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The effect of strain rate on cathodic reactions of X70 pipeline steel during stress corrosion cracking in a
near-neutral pH solution was investigated by electrochemical impedance spectroscope and potentiodynamic
polarization curve measurements as well as slow strain rate tests. A local additional potential model was
used to understand mechanistically the role of strain rate in electrochemical cathodic reaction. It was found
that an application of elastic stress would not affect the electrochemical stable state of the steel specimen at a
macroscopic scale. Under a weak cathodic polarization, the interfacial charge-transfer process occurring on
steel contains both cathodic and anodic reactions. Since the anodic reaction process is still significant,
localized dissolution could occur even at such a cathodic potential, resulting in generation of corrosion pits.
These pits could be the start sites to initiate stress corrosion cracks. Strain rate affects the corrosion
reaction, which is associated with the generation of dislocation emergence points and slip steps on the
specimen surface, resulting in a negative local additional potential to enhance the cathodic reaction locally.

Keywords cathodic reaction, pipeline steel, strain rate, stress
corrosion cracking

1. Introduction

It has been acknowledged (Ref 1, 2) that stress corrosion
cracking (SCC) is a potential threat to the safe operation of
high-pressure natural gas pipelines. The pipeline SCC, usually
occurring below the yield strength of the steel and typically
below the design stress (Ref 3, 4), is divided into two
categories, i.e., high pH SCC (Ref 5-8) and near-neutral pH
SCC (Ref 9-14). It has been well accepted (Ref 1) that the high
pH SCC is attributed to anodic dissolution at the grain
boundaries, and is always associated with a concentrated
carbonate/bicarbonate environment with a pH of about 9.5. The
near-neutral pH SCC, occurring in an anaerobic, dilute
bicarbonate solution with a pH of 6-7.5, shows a transgranular,
quasi-cleavage crack morphology with very little branching
(Ref 11-17). It has been proposed (Ref 18-22) that hydrogen is
involved in the near-neutral pH SCC, accompanying anodic
dissolution of the steel. The effect of applied stress on pipeline
SCC was investigated and found that stress would enhance
local anodic dissolution of the steel at crack-tip, accelerating
the crack propagation (Ref 23). Moreover, a hydrogen-charging
could increase the anodic dissolution rate of the steel,

contributing to a high crack propagation rate (Ref 24-27).
There is thus a synergism of stress, hydrogen, and anodic
dissolution at the crack tip of the steel. In Cheng�s thermody-
namic model (Ref 28), it was proposed that an accurate
prediction of the growth rate of stress corrosion cracks in steel
under near-neutral pH condition depends on determination of a
stress-affecting factor, a hydrogen-affecting factor, and a
synergistic affecting factor of hydrogen and stress on the
anodic dissolution rate of the steel at the crack tip.

Strain rate has been acknowledged as a critical factor to
affect SCC process (Ref 29-32). In a recent study, a local
additional potential (LAP) model was developed to illustrate the
critical role of strain rate in SCC of the steel (Ref 33). According
to the LAP model, both density and mobility of the local active
spots on the steel surface, i.e., dislocation emergence points and
slip steps, increase linearly with strain rate. Generation of such
active spots introduces an additional negative potential locally,
affecting the local electrochemical reactions and, consequently,
the susceptibility of the steel to SCC.

In this study, the effect of strain rate on electrochemical
cathodic reactions during near-neutral pH SCC of a X70
pipeline steel was illustrated mechanistically by LAP model,
and verified experimentally by various electrochemical mea-
surements, including electrochemical impedance spectroscope
(EIS) and potentiodynamic polarization curves. The implication
on pipeline SCC was analyzed.

2. Experimental

2.1 Specimen and Solution

Specimens used in this study were cut from a hot-rolling
X70 steel plate, with the chemical composition (wt.%): 0.065
C, 0.23 Si, 1.57 Mn, 0.056 Nb, 0.20 Ni, 0.18 Cr, 0.22 Cu,
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0.0020 S, 0.0019 P, and Fe balance. The specimen, designed
and machined according to ASTM A370 (Ref 34), was under
the tensile direction that was vertical to the rolling direction.
The mechanical properties of the steel specimen contained yield
strength (rys) 472 MPa, ultimately tensile strength (ruts)
626 MPa, minimum elongation (d0) 18.5%, and reduction-in-
area (RA) 59.5%. The specimen was ground sequentially to
800 grit emery papers, with the grounding direction parallel to
the loading direction. The specimen was then coated by an
epoxy manufactured by LECO, leaving a working area of
0.8 cm9 0.8 cm.

The test solution was a NS4 solution, containing CaCl2Æ
2H2O 0.181 g/L, MgSO4Æ7H2O 0.131 g/L, KCl 0.122 g/L, and
NaHCO3 0.483 g/L. The solution was made from analytic
grade reagents and ultra-pure water (18 MX cm in resistivity).
Before test, the solution was purged with 5% CO2 balanced
with N2 for 1 h to achieve an anaerobic and near-neutral pH
condition (pH of 6.3-6.5). The gas flow was maintained
throughout the test.

All the tests were performed at ambient temperature (about
22 �C).

2.2 Electrochemical Measurements on the Tensile Steel
Specimen

Electrochemical measurements were conducted on X70 steel
specimen without and with loading through a Solartron 1280C
electrochemical measurement system, where the steel specimen
was used as working electrode, a saturated calomel electrode
(SCE) as reference electrode, and a platinum plate as counter
electrode. The tensile test was carried out using a Bose
Materials Test System.

It was realized that the potentiodyanmic polarization
measurement is a steady-state electrochemical technique.
However, since the applied stress was in the elastic region, it
was approximately assumed that the specimen was in a
relatively stable state. Potentiodynamic polarization technique
was thus applicable to study the effect of strain rate on the SCC
susceptibility of X70 steel in this study. Moreover, it was
demonstrated that the applied stress/strain rate would not alter
significantly the electrochemical state of the steel specimen, as
monitored by corrosion potential (Ecorr).

When investigating the effect of strain rate, the specimen
was stressed to the desired level, i.e., 95% of yield strength of
the steel, and then strained at various strain rates. Before the
electrochemical measurement, the stress applied on the spec-
imen was increased from zero to the desired level. The test
solution was then added in the cell, and electrochemical tests
were performed. The Ecorr was monitored during slow strain
rate test for 20-30 min. The electrochemical measurements
were not started until Ecorr achieved an approximately steady
value during tension. When the electrochemical measurement
was conducted at an applied cathodic potential, the specimen
was pre-polarized for 20 min before test.

The potential sweep rate during potentiodynamic polariza-
tion measurement was 1 mV/s, scanning from �0.8 to 0 V
relative to Ecorr. During EIS measurement, a disturbing signal of
10 mV was applied, with a measuring frequency range from
10000 to 0.01 Hz. Three specimens were used under each test
condition to ensure the reproducibility of the results.

Each test was conducted three times, and the given data
point was the average of the three tests. Thus, three specimens
were used for each data point acquisition in this study.

3. Results

3.1 Corrosion Potential Measurements

Figure 1 shows the time dependence of Ecorr of the steel
specimen at an applied stress of 0.95rys under various strain
rates. It is seen that a change of strain rate over a wide range did
not affect Ecorr, which was stabilized at about �0.75 V(SCE).
The measurement results showed that, under the applied stress,
the alteration of strain rate would not affect the electrochemical
stable state of the specimen. Therefore, the steady-state
electrochemical techniques could be used to investigate the
corrosion behavior of the steel specimen under various strain
rates.

3.2 EIS Measurements in the Absence of Stress/Strain Rate

Figure 2 shows the Nyquist diagrams measured at various
cathodic potentials without application of stress and strain rate.
It is seen that there was one semicircle over the measuring
frequency range at Ecorr, �800 and �850 mV(SCE), and there
were overlapped semicircles at potentials �900 and
�950 mV(SCE). When the cathodic potential was further
shifted negatively, two semicircles were observed in both the
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Fig. 1 Time dependence of corrosion potential of the steel speci-
men under various strain rates and an applied stress of 0.95rys
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Fig. 2 Nyquist diagrams and the fitting curves measured on the
steel specimen in the absence of stress and strain rate
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high- and low-frequency ranges. Furthermore, the size of the
semicircle increased when the potential changed from Ecorr to
�850 mV(SCE), and then decreased with the negative shift of
the cathodic potential.

3.3 Effect of Strain Rate on Electrochemical Measurements

Figure 3 shows the Nyquist diagrams measured on speci-
men at Ecorr and �850 mV(SCE) under various strain rates. It is
seen that there was a certain effect of strain rate, although
slightly, on the measured EIS plots, and the effect became more
apparent when the potential of the specimen was shifted from
Ecorr to �850 mV(SCE). The size of the impedance semicircles
increased with strain rate when it was more than 59 10�6 s�1.
Since the semicircle size is associated with the charge-transfer
resistance at the steel/solution interface, an increase of strain
rate would enhance the resistance of the interfacial charge-
transfer process.

The effect of strain rate on the cathodic polarization curve
measured on the stressed steel specimen is shown in Fig. 4. In
order to show the detail of the dependence of cathodic current
density on strain rate, the cathodic current densities at
individual potentials were re-plotted as a function of the
logarithm of strain rate, as shown in Fig. 5. It is seen that the
cathodic current density increased with strain rate. After
attaining a maximum at a strain rate of approximately
59 10�6 s�1, the cathodic current density decreased.

4. Discussion

4.1 Potential Dependence of the Electrochemical Cathodic
Reaction Mechanisms

The cathodic reactions occurring in the deoxygenated, near-
neutral pH NS4 solution are primarily the reduction of
bicarbonate ions and water (Ref 35):

HCO3
� þ e! Hþ CO3

2� ðEq 1Þ

H2Oþ e! Hþ OH� ðEq 2Þ

The anodic reactions contain the oxidation of iron and the
formation of a layer of iron hydroxide deposit (Ref 36):

Fe! Fe2þ þ 2e ðEq 3Þ

Feþ 2H2O! Fe OHð Þ2þ2Hþ þ 2e ðEq 4Þ

Furthermore, a layer of iron carbonate scale would be formed
on the electrode surface either electrochemically (Ref 37, 38)

Feþ HCO3
� ! FeCO3 þ Hþ þ 2e ðEq 5Þ

or chemically:
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Fig. 3 Nyquist diagrams measured on the steel specimen at a stress
of 0.95rys under various strain rates at (a) corrosion potential, (b)
�850 mV(SCE)
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Fe2þ þ CO3
2� $ FeCO3 ðEq 6Þ

Although the scale of Fe(OH)2 and FeCO3 provides a
limited protection over the steel, electrochemical cathodic and
anodic reactions still happen at the scale-free zone and even the
holes/pores in the scale. When strain rate is introduced and a
stress level is applied on the specimen, dislocation emergence
points and slip steps would form on the specimen surface
because of the dislocation movement, introducing a local
additional negative potential to enhance the cathodic reactions
locally. The coverage of the dislocation emergence points
(DEP) on a unit surface, ADEP, is (Ref 33):

ADEP ¼
n0
S=r20

� 100% ¼ e0 � 100% ðEq 7Þ

where n0 is the DEP density on the metal surface in unit
time, S is the cross-sectional area normal to the tensile direc-
tion, r0 is the atomic radius, and e0 is the applied strain rate.
For a strain rate less than 39 10�5 s�1 in this study, ADEP is
not more than 0.003%. It is thus expected that the electro-
chemical surface state of the specimen would not be changed
due to the generation of DEP. Therefore, an application of
stress and strain rate would not shift the electrochemical state
significantly, as demonstrated by the corrosion potential moni-
toring in Fig. 1.

When the steel specimen is under a weak cathodic
polarization, such as from Ecorr to �850 mV(SCE), the anodic
partial reaction is still present (Ref 36, 37). Thus, the total
charge-transfer impedance (Rct

T) contains both anodic reaction
impedance (Rct

a ) and cathodic impedance (Rct
c ):

1

RT
ct

¼ 1� h2
Ra
ct

þ h2
Rc
ct

ðEq 8Þ

where h2 is the coverage of the zone for cathodic reactions,
which increases with the negative shift of potential. While the
anodic effect is not negligible, Rct

a and h2 increase, and Rct
c

decrease as the potential shifts negatively, resulting in a

decrease of 1�h2
Ra
ct

and an increase of h2
Rc
ct
. If

@
1�h2
Ra
ct

� �

@E >
@

h2
Rc
ct

� ����
���

@Ej j ,

according to Eq 8, Rct
T increases since it is dominated by the

factor 1�h2
Ra
ct
. When

@
1�h2
Ra
ct

� �

@E ¼
@

h2
Rc
ct

� ����
���

@Ej j , Rct
T reaches a maximum.

With the further negative decrease of potential, the anodic
reaction is inhibited completely, and Rct

T is approximately
equal to Rct

c , which decreases continuously with the cathodic
potential.

It is seen from the analysis that, from Ecorr to
�850 mV(SCE), the interfacial charge-transfer process con-
tains both cathodic (reaction 1) and anodic (reactions 3-5)
reactions. Since the anodic process is still important, the
interfacial impedance would increase with the potential, as
evidenced by the increase in the size of semicircle in this
potential range in Fig. 2. The one semicircle is featured with
the total charge-transfer reaction. With the negative shift of
potential, the interfacial impedance achieves a maximum, and
then decreases, as demonstrated in EIS plots in Fig. 2. The
cathodic process is dominated by the hydrogen evolution
(reaction 2).

It is worth pointing out that, for pipeline steel under a
‘‘weak’’ cathodic protection (CP) potential, the anodic reaction
process is still significant. Localized dissolution could occur
even at such a CP potential. It is actually a common

phenomenon that corrosion pits are found on a pipeline steel
under CP. These pits have been proposed to the start sites to
initiate stress corrosion cracks. Therefore, a sufficiently negative
CP potential must be applied on pipeline to avoid local anodic
dissolution of the steel and the occurrence of corrosion pits.

4.2 Effect of Strain Rate on Electrochemical
Reaction of the Steel

This study shows that strain rate affects the corrosion
reaction significantly, as shown in Fig. 3-5. With the increase of
strain rate, the number of dislocation emergence points on the
specimen surface increases, resulting in a negative shift of LAP
(Ref 33). As a result, the thermodynamics for cathodic reaction
is favorable, and the cathodic current density increases, as seen
in Fig. 5. When strain rate is up to 59 10�6 s�1, a maximum of
cathodic current density is observed. Below this value, the
cathodic current density increases with strain rate, which is
attributed to the favorable cathodic reaction due to the
enhanced LAP effect. However, when strain rate is sufficiently
high, such as 39 10�5 s�1, the mobility of the dislocation
emergence points is so fast that the reactive species do not have
chance to adsorb at these active sites for reductive reaction.
Thus, the cathodic current density decreases.

Furthermore, the dependence of cathodic current density on
strain rate becomes less significant when the potential is shifted
more negatively. When the cathodic potential is shifted
negatively, such as to �1050 mV(SCE), all cathodic reactions
proposed are thermodynamically feasible. The strain-induced
LAP effect becomes less important compared to the negative
potential of the steel specimen.

5. Conclusions

An application of stress in the elastic region would not affect
the electrochemical stable state of the steel specimen at a
macroscopic scale. The coverage of the dislocation emergence
points, generated due to the applied stress/strain rate, on the
specimen surface does not exceed 0.003%, and the electro-
chemical surface state would not change because of the
generation of DEP.

For X70 steel in the near-neutral pH NS4 solution, from Ecorr

to �850 mV(SCE), the interfacial charge-transfer process
contains both cathodic and anodic reactions. With the negative
shift of potential, the interfacial impedance is dominated by
cathodic reaction. For pipeline steel under a ‘‘weak’’ cathodic
protection potential, the anodic reaction process is still signif-
icant. Localized dissolution could occur even at such a cathodic
potential, resulting in generation of corrosion pits. These pits
could be the start sites to initiate stress corrosion cracks.

Strain rate affects the corrosion reaction, which is associated
with the generation of dislocation emergence points and slip
steps on the specimen surface, resulting in a negative local
additional potential. As a result, the thermodynamics for
cathodic reaction is locally favorable. A maximum of cathodic
current density is observed under a strain rate of 59 10�6 s�1.
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