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An arc welding method under flux for the controllable rolling of X70 steel for main gas pipelines, which
improves the viscosity of the welded joint and resistance against stress-corrosion cracking (SCC) under cathode
protection, was developed. The impact toughness of the weld at temperatures minus 40°C was
KCV#0 = 189.0 J/cm? versus KCV#? = 117.1 J/em? for the base metal. The corrosion rates and electrochemical
properties of different zones of the welded joint were determined, and their stress-corrosion cracking susceptibility
in the NS4 medium was investigated using voltammetry, the slow strain rate method, and scanning electron

microscopy.
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Introduction

Pipeline transport is the main mode of transportation
for oil and gas in the modern world, and its safety and
reliability have an important impact on the smooth
development of the regional economy, and even on the
security situation. Many studies have investigated the
factors of stress-corrosion cracking of high- and medium-
strength tubular steels in soil or groundwater. Stress-
corrosion cracking of pipeline steel in the soil during
operation is a major hidden cause of danger. Depending
on the composition of the external environment, stress-
corrosion cracking of pipe steels mainly occurs according
to one of two types: at high pH and at pH close to neutral.
The susceptibility of steel to stress-corrosion cracking
depends on the chemical composition of the corrosion
environment and steel microstructure. Tubular steel with
bainite or acicular ferrite grains is more inclined to stress-
corrosion cracking in various solutions [1]. The applied
load, stress concentration, and their fluctuations
contributed to the initiation and development of stress-
corrosion cracking. Generally, the crack initiation and
propagation mechanisms in solutions with a pH close to
neutral are anodic dissolution and hydrogen embrittlement
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[1-4].

In simulated groundwater, the susceptibility to stress-
corrosion cracking in the heat-affected zone of a welded
joint made of API X70 steel depends on two factors: the
influence of the microstructure of this zone on
electrochemical reactions and the influence of mechanical
properties on the development of stress-corrosion
cracking [5]. The microstructure in the heat-affected zone
is soft, which can significantly facilitate the process of
hydrogen release when the cathode potential is more
positive than -1050 mV (relative to SCE). However, at
potentials negatively than -1050 mV, the cathodic current
densities on different microstructures are close in value,
which is consistent with the electrochemical results: at
potentials more negative than -650 and -850 mV, stress-
corrosion cracking is most likely to occur in the zone with
a soft structure, and from more negative than -1200 mV —
in both soft and hard zones.

The electrochemical corrosion mechanism of a
welded joint made of X70 steel in a near-neutral pH
solution does not change during hydrogen permeation
under the applied stress or under the influence of both
factors [6]. Hydrogenation accelerates the local anodic
dissolution of steel and reduces the stability of the
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corrosion-product layer. The heat-affected zone exhibited
the largest dissolution current after hydrogen penetration.
An increase in stress increased the anodic dissolution rate
of the welded joint in the heat-affected zone. A synergistic
effect on the anodic dissolution of the welded joint made
of X70 steel was observed when hydrogenation was
performed with a current of 10 mA/cm? and a stress of 550
MPa. Under such conditions, the anodic dissolution of the
welded joint increases by (5.7-6.5) times, maximally in the
heat-affected zone.

In a welded joint made of X70 steel in an environment
with a near-neutral pH, a stress corrosion crack can initiate
from the microdimples on the surface of the heat-affected
zone and propagate along the principal stress plane when
the frequency of the load fluctuations increases to a certain
degree [7], [8]. The crack propagates along the plane of
maximum shear stress at an angle of 45 [8].

The preliminary plastic deformation of a welded joint
made of X70 steel reduces the resistance to stress-
corrosion cracking in the zones of this joint in a near-
neutral pH solution [9]. Their susceptibility to stress-
corrosion cracking can be arranged in the following order:
heat-affected zone > weld metal > base metal. The
fractographic analysis revealed the existence of two
cracking modes. Type I cracks propagated perpendicular
to the maximum tensile stress, whereas type Il cracks were
located in planes parallel to the plane of the maximum
shear. Stress-corrosion cracking of the base metal and
heat-affected zone occurs according to type I and the weld
metal, mainly according to type II. The sensitivity to
preliminary plastic deformation is a constant of the
material, which makes it possible to propose this indicator
for characterizing the susceptibility of sections to stress-
corrosion cracking before they acquire preliminary plastic
deformation. The increased susceptibility to stress-
corrosion cracking caused by previous plastic deformation
may be due to the increased yield strength. The correlation
between the ratio of the reduction in the cross-sectional
area of the NS4 solution to the area in air and the yield
strength depended on the microstructure.

The experience gained at the EO Paton Electric
Welding Institute showed that stress-corrosion cracking of
the main gas pipelines spreads along the main metal at a
distance of 25 mm from the fusion line with the seam [10],

[11]. As a continuation of these studies, this investigation
aimed to investigate the stress-corrosion cracking of a
welded joint made of X70 steel, obtained by arc welding
under a flux, in a solution with a pH close to neutral under
cathodic polarization.

I. Experimental Details

This study was conducted on specimes of low-alloy
ferrite-pearlite steel class X70 (yield strength 485 MPa,
ultimate strength 590 MPa, and relative elongation no
more than 20%) and a welded joint made with S3-MoTiB
welding wire. One-sided control seams were welded on
the A 909 M machine according to a V-shaped design with
a size of 90°x4 mm. Welding was performed under an OK
10-74 flux using an S3-MoTiB wire. Welding mode:
1=2850-890 A; U =38 B; Vyelding = 25 m/h; Vi=110 m/h
(welding wire feeding speed). The welded joint is shown
in Figure 1, a. With the applied welding mode, satisfactory
formation of the seam with a penetration of approximately
11 mm and reinforcement size of 22x4 mm was obtained
(Figure 1, b).

The chemical composition of steel and weld metal is
given in Table 1.

The mass fraction of elements in the weld metal was
within the limits corresponding to the composition of the
weld when the S3Mo-TiB wire was used for welding.

The impact toughness of the weld metal was
determined according to a method described in [12]. The
welded joint specimens were cut along the central part of
the seam (perpendicular to the sheet plane). The
temperature of the tests corresponded to the requirements
established in the regulatory documents for the
manufacture of pipes (minus 20°C) and for determining
the margin of cold resistance of the weld metal at lower
temperatures (minus 40° C).

Corrosion and corrosion-mechanical studies were
carried out at room temperature in a solution of NS4
composition, g/l: 0.122 KCI + 0.483 NaHCO; + 0.181
CaCl, + 0.131 MgSOs [13]. Solutions were prepared in
distilled water using reagents classified as "pure for
analysis". The weight was measured using an analytical
laboratory-scale VLR-200 instrument.

The weld

Slag crust

Fig. 1. Appearance of the welded joint template (a), obtained by single-arc welding of X70 steel under OK10.74
flux with S3MoTiB welding wire and macro grinding (b).

Table 1.

Chemical composition
Specimen characteristic C Mn Si S P Al | Ni |Mo| Ti V |[Nb| B
Steel X70 0.096| 1.71 {0.208]0.009 |0.007|0.035]0.03|0.03{0.015] 0.06 |0.052]0.002
Weld 007 ] 1.5 1044 - - - 10.13]0.18]0.022]0.0430.036| 0.005
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S

Weld/

Fig. 2. Specimen cut-out scheme for various types of
research: 1 — corrosion-mechanical; 2 — impact viscosity;
3 — metallographic; 4 — electrochemical; 5 — spectral
analysis; 6 electrolytic  irrigation of steel;
7 — determination of corrosion rate.

The surfaces of the specimens were cleaned with
sandpaper of different grain sizes, degreased with
magnesium oxide, washed under running and distilled
water, and dried with filter paper. A pressure cell was used
to measure the potentials and polarization curves of the
base metal and welded joint specimens.

The corrosion potentials were measured against a
saturated silver chloride reference electrode (SSCE) for
1 h using an MTech PGP-550F potentiostat. Anodic and
cathodic polarization curves were recorded for the base
metal and weld seam of the welded joint specimens. The
potentiodynamic mode and potential sweep speeds of 1,
0.5, and 100 mV/s were used.

Slow strain-rate tests were performed by deforming
the specimens at a low rate of 10 s' on an AIMA-5-1

breaking machine in a corrosive environment. Specimens
were prepared according to a previously described
procedure (Figure 3). The reference and auxiliary
electrodes were identical to those used in electrochemical
experiments. The tests were carried out at cathode
polarization potentials of -0.750 V, -0.950 V and
-1.050 V (SSCE).

Specimens for metallographic studies were made
according to the standard method, using diamond pastes
of different dispersions. To examine the microstructure,
the specimens were etched in nital (solution of 4% nitric
acid in ethyl alcohol). Metallographic studies were
performed on a NEOPHOT 21 microscope using an Allied
Vision 1800 U-2050c digital camera and the SEO
ImageLAB software. Grain scores were determined
according to the DSTU ISO 643 [14]. The surfaces of the
specimens after rupture were studied by scanning electron
microscopy on a JSM 840 microscope (JEOL, Japan) in
the mode of secondary backscattered electrons at an
accelerating voltage of 20 kV and an electron beam
current (107-1071%) A at magnifications of x16, and x500.

1.1. Microstructure

The microstructures of the base metal and the welded
joints are shown in Figure 4. The microstructure of the
base metal is typical of X70 steel, as described in detail in
previous studies [10], [11]. The size of the ferrite grain
was 11 um [14], the amount of pearlite component was
12%, the banding was equal to to 4-5 points, and series B
according to DSTU 8972 [15]. In the area of the large
grains of the welded joint, the structure was of the bainite
type (ferrite with second-phase discharges, mainly of
lamellar morphology), and polygonal pre-eutectoid ferrite
formed at the boundaries of the former austenite grains
(Figure 4, b).

The average grain diameter in the overheating zone is

Fig. 4. Microstructure of the base metal of X70 steel and welded joint: a — base metal; b — heat-affected zone;
¢ —weld.
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(0.088-0.012) mm [15]. The length of the coarse grain
zone of the examined welded joints ranged from 0.40 to
0.45 mm, and the length of the total zone of thermal
influence was approximately 5.0 mm. In the structure of
the seam, there are thinner intergranular layers of
polygonal ferrite with widths of 5-7% with a width of (3-
5) pm, which stand out at the secondary boundaries
(Figure 4, c). These layers consist of ferrite grains, which
are mainly discontinuous. The proportion of acicular
ferrite is up to 80%, and the aspect ratio is 1:(2-10). Most
acicular ferrites exhibit high angle boundaries. A grid of
thin thread-like polygonal boundaries with the formation
of the martensitic-austenitic crystallization phase was
fixed on them (Figure 4, c).

From the analysis of the impact toughness test results,
it was determined that the weld metal exceeded the impact
toughness of the base metal at test temperatures of -20°C
and -40°C.

As can be seen from Figure 5, a, ¢, macrofractures of
specimens at temperatures of -20°C and -40°C have a
viscous nature. The fiber direction preserved the visible
traces of the structure of the cast seam. The seam has a
rougher and more deformed surface. There were
practically no flat (brittle) fragments on the fracture
surface (Figure 5, b, d), and pits formed at the test
temperatures of -20°C were smaller than at -40°C.

1.2. Electrochemical studies

The corrosion potentials of the X70 steel and weld in
the NS4 solution were -0.661 mV and -0.658V,
respectively (Figure 6, a). The Tafel slopes of the anodic
curves were 0.042 V, indicating diffusion control of the
corrosion process (Figure 6, b). The limiting diffusion
current of oxygen reduction on the weld was slightly lower
than that on the X70 steel (0.156 A/m? and 0.178 A/m?,
respectively). This may indicate electrochemical
heterogeneity between the weld and base metal. The delay
in corrosion is presumably due to the difficulty of oxygen
delivery to the corroding surface and removal of corrosion
products.

The corrosion rate of X70 steel in the NS4 solution,
weld metal, and heat-affected zone was 0.039, 0.024, and
0.039 mm/year, respectively.

1.3. Corrosion-mechanical research

The breaking curves of X70 steel and welded joints
are shown in Figure 7. The rupture of the welded
specimens (Figure 7, curves 2, 4, and Table 3) occurred at
a lower relative elongation than that of the X70 steel, and
the applying of cathodic polarization contributed to a
change similar to that of the fracture (Figure 7, curves 3,
4).

For the specimens of both the X70 steel and the

Table 2.
Impact toughness
Characteristics of the specimens KCV, J/cm ? for temperatures
-15 °C/-20 °C —40 °C
X70 128,3 117,1
Weld metal 188.0...196.2...203.2...208.9 174.1...189.4...194.9...197.5
199,1 189,0

Fig. 5. Typical character of the fracture surface of welded joint specimens with impact toughness values:
a,b—-KCV2=208.9 JJem? c,d — KCV* =189.4 J/cm?.
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Fig. 6. Changes in corrosion potentials (a) over time and polarization curves (b) of X70 steel (1) and the weld metal
(2) in NS4.
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Fig. 7. Breaking curves of X70 steel (1, 2) and the welded joint made with S3Mo-TiB welding wire (3, 4) in air (1,
3), and in NS4 solution at polarization potentials (2,4): a—-0.750 V; b—-0.950 V; c—-1.050 V.

Table 3.
Mechanical properties of the welded joint of X70 steel and the welded joint in air and corrosion-mechanical
properties in the NS4 solution at different polarization potentials

Test conditions, potential, V| Threak, NOUT'S | cus, MPA | 3, % | S, mm? | Y, % Ks
Steel X70
Air 43 390.52 29.52 8.09 73.02 -
-0.750 43 401.87 30.88 7.96 73.46 1.00
-0.950 42 413.06 28.31 10.41 65.30 1.12
-1.050 40 408.65 26.31 7.88 73.73 1.00
Welded jont made by S3Mo-TiB wire
Air 35 510.35 21.81 8.42 71.94 -
-0.750 31 521.70 18.93 10.56 64.79 1.11
-0.950 32 510.35 23.50 12.75 57.49 1.25
-1.050 30 521.70 20.93 12.88 57.07 1.26
welded joint that ruptured in air, viscous failure was specimens in the air to the relative shrinkage in the NS4
characteristic of the corresponding signs: narrowing of the solution) in the solution as the protective potential
metal near the place of rupture, and the presence of areas increases in the range -0.750 B — -0.950 B — -1.050V for
of plastic deformation (Figure 8). steel changes by 1.0 — 1.12 — 1.0, for the welded joint

The relative elongation of X70 steel was 29.52%, made with S3Mo-TiB wire, so 1.11 — 1.25 — 1.26.
whereas that of the welded joint was 21.40% (27.5% less Consequently, an increase in the susceptibility of this
than that of the base metal). The relative narrowing of X70  welded joint to stress-corrosion cracking was observed
steel was 73.02% (Table 3), and the relative narrowing compared with that of the parent metal.
after the rupture of the welded joint increased to 75.67%
(by 3.6% compared to steel)

At a minimum protective potential of -0.750 V,
shrinkage was present on the welded joint specimens, and
the relative elongation after rupture was 18.93%. That is,
in the NS4 solution at a minimum protective potential of -
0.750 V, the relative elongation of the welded joint
decreased by 38.7% compared with that of the base metal
under the same conditions. The relative narrowing of the
welded joint decreased to 64.79% (by 11.8% compared
with that of the base metal), as shown in Table 3.

At a protective potential of -0.950 V on the
specimens, the shrinkage near the rupture site was
noticeably reduced (Figure 8). The relative elongation was
23.50%. That is, at the minimum protective potential of -
0.950 V, the relative elongation of the welded joint was
17.0% less than that of the base metal (Table 3). R

At the maximum protective potential of -1.050 V, the T Air Eypot =-0.750 V Epoi =-0.950 V k Byt =-1.050V

retraction near the rupture point in all specimens Fig. 8. View of the fracture area of X70 steel specimens
noticeably decreased (Figure 8). The relative elongation of (1) and welded joint (2) after slow strain rate tests in air
the welded joint specimen was 19.74%. At a potential of - (a) and in NS4 solution at protective potentials:
1.050 V, the relative elongation of the welded joint is b—-0.750 V; ¢ —-0.950 V; d — -1.050 V.
25.0% lower than that of the base metal (Table 3).

The coefficient of susceptibility to stress-corrosion
cracking Ks (the ratio of the relative shrinkage of the

For a more detailed analysis, a study of the fracture
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surfaces of the specimens after the corrosion mechanical
tests was conducted.

Notably, stress-corrosion cracking of the welded joint
specimens occurred on the base metal under all test
conditions, as shown in Figure 8. As noted in the study on
the microstructures of the welded joint zones, the width of
the thermally affected zone was 5.0 mm. In our opinion,
this is quite natural, given the quality of the weld and its
high-impact toughness. The welded specimens had a
lower relative elongation because of the higher hardness
of the weld metal; the welded specimens had a lower
relative elongation.

1.4. Fracture studies

The fracture surface of X70 steel in air was formed as
a result of the formation and destruction of small pores or
after their union and destruction (Figure 9, a). Small
inclusions were observed in some pits. Flat surface
elements were formed by the destruction of pearlite bands.

After breaking of X70 steel at the minimum protective
potential of -0.750 V, the structure of the fracture

mechanical tests in NS4 solution at protective potentials: ¢, d —-0.750 V; e, f—-0.950 V; g, h —

fragments differed slightly from the surface of the
specimen tested in air. Larger viscous fragments were
formed by the fusion and rupture of dimples; however,
most of the fracture surface was formed by shear, owing
to plastic deformation (Figure 9, c).

The fracture surface of the specimen of X70 steel after
testing at a potential of -0.950 V also showed a viscous
character; part of it was formed by the rupture of small
pits, and the other, in the form of larger fragments, was
formed by the union of small pits before rupture and
rupture by non-metallic inclusions (Figure 9, e) The
fracture surface of the specimens of X70 steel at a
potential of -1.050 V is viscous, but less energy-intensive,
and contains individual brittle fragments, possibly due to
partial local hydrogen penetration due to cathodic
polarization. A significant portion of the fragments at the
edge of the specimen were formed by plastic deformation
by shear and detachment. Several deep pits were recorded,
apparently after the fallout of non-metallic inclusions,
owing to the weakening of adhesion with the matrix
(Figure 9, g).

N
Fig. 9. Fractograms of X70 steel (a, c, e,g) and welded joint (b, d, f, h) after mechanical tests in air (a, b), corrosion-

-1.050 V.

x 16 (top photos), x 500 (bottom photos).
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The fracture surface of the welded specimen in air
shows that the fracture occurs due to plastic deformation
by a viscous mechanism, during the formation and rupture
of individual pores, and also after their union (Figure 9,
b). The pits are mostly small, up to 5 um in size. It is
possible to distinguish some striation of the structure
along the specimen, which is characterized by the
presence of larger pits with a flat bottom. This fracture
feature may be due to the destruction of the pearlite band
in controlled rolling steel.

The destruction of the specimen at a potential of
-0.750 V also occurred by a viscous mechanism during
plastic shear deformation in the direction of specimen
destruction and subsequent rupture (Figure 9, d).

The fracture surface of welded joint specimen of X70
steel, when tested at a potential of -0.950 V, consisted of
most elements of a typical viscous nature, which were
formed after the rupture of small dimples (Figure 9, f).
Between these parts, there are deeper flat fragments that
can be attributed to a quasi-brittle origin, possibly formed
from the detachment of elements of the ferrite phase, or a
harder fragment of the structure owing to plastic
deformation. The cause of this specific structural
weakening could also be the penetration of hydrogen into
the metal surface of the specimen.

The fracture surface of the specimen at a potential of
-1.050 V has signs of viscous fracture with small brittle
fragments (Figure 9, h). Near the edge of the specimen,
plastic deformation occurred mainly in the form of shear
deformation, and the structure was a consequence of shear
deformation and detachment, which led to the destruction
of small pores and larger flat fragments formed by the
union of small pores and dimples. Deeper local damage
with a brittle diameter of approximately 45 pm of brittle
nature due to intergranular destruction of the combined
damaged grain with inclusions was observed close to the
surface.

Conclusions

The corrosion, electrochemical, and corrosion-

mechanical properties of an X70 steel welded joint made
by single-arc welding under an OK 10-74 flux with
S3MoTiB welding wire were investigated.

The rates of corrosion of the base metal from the X70
steel, weld seam, and thermally affected zone were 0.039,
0.024 mm/year0.039 mm/year

The corrosion potentials of the X70 steel and weld
seam in the NS4 solution are -0.661 mV and -0.658 V, and
the Tafel slopes of the anodic curves were equal to 0.042
V, indicating diffusion control of the corrosion process.
The limiting diffusion current of oxygen reduction on the
weld seam was slightly lower than that on the X70 steel,
0.156 A/m?and 0.178 A/m>.

Stress-corrosion cracking of the welded joint in
solution at polarization potentials of -0.75, -0.950 and
-1.050 V occurred on the base metal, indicating the quality
of the weld and its highly viscous properties.

Susceptibility to stress-corrosion cracking, estimated
by the Ks coefficient in the NS4 solution) in the solution
as the protective potential increases in the range
-0.750 V — -0.950 V — -1.050 V for X70 steel changes
such as 1.0 > 1.12 — 1.0, for the welded joint made with
S3Mo-TiB wire —as 1.11 — 1.25 — 1.26. Consequently,
an increase in the susceptibility of this welded joint to
stress-corrosion cracking was observed compared with
that of the parent metal.
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OmnipHicTh MEXaHIYHOMY Ta KOPO3iliHO-MeXaHIYHOMY PYHHYBAaHHIO
3BAPHOIO 3’€IHAHHA i3 MiABUIEHUMH B'AA3KHUMH BJIACTUBOCTAMH 3i
craiai X70

Incmumym enexmpossaprosanns im. €.0. [lamona Hayionanvhoi akademii nayx Yrpainu, Kuis, Yxpaina, [nyrkova@gmail.com

Po3pobieno cmoci6 myroBoro 3BaproBaHHsA minx (arocom crami X70 KOHTPOJILOBAHOI MPOKATKH IS
MaricTpaJbHHUX Ta30IpPOBOAIB, KUK 3a0e3meuye IiABUIICH] B’ sI3Ki BIACTHBOCTI 3BAPHOTO 3’IHAHHS Ta TPUBKICTH
MIPOTH KOPO31HHOT0 pO3TPICKYBaHHS 32 KATOAHOTO 3aXUCTY. Y AapHa B’s3KICTh 3BApHOTO IIBA 33 TEMIEPATYp MiHYyC
40°C cranosuna 189,0 Jlx/cm? npotu 117,1 Tx/cM? 11 OCHOBHOTrO MeTany. Bu3Ha4eHO IBHAKICTH KOPO3ii Ta
€JIEKTPOXIMi4HI BIACTHBOCTI Pi3HUX 30H 3BAPHOTO 3’ €JHAHHS, a TAKOK JTOCII/KEHO 1X CXUIIBHICTB 10 KOPO3iHHOTO
po3tpickyBaHHs B po3unHi NS4 meronoMm nedopmarii 3 Mao MIBUAKICTIO, BOIBTAMIIEPOMETPil, CKaHyBaJbHOI
€JIEKTPOHHOT MiKPOCKOTTIi.

Kiouosi ciioBa: crans X70, 3BapHe 3’ €THaHHS, BUIPOOYBaHHSI METOZOM JeOopMallii 3 MaJor MBUIKICTIO,
MacoOMeTpisl, BOJBTAMIIEPOMETPisi, ONTHYHA MIKPOCKOIs, CKaHyBaJbHA €JEKTPOHHA MIKPOCKOMIs, KOpo3isi,
KOpO3iiiHe pO3TPICKyBaHHS.
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