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Abstract. The paper briefly describes the slow strain rate testing (SSRT) method used for
steels and alloys, considering the stress and strain criteria for assessing the sensitivity of
materials to stress corrosion cracking (SCC). We pointed out the clear benefits of the SSRT
method over static SCC testing. We reviewed the modern theories of the main possible
mechanisms of SCC, typically including alternating stages of anodic dissolution and hydrogen
embrittlement during the initiation and propagation of cracks. The given examples indicate
that electrochemical studies are necessary to understand the conditions when SCC might
develop following one of two mechanisms. Furthermore, we substantiated metallographic
analysis and investigations on the fracture surface of the samples to establish the cracking
trajectories and the failure behavior. The brief overview presents examples of applying the
SSRT method to testing low-alloy, stainless steels, aluminum, and nickel alloys in various
corrosive environments.
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1. Introduction

The first studies considering slow strain rate tests for stress corrosion cracking (SCC)
appeared about half a century ago [1,2]. In contrast to traditional SCC tests at constant stress
or constant strain rate [3-9], slow strain rate tests (SSRT) took less type for a material
sensitive to the corrosive environment. While static tests lasted for 720-1000 hours [10,11],
the time for the SSRT method ranged from several hours to 2-5 days [12]. Specimen failure
during slow strain rate tests is either brittle due to corrosion cracking with partial or complete
loss of ductility, or ductile, depending on the degree to which the material is sensitive to SCC
in a given environment.

Even though the static loading and slow strain rate tests are seemingly different, the
mechanism of crack propagation is the same. Crack propagation under a constant load also
occurs at a slow rate of dynamic deformation (creep) originating at stress raisers. A structural
defect or localized corrosion damage can act as such a raiser.

Because SSRT offers much shorter testing times compared to the static methods, and
there is a good agreement between the data on the corrosion susceptibility of steels obtained
by both methods [15], this method is preferable for studies on the SCC mechanism and for
comparative tests of different materials.

SCC analysis often involves additional electrochemical studies, which consist of
constructing the cathodic and anodic polarization curves in the same corrosive environment
used for SCC tests of the material [16-19]. Metallographic methods analyzing the metal
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structure and the failure surface of the specimens fractured in the SCC tests are applied to
understand the propagation behavior of corrosion cracks (intergranular or transgranular) [17-
22].

The strain rate is an important choice in the SSRT method. What matters is that there
should be enough time for electrochemical processes of metal dissolution and diffusion
processes supplying oxidant to the crack tip to pass at a given deformation rate. The strain
rates recommended by existing standards for testing steels and alloys are in the range of
107-10° s™. Slow strain rate tests start at zero loads, continuing until specimen fracture; a
tensile stress-strain curve is constructed. To detect the effect of the corrosive environment, a
similar curve of the tested material is constructed for comparison in an inert environment.

One of the criteria characterizing the degree of corrosion susceptibility of material in
SSRT is the relative strain at which specimen fracture starts in a corrosive environment (&cc)-
Another criterion is the stress at which crack propagation starts (osec) [23,24]. The stress at
which a crack initiates in a corrosive environment is determined from the point where the
curves for the inert and the corrosive environment diverge. The ratios of &g and oy t0 the
relative strain and the fracture stress, obtained during tests in the inert environment, can also
be used. According to [25], the strain criterion, which depends on the environment,
temperature, and material properties, can characterize its state under static, quasi-static, and
cyclic loading. Compared to the stress criterion, it more adequately reflects the physical
nature of the fracture associated with stress corrosion cracking and how it is influenced by
external and internal factors; the stress criterion is convenient as a direct characteristic in
time-to-failure calculations of products and structures.

If failure assessment diagrams are not plotted for the samples, the ratio of
contraction/elongation at break of the specimens tested in the corrosive or inert environment
(this is recommended by the NACE TM 0198 standard [26]), or the ratio of the time to
fracture in the environment and the air [27] can be used as criteria.

The goal of this study is to review mechanisms of stress corrosion cracking and features
of slow strain rate testing methods to access resistance to cracking for various materials.

2. Modern understanding of SCC mechanisms

Phelps proposed to use cathodic polarization to describe the SCC mechanism at the NACE
Corrosion Conference in 1969. If SCC is suppressed during cathodic polarization, it can be
assumed that cracking occurs following the mechanism of anodic dissolution (AD).
Conversely, if cathode polarization accelerates, SCC is assumed to proceed via the
mechanism of hydrogen embrittlement (HE). However, multiple subsequent studies have
established that both the stage of electrochemical dissolution and the stage of hydrogen
embrittlement occur in the overwhelming majority of cases provided there is no external
polarization as the crack initiates and especially propagates.

The entire SCC process is divided into three stages: crack initiation, crack propagation
under the influence of a corrosive environment, and mechanical failure as the acting stresses
exceed the material strength (Fig. 1) [28,29].

It is generally believed that the main SCC mechanism for high-strength steels with a
yield stress grades over 800 MPa in acidic electrolyte solutions or under cathodic polarization
is hydrogen embrittlement, where corrosive electrochemical reactions facilitate the
penetration of hydrogen into a metal. The hydrogen introduced into steel due to diffusive
processes spreads inside the metal at a certain velocity as it passes through the interstices of
the crystal lattice. Measurements of the diffusion coefficient and the amount of hydrogen
absorbed by the steel indicate that more hydrogen is trapped in the steel than it follows from
the diffusion coefficient [30,31]. Consequently, some of the hydrogens are located in 'traps’
such as vacancies, dislocations, defects, stacking faults, grain boundaries, twins, non-metallic
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inclusions, and submicropores. There are suggestions that hydrogen is grouped around
dislocations in the form of Cotrell atmosphere and moves with it during plastic deformation.
The exact manner in which hydrogen interacts with dislocation has little importance for the
process of stress corrosion cracking. What matters is that dislocations are the most mobile
defects, and their number (concentration) increases with increasing stresses and strains [32].
Moreover, because the deformation must be plastic, the local microstresses must exceed the
yield strength of the steel. Based on these provisions, it is believed that when hydrogen
accumulates near mobile dislocations, local plastic flow initiates at the crack tip, with
subsequent crack jumping due to hydrogen embrittlement [2,3,33-35]. SCC of high-strength
steels follows the same mechanism under cathodic polarization. Figure 2 schematically shows
the process of hydrogen-assisted stress corrosion cracking for low-alloy steel [11].
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Fig. 1. Schematic crack propagation (1, 2, 3 correspond to the stages of fracture during SCC).
According to the description from Ref. [29]
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Fig. 2. Model of SCC following the hydrogen embrittlement mechanism (transport process: 1)
ion transport, 2) electrochemical reaction, 3) absorption (hydrogen penetration), 4) diffusion.
According to the description from Ref. [11]
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The mechanism of anodic dissolution assumes that the local dissolution of the metal is
accelerated at the crack tip. This is likely explained by a decrease in the electrochemical
potential of the metal as it is deformed under stress concentration and destruction of the
protective film, with a freshly formed surface opening as a result.

It is the general consensus that SCC of carbon and low-alloy steels occurs in neutral
environments as a synergistic effect of mechanical stresses, anodic dissolution, and absorption
of hydrogen by steel [8,9,11,35-43].

In view of the above, the mechanism of the SCC of low- and medium-alloy steels can
be represented as follows. Uneven corrosion points start to form on the surface of steel due to
microinhomogeneities on the surface, acting as small stress raisers. Microcracks near the
surface opened as a result of corrosion, can also serve as such raisers. Hydrogen ions from the
solution are adsorbed on the surface of the metal and capture its electrons to be converted
back into atoms. Next, atomic hydrogen penetrates into the steel and concentrates at the tips
of corrosive or other defects, which serve as stress raisers. If the level of local stresses at the
tip of some defect exceeds the yield point of the steel, a very slow plastic flow initiates. This
process further contributes to increasing the hydrogen concentration; as a certain critical
deformation is reached due to hydrogen embrittlement, the crack jumps to a distance at which
the critical deformation value is exceeded. As a result, the metal surface at the top of the
propagating crack and its opening edges at this moment is absolutely clean (fresh) from any
corrosion products, rendering it highly corrosive [11].

Thus, the crack grows in sequential stages. The stage when hydrogen accumulates and
approaches the tip is succeeded by the stage when plastic deformation accumulates and a
crack jump occurs. Notably, both stages are always accompanied by electrochemical
dissolution of the metal at the tip of the growing crack. An exception to this is SCC at high
cathodic polarization when the process of metal dissolution becomes thermodynamically
impossible. It follows from here that the growth of a corrosion crack is a quasi-brittle process
since the crack propagates abruptly.

Different scenarios can unfold depending on the aggressiveness of the corrosive
environment. Given an acidic environment with a high concentration of hydrogen ions, the
metal at the crack tip dissolves at the same time as atomic hydrogen penetrates into the steel.
Hydrogen first accumulates near mobile dislocations, local plastic flow initiates at the crack
tip, and subsequent crack jumping occurs due to hydrogen embrittlement [2,3,34,35,44]. SCC
of high-strength steels follows the same mechanism under cathodic polarization [17,19,27].

Hydrolysis of corrosion products, i.e., the ions introduced into the solution during the
dissolution of metal inside the crack, contributes to the accumulation of hydrogen ions. For
example, 3 hydrogen ions are produced with the hydrolysis of one chromium ion. This means
that the solution inside the growing crack is constantly acidified.

In the case of transgranular crack propagation in a neutral corrosive environment with a
low concentration of hydrogen ions, the stage of surface dissolution at the crack tip may
prevail over the stage of hydrogen embrittlement, which should lead to blunting of the crack
tip. This weakens the effect of the crack as a stress raiser on the microplastic flow intensity
and can completely stop the crack's further growth.

In the case of intergranular corrosion cracking [9,16,33,34], the crack propagates deep
into the metal at the stage of anodic dissolution, along with the most active spots, which are
typically grain boundaries. The most common locations for cracks to initiate in austenitic
corrosion-resistant steels, aluminum and high-nickel alloys, whose surface is covered with a
passive protective film, are pitting areas, evolving, for example, upon exposure to chlorides in
the solution. Next, crack growth can also occur by alternating stages of electrochemical
dissolution of the crack tip, accumulation of hydrogen atoms in the metal at the tip, the onset
of plastic flow until critical deformation is reached, and brittle jumps by the distance of the
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zone that underwent embrittlement. The most favorable path of crack propagation for such
steels and alloys is along the grain boundaries, where chromium carbides and intermetallic
compounds are precipitated. As a result, the regions adjacent to the grains are depleted by
chromium, with certain stress micro-concentration produced [22,45-48].

3. The SSRT method in studies of the SCC mechanism of steels and alloys in various
corrosive environments

Extensive experience has been accumulated for using the SSRT method in SCC testing for
various corrosive environments of low-alloy and stainless steels, aluminum, and nickel alloys,
as well as their welded joints. Applications of these structural materials cover major industries
such as oil and gas, including hydrocarbon transportation and processing, energy, including
nuclear, aviation, shipbuilding, and others. For this reason, the environments used for the test
can considerably differ.

Many recent studies consider the SCC processes in low-alloy steels and welded joints
are used in gas transmission pipelines. Since electrochemical methods are used to protect the
outer surfaces of gas pipelines against corrosion from wet soil, SCC testing of pipe steels is
carried out under cathodic polarization.

Reference [16] considered the cracking behavior of X52 pipe steel in a bicarbonate-
carbonate solution containing chlorides and sulfates (NS4 solution [40]) at pH 6.5 and pH 9.5
with the applied potentials ranging from -785 mV to -2000 mV during the SSRT procedure
with the specimen strain rate of 1.31x10® s™. The specimens had a working area with a
diameter of 3.81 mm and a length of 25.4 mm. To understand whether the crack propagation
was controlled by hydrogen embrittlement or anodic dissolution, polarization curves were
measured at a potential sweep rate of 0.5 mV/s and 50 mV/s, simulating the electrochemical
conditions on the walls and at the crack tip, respectively [17,49]. Metallographic studies were
carried out after the tests.

In [16] the tensile stress-strain curves for the X52 steel obtained in NS4 solution at
pH 6.5 and pH 9.5 with different levels of cathodic polarization specimen fracture occurs at
potentials of -785 mV and -950 mV when deformation is close to or slightly higher than in
air. This means that steel does not exhibit a tendency to SCC. This is confirmed by the
viscous nature of specimen fracture. As the potential shifts further to the cathode region, the
sensitivity to SCC increases. It is believed that the electrochemical conditions at the crack tip
can be more accurately described with a polarization curve measured under fast potential
scanning, while slow potential scanning better suits the conditions on the walls of a
propagating crack [17]. Anodic processes of metal dissolution at the tip and on the walls of
the crack are impossible at potentials below -950 mV; therefore, SCC can only happen by the
mechanism of hydrogen embrittlement. The walls of the crack are cathodically polarized in
the potential range from -780 mV to -950 mV, and its tip is anodically polarized.
Consequently, SCC may be controlled by anodic dissipation in this potential range. The
anodic dissolution mechanism becomes predominant at higher positive potentials. Similar
conclusions were obtained during SCC tests by the SSRT method in a neutral solution with
various applied potentials at a strain rate of 5x10” s™ for the X70 pipe steel [17] and under
static conditions at a stress of 95% yield strength for the X80 and X100 steels [50].

It was established by SSRT that ferritic/pearlitic steels of the AISI4140 and AISI4340
types have an increased tendency to SCC with an increase in the nickel content from 0.26% to
3% under cathodic polarization in the potential range of -1.05-2V (silver chloride electrode)
[51]. The results obtained are in line with the recommendations of the 1ISO 15156:2 standard
limiting the nickel content (to no higher than 1%) in low-alloy pipe steels for petroleum and
gas environments containing hydrogen sulfide.
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The SSRT method has been successfully used to test welded joints made of steel and
alloys. Reference [52] considered the influence of ultrasonic nanocrystal surface modification
in welded joints of ASTM A109 steel in weakly mineralized water at 60°C. Metallographic
studies revealed a decreased tendency to SCC after ultrasonic treatment because the
Widmanstaetten structure transformed into polygonal ferrite with a refined microstructure.

Tests of the welded joints of the X100 steel in bicarbonate-carbonate solution at 75°C
(pH 9.5) at a strain rate of 2x10° s revealed that the steel was sensitive to SCC.
Metallographic studies and analysis of the fracture surfaces of the specimens revealed that
cracking was intergranular at a given pH, and transgranular under cathodic polarization
(potential below -890 mV) [53]. Reference [54] reports on the tests of welded joints for the
E690 bainitic steel in a simulated marine atmosphere containing SO,. The results indicate that
the metal in the heat-affected zone had a high sensitivity to SCC. SCC tests were conducted
for flat-plate specimens with the longitudinal direction perpendicular to welded joint and
fusion line at the center at a strain rate of 0.5x10°s™. The specimens were sprayed with a
solution containing 3.5% NaCl + 0.01 mol/L NaHSO;3; with pH of approximately 3.8 at
approximately 25°C.

The SCC tendency in stainless steels, often used as pipes and tube sheets of heat
exchangers at power plants, are carried out in water solutions at temperatures above 100°C.
Slow strain rate testing of the 310S steel was performed after various heat treatments
(austenitization, with annealing at 1050°C for 1 hour followed by water-quenching;
sensitization for 100 hours at 650°C followed by air-cooling). The tests were carried out at a
strain rate of 1x10° s in a 3.75 M NaOH + 0.64 M Na,S solution at 170°C, and for
comparison in dry sand heated to the same temperature. It was found that the steel sensitized
at 650° C exhibited a strong tendency to intergranular SCC.

Metallographic studies revealed that cracking was intergranular. The reason for this is
Cr-depleted zones form along grain boundaries in the zones where Cr-rich M»3Cg precipitates
are formed. Tests of the 347N stainless steel at a strain rate of 1x10°s™ in supercritical water
of supercritical parameters at 550, 600 and 650° C and dissolved oxygen content of 2 ppb
and < 10 ppb, with subsequent metallographic studies, indicate that cracking bears an
intergranular character for all of the given parameters [46]. Similar results were obtained for
the Type 347, serving as heater tube in a petroleum refinery as heater tube at 620°C for
31 years, after testing by the SSRT method in a NaCl+Na2S203 solution [45]. Chromium
carbide colonies were discovered along the grain boundaries of the steel, producing
intergranular fracture during the SCC tests.

Reference [20] investigated the effect of nitrogen and carbon on the SCC susceptibility
of Fe-Cr-Mn-based stainless steel in a sodium chloride solution. The tests were carried out at
a strain rate of 1x10°s™ in a 0.6 M NaCl solution at 25°C and in a 2 M NaCl solution at 50°C
at a constant anodic applied potential of +50mV versus corrosion potential. Electrochemical
and metallographic studies established that additional alloying of steel with nitrogen and
carbon increases its resistance to SCC by increasing the pitting corrosion resistance and the
repassivation tendency (i.e., pitting extinction).

A Ni-based superalloy 718 (UNS-NO07718) was tested for SCC by SSRT at strain rates
of 5x10° s in hydrogen gas at 0.7, 12, and 95 MPa [21]. Apparently, cracking becomes more
pronounced with increasing hydrogen pressure. While ductile pitted structures can be
observed in a considerable part of the fracture surface, zones characteristic for brittle failure
are also were presented. The authors propose a mechanism describing the crack initiation and
propagation upon exposure of a Ni-based alloy 718 to gaseous hydrogen sulfide,
schematically shown in Fig. 3.
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Fig. 3. Schematic initiation and propagation of cracks during hydrogen-induced SCC of
Ni-based alloy 718 (SP are cracks propagating along slip planes; TB cracks propagating along
twin boundaries; GB cracks propagating along grain boundaries). According to the
description from Ref. [21]

Cracks are formed due to the interaction of atomic hydrogen, penetrating into the alloy
by diffusion, with dislocations concentrated on slip planes and their boundaries (transgranular
cracking). Next, upon reaching the grain boundaries, hydrogen can propagate along with
them, causing the intergranular fracture.

The SCC tendency of a friction stir welded joint of a high-strength Al-Zn-Mg alloy was
studied by SSRT according to the specification of GB 15970.7-2000 [55] at a strain rate of
1x10° s in 3.5% NaCl solution [22]. It was found that inclusions containing Fe, Si, and Mn,
as well as intermetallic AI3ScxZrl-x compounds, act as stress raisers, contributing to
cracking. Local anodic dissolution around such microparticles leads to the initiation of cracks.
In this case, cracking occurs by alternating mechanisms of anodic dissolution and hydrogen
embrittlement.

4. Conclusions

1. The advantage of the SSRT method over the methods of static SCC tests is shown, and the
concepts of deformation criteria for assessing the sensitivity of materials to stress corrosion
cracking during testing by the SSRT method are given.

2. The generally accepted basic concepts of the mechanism of SCC of steels and alloys,
according to which the nucleation and cracks growth is carried out by sequential alternation of
the stages of anodic dissolution and hydrogen embrittlement in the process of local plastic
deformation of a metal at the tip of a growing crack.

3. Examples of the application of the SSRT method are given when carrying out tests for SCC
in various corrosive environments of low-alloy and stainless steels, alloys on an aluminum
and nickel base, as well as their welded joints.

4. An important role in the study of the SCC mechanism of the use of electrochemical
research is shown, consisting in the construction of the cathodic and anodic polarization
curves in the same corrosive environment, which is used in testing the material for RS, as well
as metallographic methods for analyzing the structure and surface of the fracture destroyed
during testing by the SSRT method samples, to reveal the nature of the propagation of a
corrosion crack (intergranular or transcrystalline).
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