscale level, deformation is in-
capable of relaxing the growing stresses — a transition of
the deformation process to a higher scale level takes place.
Immediately after its nucleation the crack propagated in the
longitudinal direction within the area perpendicular to the
direction of the maximum tensile stresses.

WD=11.9mm 20.00kV  x2.00k
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Macrolevel:

—in case of the longitudinal direction of cutting, the
service exposure causes an increase in the amount of
stress concentrators. An increase in the macrostrain
is accompanied by saturation of the material with
micro- and mesodefects, moreover, the opening due
to nucleation of defects is replaced by the opening
due to increase in their sizes, coalescence of indi-
vidual micropores and microcracks (Fig. 6d). Local-
ization and concentration of pores in case of the in-
creased strain are accompanied by their coalescence
and the formation of an embryo macrocrack (Ka-
chanov 1999);

20.00kV _ x250

Ui
WD=9.9mm

Fig. 6. Fracture surfaces — a, d and lateral surfaces d, c, e, f of specimens from service-exposed steel 17G1S: (a) of the
longitudinal (a—c) and transverse (d—f) direction of cutting after 40 years of operation
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—in case of the transverse direction of cutting, we ob-
served a significant decrease in deformation proper-
ties of the steel, which gave grounds to believe that
the reason for that was the developed defectiveness
of the pipe wall metal (Fig. 6f). Very indicative in
this case is the difference between deformation pro-
cesses in the longitudinal and transverse directions,
which depicts not only the low capacity of metal to
deform plastically, but also an intensive coalescence
(mainly by microspalling) of microcracks
(Dominguez, Sevostianov 2011).

In this case, the mechanism of failure is determined
by the ability of steel 17G1S to resist the shear stress and
the separation stress. It should be noted that a change in
the direction of cutting caused the appearance of addi-
tional failure mechanisms due to propagation of the mac-
rocrack in two planes of the pipe (the axial and radial
ones) (Cramer, Sevostianov 2009).

Attention should be paid to some peculiarities of de-
formation of steel 17GIS, in particular, that yielding of
the material cut in the transverse direction is much lower
than that of the material cut in the longitudinal direction,
which testifies to lack of a single mechanism of failure of
the material during propagation of a crack.

The fracture work of the specimens cut in the radial
direction is much lower than that of the specimens cut in
the longitudinal direction. From the point of view of frac-
ture mechanisms, the presence of the lateral shear mecha-
nism was observed for such specimens, which is much
less energy efficient than pure separation.

5. Discussion

It is known that several levels of deformation and failure
can be distinguished in the quasi-static processes of de-
formation, which allow describing the synergetic instabil-
ity of the process of deformation (Panin, Egorushkin
2011). If we consider the processes of deformation and
failure of steel 17G1S taking into account the concept of
structural levels, the graded nature of evolution in loss of
the shear stability by materials should be pointed out. In
addition, the microlevel is represented by grains and sub-
grains of the material, the mesolevel — by grain conglom-
erates, and the macrolevel considers the specimen as the
quasiuniform medium (Yasniy et al. 2009).

In this case, the mesolevel is implemented by shear
displacements of grain conglomerates, which cause the
nucleation and coalescence of micropores, and a transi-
tion of the process of failure to the macrolevel. Moreover,
the material structure has a significant effect on the de-
velopment of the plastic deformation and failure process-
es in materials. In contrast to the elastic properties, which
show low sensitivity to changes in the structure, the plas-
tic and strength properties are highly sensitive to changes
in the material structure (Yasniy et al. 2009).

So, the nonuniformity of materials is analyzed from
two points of view. On the one hand — it is considered in
the form of visible differences within the structure, and a
difference between the mechanical properties, including
the elasticity modules, yield points and other characteris-
tics, which depict certain aspects of the mechanical be-
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havior of the material under loading. On the other hand —
it is analyzed indirectly by changes in the deformation
behavior of the deformed solid body, which depicts the
non-uniformity of the structural nonuniformity only in
the averaged manner (integrally).

It should be made clear that the presence of hydro-
gen in the pipe wall of the operational gas pipeline may
lead to the operational embrittlement even when its con-
centration does not exceed the maximum allowable value
(Nykyforchyn et al. 2009).

This is connected with the fact that hydrogen, due to
a high diffusion activity in metals, is redistributed within
the structure of the pipe metal under the action of the
elastic stress fields, which causes the formation of clus-
ters in the most highly-stressed sections. As a result, the
probability of the pore and crack formation increases.

According to the results of Maruschak ef al. (2012),
there are two main reasons that enhance the deformation
properties of the material without its failure, and, corre-
spondingly, its static strength. This is, first of all, the
formation of the substructure with the well-developed
boundaries capable of impeding propagation of a crack
and a growth of disorientation of boundaries of the struc-
tural elements. The results obtained in this work allow for
a quantitative evaluation of the effect of hydrogen on the
mechanisms of deformation and failure of the gas pipe-
line steel after a long-term operation. A possibility of
taking into account the effect of the mechanisms of de-
formation and pore formation on the regularities in failure
of the pipe steel is shown in Table 2.

The peculiarities of morphology of the fracture sur-
face of the main gas pipeline steel after a long-term oper-
ation (see Table 2) can be explained, taking into account
the microstructural processes, which take place during

Table 2. Mechanisms of deformation and failure of service-
exposed steel 17G1S after 40 years of operation

Predominant mechanisms | Failure mechanisms

of deformation

Direction
of cutting

Along the
pipe (L)

Nonuniform microplastic
strains localized within
individual grains are pre-
conditioned by the struc-
tural damage and the
preliminary pore for-
mation in the initial struc-
ture. The accumulation
and coalescence of the
deformation defects lead
to variation of the degree
of compression of plastic
strains.

Failure by the elastic-
plastic mechanism.
Some sections “en-
closed” with the elastic
boundaries are ob-
served.

Ductile separation of the
material within the
macroplane of the nor-
mal loading axis. At the
same time, relatively
small sections of shear
strains.

Across the
pipe (T)

Extended sections of
elements of the internal
structure located between
defects are involved in
deformation. Significant
nonuniformity of defor-
mation of the “composite”
structure in the longitudi-
nal and transverse direc-
tions.

Ductile-brittle mecha-
nism with quite a large
gradient of plastic strain
along the specimen
cross-section. The frac-
ture surface has a grad-
ed “composite” shape.
Failure by the
“shear+turn” mecha-
nism.
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hydrogenation. As is known, one of the main processes is
the accumulation of hydrogen in the material. The micro-
structural investigations show that the most typical areas
of the intragranular accumulation of hydrogen are the
surfaces of carbides and non-metallic inclusions, which is
caused by the diffusion of hydrogen on the “carbide-
matrix”’ interface and the “inclusion-matrix” interface. In
addition, the softening of the grain boundaries is develop-
ing fast, and the change of orientation of the polycrystal
loading leads to an increase in the non-uniformity of de-
formation and significant differences between the defor-
mation properties (Mishnaevsky et al. 2004).

Conclusions

The damage mechanisms of the pipe metal of the gas
pipeline “Kyiv — West of Ukraine-1” (KWU-1) after 40
years of operation under ground are investigated, the
main reasons for their appearance are found and analysed.

The regularities of the effect of the scattered damage
on the processes of deformation at various scale levels are
generalized using the approaches of physical mesome-
chanics. The process of deformation of the damaged ma-
terial was analysed using the complete stress-strain
curves, some sections of which correspond to the stages
of the material failure.

The established regularities can be used for the
evaluation of the main gas pipeline resistance to fatigue
damage, as well as for the correct and rational choice of
the permissible stress value, taking into account surface
concentrators, and for prediction of the residual life of the
structure.
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