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Abstract—Tensile stresses present in the pipe steels exposed to corrosive environment can result in the corro-
sion cracking of the pipe material. The standard procedure used for assessing the susceptibility of steels to
stress corrosion cracking (for about 720 h) often does not fully provide insight into the characteristics of the
material. The goal of the study is to develop a more rapid test procedure, which can provide reliable and com-
plete information about the material placed in a corrosive environment under stress. Accelerated test for stress
corrosion cracking of pipe steels with a relative strain rate of ~107° s~ is proposed. The results of testing two
materials at different deformation rates placed in different corrosive environments are presented. The tensile
diagrams of the specimens tested in air and corrosive environments containing hydrogen sulfide and carbon
dioxide, as well as the measurement of the relative elongation and relative contraction of fractured specimens,
were used to determine a degree of the susceptibility of the pipe steels, which differ in the strength character-
istics to stress corrosion cracking. It is shown that the degree of susceptibility of steel to stress corrosion crack-
ing depends on the characteristics of the corrosive environment and the strength of the pipe steel. Tests under
low rate of loading compared to tests with static load of the specimens revealed reduced duration of analysis

from 720—1000 to 25—100 h.
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INTRODUCTION

Stress corrosion cracking (SCC) is observed for
most structural metal materials in various corrosive
environments [1—4]. In this regard, great attention is
paid to the study of the reasons leading to SCC of
structural steels and alloys, and the development of
test methods that allow determining the boundary
conditions under which the susceptibility to SCC does
not appear.

In the oil and gas industry, where steels are used
that differ in chemical composition, structure and
strength level, the main component of the external
environment that can cause SCC of pipe steels is an
aqueous solution, containing dissolved aggressive sub-
stances, that accompanies the main transported prod-
uct (oil and gas). These substances include dissolved
salts, most of which are chlorides, as well as dissolved
gases such as hydrogen sulfide and carbon dioxide.

The most dangerous is hydrogen sulfide. In an
aqueous solution on the surface of iron, hydrogen sul-
fide behaves like acid and interacts with iron as follows
[5—7]:

H,S + Fe — FeS + 2H. Q9]

This process can be interpreted as an electrochem-
ical one consisting of an anodic reaction

Fe+S° — FeS + 2e, ()
and cathodic reaction

2H" + 2¢ — 2H. 3)

The resulting FeS has poor solubility and can be
represented as products of ion concentrations:

FeS = [Fe’']-[S*]1=3.7x107". 4

Therefore, it is precipitated on the iron surface and
prevents further corrosion of the steel. However, if the
medium is acidic, then FeS will pass into solution:

FeS+2H" — H,S + Fe™". (5)

In solution, H,S dissociates with the formation of
H* and SH- ions

H,S - H" +SH". 6)
Hydrogen ions are discharged by the reaction (3)
and atomic hydrogen is formed on the surface of the

metal. SH™ sulfide ions prevent the hydrogen atoms
from joining into molecules. This leads to a significant
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Fig. 1. The effect of the strain rate on the susceptibility of
metal materials to corrosion cracking.

part of the atomic hydrogen penetrates into the metal.
The susceptibility of pipe steels to hydrogen sulfide
stress cracking (SSC) is possible if the partial pressure
of hydrogen sulfide is more than 0.35 kPa.

At the end of the 20th century, it was found that
low-alloy steels undergo SCC in aqueous solutions
containing dissolved carbon dioxide [8—11]. The sen-
sitivity of the investigated steels to SCC in the H,O—
CO, system increases with the addition of up to 5%
sodium chloride to the solution and with an increase
in the yield stress of the steel. However, SCC requires
higher levels of applied stress and plastic deformation
than SSC in the presence of H,S. Moreover, cracking
in all cases is intergranular.

The existing methods for testing steels and alloys
for stress corrosion cracking (by the type of specimens,
the composition of the corrosive environment, by the
test conditions—temperature, pressure, external
polarization) can be divided into three groups depend-
ing on the method of creating a stressed state in spec-
imens. These are tests under constant strain, constant
load, or constant strain rate.

The first two types of tests are widely used for
material performance testing in terms of resistance
SCC and SSC under the conditions of operating loads
of a certain level and a specific corrosive environment.
Constant load testing is also used to determine tensile
stress thresholds [12] or stress intensity factor K;gcc for
fatigue crack specimens [13], below which the material
does not show the susceptibility to corrosion cracking.
The main disadvantage of these methods is the test
duration, varying from 720 to 1000 hours, in some
cases several thousand hours.

The slow strain rate test (SSRT) method has been
used to determine the susceptibility to SCC of steels
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and alloys since the second half of the 20th century.
The development of corrosion cracks under static
loading of specimens and loading at a slow speed is
established to proceed according to a single mecha-
nism. In addition, data obtained using different load-
ing methods allows to compare different materials
according to the degree of SCC susceptibility [14, 15].
When performing stress corrosion cracking tests by the
SSRT method, there are two options for the effect of the
strain rate on the susceptibility of metal materials to stress
corrosion cracking [16], as shown in Fig. 1 [17].

For aqueous solutions of electrolytes, the initiation
and growth of cracks during stress corrosion cracking
begins with the anodic dissolution of the most active
areas on the metal surface (non-metallic inclusions,
mechanical damage, etc.). If a protective oxide film is
formed on metal in a corrosive environment, then
local corrosion hot spots may occur at a certain defor-
mation rate equal to or slightly higher than the recov-
ery rate of this film, which is destroyed under the
action of tensile stresses (deformation). Due to the
growing stresses, some local hot spots are transformed
into a corrosion crack, the growth rate of which will
depend on the rate of alternating stages of anodic dis-
solution and stress growth (plastic deformation at the
tip of a developing crack). Corrosion cracking will be
difficult or completely impossible if the test strain rate
is lower than the recovery rate of a locally breaking
oxide film. At a high deformation rate, the film on the
surface begins to break down, but the corrosion pro-
cesses will not have time to lead to the appearance of a
crack, and simply mechanical destruction will be
observed when the ultimate strength of the material is
exceeded (Fig. 1, curve 7). Such an effect of the strain
rate on the susceptibility to stress corrosion cracking is
characteristic of steels and alloys with the ability to
passivate, for example, aluminum and titanium alloys,
stainless steels. A similar character was found in low-
alloy steels when tested in a carbonate solution and a
weakly alkaline medium with polarization in a narrow
potential range, where an unstable passive film is
formed [18].

In acidic saline water solutions, low-alloy steels do
not form a protective oxide film in the presence of H,S
or CO,. The development of cracks from local surface
defects occurs due to the diffusion of atomic hydrogen
and embrittlement of the metal, i.e. reduction of plas-
tic deformation at the crack tip, resulting in crack
breakthrough by the size of the embrittled layer. Since
all low alloy steels have a bcc crystal lattice, the hydro-
gen diffusion rate will be approximately the same
regardless of the strength level of the steel. Hence, the
rate of deformation, i.e. the time required to reach the
maximum hydrogen concentration is also approxi-
mately the same. In this case, the rate of deformation
INORGANIC MATERIALS Vol. 57
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Table 1. Chemical composition of the steels under study
Elemental content, wt %
Steel grade
C Si Mn Cr Ni Cu Mo \% Nb Al S P
34KhMA 0.29 | 0.20 | 0.52 | 097 | 0.09 | 0.06 | 0.50 | 0.006 | 0.008 | 0.03 | 0.030 | 0.006
SAWL 485FD 0.06 | 0.09 1.73 0.05 | 0.29 | 0.01 0.12 | 0.007 | 0.005 | 0.02 | 0.001 | 0.008

should be such that, during the tests, the achievement
of the maximum oxygen concentration inside the
metal and the magnitude of stresses (strains) sufficient
for crack growth was ensured. Such a development of
events will lead to the susceptibility of steel to stress
corrosion cracking to a gradual increase up to the
maximum value, after which it will no longer change
(Fig. 1, curve 2).

The purpose of this research is to develop a meth-
odology for accelerated testing of pipe steels for sulfide
and stress corrosion cracking, the duration of which
does not exceed 100 hours. To rank steels that slightly
differ in chemical composition, according to their ten-
dency to such types of corrosion damage, it was neces-
sary to select appropriate sensitive evaluation criteria,
as well as threshold values of these criteria, allowing
the steel to be considered suitable for using in environ-
ments containing H,S or CO.,.

RESEARCH METHODS

The studies were carried out on two pipe steels of
different strength—34KhMA and SAWL485FD with
yield strengths of 980 and 540 MPa. Both steels are
low-alloy; their chemical composition is given in
Table 1.

The corrosive environment was a 5% aqueous solu-
tion of sodium chloride acidified to pH 2.8 with an
acetic acid solution, which corresponds to solution A
recommended by the NACE TM 0177 standard for
testing sulphide and corrosion cracking of pipe steels.
In the course of the experiment on the SSC, the solu-
tion was additionally saturated with hydrogen sulfide,
and during the tests on the SCC, with carbon dioxide.

When the method was developed, the slow strain
rate testing method (SSRT) was taken as a basis, which
is used to determine the susceptibility of steels and
alloys to SCC. The development of corrosion cracks
under static loading of specimens and loading at a slow
rate is established to occur according to a single mech-
anism. Moreover, the data obtained for different
methods of load application make it possible to com-
pare different materials with each other in terms of
their susceptibility to SCC [14, 15]. Smooth cylindri-
cal specimens with a diameter of the working part of
6.35 mm according to the NACE TM 0177 standard,
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intended for tests under static load, were selected for test-
ing. The studies were carried out on a modernized tensile
testing machine UME-10T, which allowed the specimen
to be stretched at a rate of 1.3 to 1.3 X 10~ mm/min.

The selection of the required strain rate during
stress corrosion cracking tests is of great practical
importance. The deformation rate should be such that
the corrosion processes that contribute to the initia-
tion and propagation of cracks have time to take place.
This means that the rate of deformation should be
close to the rate of short-term creep of steel caused by
the action of applied tensile stresses concentrated in
the zone of the developing corrosion defect, which
acts as a stress concentrator on the specimen’s surface.
If the strain rate is too low, then this significantly
increases the duration of the test.

Figure 2 presents the experimental data obtained in
the study of the effect of the strain rate on the suscep-
tibility to stress corrosion cracking of two investigated
low-alloy steels of different strength in an aqueous
solution of chlorides at pH 3 in the presence of hydro-
gen sulfide at room temperature. At the same time, the
stresses leading to the destruction of the specimens are
taken for the stronger steel 34KhMA as the main crite-
rion for susceptibility to SSC. For SAWL485FD steel,
the breaking stresses always exceeded their yield
strength and slightly differed from each other at all
deformation rates. Therefore, the susceptibility to SSC

1200 - 130 X
£1000 2 {25 §
= //1‘_. 5
5 800 - 120 E
£ 600 | 7 115 £
:n o
2400t 110 2
& g
5 200 {s =
m ~

0 ' 0

1 1 1 1
1077 107 1075 107* 1073
Strain rate, s~

Fig. 2. The effect of the strain rate on the susceptibility of
steels 34KhMA and SAWL485FD to corrosion cracking:
I—destructive stresses for steel 34KhMA; 2—deformation
to failure of steel samples SAWL485FD
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Fig. 3. Tensile test diagrams of steel 34KhMA at a low
strain rate upon saturation of H,S and CO, solutions at
room temperature.
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Fig. 4. Tensile test diagrams of steel DNV SAWL 485FD at
a low strain rate upon saturation of H,S and CO, solutions
at room temperature.

was determined from the relative deformation at which
the specimen was destroyed.

By contrast with tests in air, tests in a solution sat-
urated with hydrogen sulfide showed a significant
effect of the deformation rate on the mechanical prop-
erties of steels 34KhMA and SAWL485FD. A decrease
in the strain rate from ~10~* to ~10~° s~ ! leads to a
noticeable decrease in these characteristics when
tested in a hydrogen sulfide environment. A further
decrease in the strain rate to ~10~7 s~! practically does
not affect the values of the obtained fracture charac-
teristics. The authors observed a similar dependence
when testing shipbuilding steels in seawater [14]. At
high strain rates, the diffusion mobility of atomic
hydrogen does not have time to create at the tip of the
developing crack the hydrogen concentration neces-
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sary for further advancement. Therefore, a higher level
of applied stresses is required, leading to the destruc-
tion of the specimen. For this reason, a decrease in the
strain rate down to 10~ s~! leads to a decrease in the
stresses (or deformation) required for stress corrosion
cracking of the steels under study. Such deformation
rates are sufficient to exclude the inhibitory effect of
the formed corrosion products on local foci of surface
defects, which serve as the place of crack initiation and
growth. Therefore, the crack initiation period in this
range of strain rates is an insignificant part of the test
duration.

A further decrease in the strain rate to 10~7 s~! had
practically no effect on the value of threshold stresses
or strains. A certain level of applied stresses is required
for crack growth according to the current understand-
ing of the mechanism of steels cracking caused by the
action of hydrogen penetrating into the metal [1, 2,
18]. And since, in this case, stresses (deformations)
coincided at which the specimen fractured at defor-
mation rates of 107% and 10~7 s~ !, then the obtained
stresses can be considered as threshold. Thus, all fur-
ther tests should be carried out at a rate deformation
10~¢ s~! within deformation rates under investigation.

Based on the above data, all further studies for the
susceptibility of pipe steels to SSC and SCC were carried
out at a strain rate of 8.5 X 10~7 s~! (0.0013 mm/min) in
environments containing H,S or CO,. Figures 3 and 4
show the diagrams of the destruction of these steels in
the indicated solutions and for comparison in air.
Table 2 indicates the main characteristics of strength
and ductility obtained from the corresponding dia-
grams. In addition, the results of measurements of the
relative elongation and relative contraction of the
specimens are presented.

DISCUSSION AND RESULTS

The obtained data shows that both steels 34KhMA
and DNV SAWL 485FD tend to SSC and SCC,
although there are certain differences in their behav-
ior. In an environment with CO,, the specimen
destruction of both steels occurs due to SCC only at
stresses exceeding their yield strength, i.e. in the field
of plastic deformation. In the presence of H,S, the less
strong SAWL 485FD steel breaks down according to
the SSC scheme also at stresses above the yield point,
while 34KhMA steel—already in the elastic stress
region, i.e. below the yield point. In an environment
saturated with carbon dioxide, the destruction of
specimens is accompanied by noticeable plastic defor-
mation with the formation of a neck at the fracture
site. Therefore, to assess the degree of the susceptibil-
ity of steels to SCC in a CO, solution, one can use the
INORGANIC MATERIALS Vol. 57
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Table 2. Fracture parameters of 34KhMA and SAWL 485FD steels tested at a low strain rate in conditions of blowing with

H,S or CO, solutions

Fracture parameters
. deform'atlon, % the relative elongation relative contraction
Test maximum stress, MPa (according to the . . .
Steel . . of the specimen, % |of the specimen necking, %
envi- diagram)
grade
ronment
. air/ . air/ . air/ . air/
environ- | . . environ-| . . environ-| . . environ- . .
air | environ- air |environ- air |environ- air |environ-
ment ment ment ment
ment ment ment ment
1 2 3 4 5 6 7 8 9 10 11 12 13 14
34KhMA| H,S 566 [1035| 0.55 3.72 (2047 0.18 — 18.50 — — 68.74 —
CO, 1042 [1035 1.01 9.84 |20.47| 048 6.69 |18.50( 0.36 16.57 |68.74| 0.24
SAWL |H,S 558 600 | 0.93 5.75 130.09| 0.19 — 28.34 - - 79.00 -
485FD
CO, 626 600 1.04 17.21 [30.09| 0.57 14.17 (28.34| 0.50 27.68 |79.00| 0.35

ratios of the values of the relative elongation and rela-
tive contraction of the specimens obtained when
tested in a corrosive environment and in air. Compar-
ison of steels with respect to breaking stresses is less
informative, since fracture always occurs at stresses
above the yield point and the obtained values differ lit-
tle from each other.

In an environment saturated with hydrogen sulfide,
the destruction of samples is fragile. Even on speci-
mens of the weaker 485FD steel, it was difficult to
measure tension and elongation. Therefore, to deter-
mine the susceptibility to SSC of steel in a H,S solu-
tion, it is more convenient to use the ratio of the break-
ing stress in the environment to the breaking stress in
air or a similar ratio of total deformations (elastic +
plastic). For comparison, similar specimens of the
investigated steels were tested according to the stan-
dard method under static loads. In an acidic solution
saturated with H,S, specimens of the stronger
34KhMA steel failed at an applied stress of 725 MPa
(70% of the yield point) in 18—25 hours. Only when
the stresses were reduced to 500 MPa, they did not fail
during the selected test time of 720 hours. The 485FD
steel showed no susceptibility to SSC or SCC at 70%
yield strength. Similar data were obtained when tested
in a solution saturated with CO,. Therefore, cracking
of the specimens occurred only at stresses above the
yield point in the plastic deformation region when
these steels were tested at a slow strain rate under con-
ditions of static loading, they did not show susceptibil-
ity to SSC and SCC.

INORGANIC MATERIALS  Vol. 57 No.15 2021

CONCLUSIONS

Thus, the proposed method of accelerated testing
of pipe steels on SSC and SCC determines quite
quickly (in no more than 100 hours) their susceptibil-
ity to these types of corrosion damage.
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