JMEPEG (2010) 19:1284-1289
DOI: 10.1007/s11665-009-9579-3

©ASM International
1059-9495/$19.00

Synergistic Effects of Hydrogen and Stress on Corrosion
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In this work, scanning vibrating electrode technique and local electrochemical impedance spectroscopy
measurements were used to investigate the effects of stress and hydrogen on electrochemical corrosion
behavior of a X100 pipeline steel in a near-neutral pH solution. The stress distribution on the test specimen
was calculated using the finite element method. Results demonstrated that the hydrogen-charging enhances
the local anodic dissolution of the steel, contributing to the formation of a layer of corrosion product.
However, there is little difference of the charge-transfer resistance between the regions with and without
hydrogen-charging due to rapid diffusion of hydrogen atoms throughout the specimen with time. When the
local stress concentration is not significant enough to approach the yielding strength of the steel, the steel is
still in a relatively stable state, and there is a uniform distribution of dissolution rate over the whole surface
of the steel specimen. Although the stress-enhanced activation is not sufficient to result in an apparent
difference of current density of the steel, the activation of the steel would activate dislocations, which serve
as effective traps to the charged hydrogen atoms. With the increase of hydrogen concentration, the

hydrogen-enhanced anodic dissolution becomes dominant.
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1. Introduction

In the recent years, with the continuously growing demand
in energy consumption, extensive attentions have been paid to
supply oil and natural oil in a more economic and safer way.
Development of high-strength steel pipelines has enabled the
energy industry to realize significant savings in the total cost of
long-distance oil/gas transmission in view of the pipeline wall
thickness and operating pressure (Ref 1, 2). While the highest-
strength grade of pipelines that have so far been brought to
commercial application is X80 by American Petroleum Institute
(API), the worldwide leading steelmakers, such as Nippon Steel
Corporation, were pursuing the development and commercial
application of X100 steel pipelines (Ref 3). To date, develop-
ment of high-strength steel pipeline technology has focused on
improvement of strength and mechanical properties, achieving
higher grades, without reducing toughness properties and
weldability of the steels through thermomechanical and alloy-
ing treatments (Ref 4-6).

Corrosion and stress corrosion cracking (SCC) have been
identified as main reasons resulting in pipeline failure. Study on
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the electrochemical corrosion and SCC behavior of high-
strength line pipe steels has been conducted recently. For
example, Zheng et al. (Ref 7, 8) investigated SCC of X80 and
X100 steels in a near-neutral pH soil solution, and found that
SCC of the steels at high-stress level under quasi-static
condition has a considerable incubation for initiation. Cracks
continue to grow and new cracks continue to develop as the test
time increases. Almonsour (Ref 9) investigated the sulfide
SCC of X100 steel in a H,S environment. It was found that
the addition of H,S enhanced the anodic kinetics. Moreover,
the cathodic half cell potential increased, which shifted the
cathodic polarization curve to higher current densities. SCC
nucleated at corrosion pits on the metal surface and microcracks
in the metal body and propagated perpendicular to the applied
stress. HIC cracks nucleated at banded martensite-ferrite
interfaces and propagated along the rolling direction parallel
to the applied tensile stress through the softer ferrite phase.

It has been acknowledged (Ref 10-14) that buried pipelines
generally experience two types of SCC, i.e., high pH SCC and
near-neutral pH SCC. High pH SCC, usually resulting in an
intergranular cracking, generally occurs in the presence of a
concentrated carbonate/bicarbonate environment and at a pH
greater than 9 (Ref 10-12). Moreover, high pH SCC is
attributed to anodic dissolution at the grain boundaries and
repeated rupture of passive films that form over the crack-tip.
The occurrence of near-neutral pH SCC in natural gas
pipelines is always associated with electrolyte characterized
with anaerobic, dilute solutions (of the order of 0.01 M
bicarbonate ions) with pH in the range of 6 to 7.5, and the
stress corrosion crack has a transgranular, quasi-cleavage crack
morphology with very little branching (Ref 10-30). Further-
more, it is proposed that the near-neutral pH SCC process
involves anodic dissolution and, simultaneously, the ingress of
hydrogen into steel. For example, Parkins (Ref 10) confirmed
that hydrogen could discharge at cathode in near-neutral pH
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SCC in pipeline steels. He concluded that some synergistic
effects between the hydrogen and anodic dissolution exist
during the growth of near-neutral pH SCC of pipelines. Cheng
(Ref 14) developed a thermodynamic model to illustrate the
interactions of stress, hydrogen, and anodic dissolution at the
crack-tip. It is shown that the growth rate of stress corrosion
cracks under near-neutral pH condition depends on the effect
of hydrogen on local anodic dissolution of steel in the absence
of stress, the effect of stress on local anodic dissolution of steel
in the absence of hydrogen, and the synergistic effect of
hydrogen and stress on the anodic dissolution rate of steel at
crack-tip.

While a significant number of works have been performed to
investigate pipeline SCC, study of corrosion and SCC behavior
of high-strength line pipe steel has been in its infancy. In this
work, the effects of stress and hydrogen on electrochemical
corrosion behavior of a X100 pipeline steel were investigated in
a near-neutral pH solution by scanning vibrating electrode
technique (SVET) and local electrochemical impedance spec-
troscopy (LEIS) measurements. The stress distribution on the
test specimen was calculated using the finite element method.

2. Experimental

2.1 Electrodes and Solution

Specimen for electrochemical tests was cut from a sheet of
API X100 steel pipe, with the chemical composition (wt.%): C
0.07, Mn 1.76, S 0.005, Si 0.10, P 0.018, Ni 0.154, Cr 0.016,
Mo 0.20, V 0.005, Cu 0.243, and Al 0.027. The specimen was
machined into a shape shown in Fig. 1(a), with a 10 by 10 by
10 mm dimension and a 49° V-type notch. The specimen was
then loaded at 1000 N through a bolt-loading device as shown
in Fig. 1(b), where the top surface of the specimen was shown.
Four pieces of polymethyl-methacrylate insulating rods were
installed in the gaps between specimen and the device to avoid
their direct contact. The working surface of the specimen was
ground sequentially to 1000 grit emery paper, and polished
with 3 and 1 pm diamond pastes.

The test solution included a NS4 solution, which was used
extensively to simulate the near-neutral pH electrolyte trapped
under disbonded coating, with the chemical composition:
0.483 g/L NaHCO3;, 0.122 g/L KCl, 0.181 g/L CaCl,2H,0,
and 0.131 g/L MgSO,7H,0. The solution pH was about 6.5
upon the continuous purging of 5% CO,/N, gas. All the
solutions were made from analytic grade reagents and ultrapure
water (18 MQ-cm in resistivity).

All the tests were performed at ambient temperature.

2.2 SVET and LEIS Measurements

The SVET and LEIS measurements were performed through
a PAR 370 Scanning Electrochemical Workstation, which was
described previously (Ref 27-30). A saturated calomel elec-
trode (SCE) was used as reference electrode, and a platinum
wire as auxiliary electrode. The micro-electrochemical scan-
ning area was shown in Fig. 1.

For SVET and LEIS measurements on the charged speci-
men, the specimen was covered with a polythene adhesive tape,
leaving a line with 0.5 mm in width for hydrogen-charging at
—1.2 V (SCE) for 1 h in NS4 solution. The tape was then
removed and SVET scan was conducted. A video camera was
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Fig. 1 Schematic diagram of the specimen (a) and the test rig (b)

used for imaging and controlling the distance between the Pt-Ir
micro-probe and the work electrode surface, which was set at
100 pm. The vibrating amplitude of the micro-electrode was
30 um and the vibrating frequency was 300 Hz in the direction
normal to the surface. The potential of the microelectrode was
proportional to its position in the vibrating plane. The
difference of potentials when the microelectrode was located
at the vibrating peak and valley, respectively, AE, was
measured by an electrometer incorporated in M370. The
solution resistance between the vibrating peak and valley, R,
is determined by R = d/k, where d is the vibrating amplitude of
the microelectrode (30 pm) and £ is the solution conductivity.
The SVET current, /, was then obtained by 7= AE/R.
Therefore, what the SEVT measures is a potential, rather than
a current. The current density plotted in the figures is actually a
value based on the calculation shown above. A flat SVET
current density diagram means that there is a uniform
electrochemical activity of the test electrode, while a fluctuating
SVET diagram is associated with an electrode with non-
uniform electrochemical activity.

As stated previously, the LEIS measurements were operated
in two modes: point measurement over a frequency range of
60,000 to 0.5 Hz, and area scanning at a fixed frequency of
10 Hz. An AC disturbance signal of 20 mV was applied to the
electrode which was at corrosion potential. During LEIS point
measurement, the microprobe with a 10 pum tip was set directly
above the site to measure the typical impedance response at the
individual point. The distance between the probe-tip and the
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WE surface was approximately 50 um, which was adjusted and
monitored through the video camera TV system. For LEIS
mapping, the microprobe was stepped over a designated area of
the electrode surface. The scanning took the form of a raster in
x-y plane. The step size was controlled to obtain a plot of 16 by
12 lines.

2.3 Gomputational Simulation of Stress Distribution

Computational simulation of the stress distribution in the
pre-cracked specimen under applied force was conducted using
a commercial software package COSMOSworks 2007 Service
Pack. Detailed mesh conditions were listed as follows:

(1) Mesh type: Solid type

(2) Mesher Used Standard

(3) Jacobian check for solid: 4 points
(4) Element size: 0.778936 mm

(5) Maximum aspect ratio: 4.0536

3. Results

3.1 Computational Simulation of Stress Contribution
of the Specimen

Figure 2 shows the simulated distribution of stress on the
specimen under an applied load of 1000 N, where both 3D and
linear diagrams were given. A maximum stress of about
6.4 x 108 N/m* (~640 MPa) was observed at the notch line,
and the stress decreased rapidly with the increasing distance
from the notch.

3.2 LEIS Measurements

Figure 3 shows the LEIS plots measured at two points
(points A and B as shown in Fig. 1) along the notch line on the
specimen surface in NS4 solution, where point B was on the
hydrogen-charging line, and point A was away from the line.
Both local impedance plots were featured with two semicircles
over the whole frequency range. In particular, there was a
slightly bigger high-frequency semicircle at point B than that at
point A, while the sizes of the low-frequency semicircles were
similar. For the impedance plots containing two semicircles, it
is generally accepted that the high-frequency semicircle is
associated with the corrosion product layer or oxide film and
the low-frequency one is related directly to the interfacial
charge-transfer reaction. A big size of the semicircle indicates a
high film resistance or charge-transfer resistance. Therefore,
with the increase of the semicircle size, the corrosion resistance
is enhanced.

3.3 SVET Measurements

Figure 4(a), (b), and (c) shows the SVET current density
maps measured on the X100 steel specimen without hydrogen-
charging and stressing, with hydrogen-charging only, and with
stressing only in NS4 solution, respectively. Each SVET scan
took about 20 min to complete. It is seen that there was a
uniform current distribution when the electrode was not
charged and stressed, with an average dissolution current
density of 40 pA/em® (Fig. 4a). When the specimen was
charged at —1.2 V (SCE) for 1 h, with the charging line as
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Fig. 2 Simulation and determination of stress distribution of the
test specimen under a 1000 N of load

indicated as the dotted line in Fig. 4(b), the current density
ranged from the initial 80 to 65 pA/cm® by the end of the
SVET scanning. However, there was no apparent change of
current density around the hydrogen-charging line. When the
specimen was loaded at 1000 N, the current density was
uniformly distributed over the specimen, with an average of
about 55 pA/cm?. Moreover, no apparent change of current
density was observed around the notch line, as marked by a
dotted line in Fig. 4(c).
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Fig. 3 LEIS plots measured at points A and B in Fig. 1

Figure 5 shows the SVET current density map measured on
the X100 steel specimen with simultaneous loading at 1000 N
and hydrogen-charging at —1.2 V (SCE) for 1 h in NS4
solution, where 3D and projected diagrams were given. The
hydrogen-charging line was at x = 1500 pm, which was
perpendicular to the notch line of y = 1500 pum. It is seen that
there was a maximum of current density of about 350 pA/cm?
near the point A of x = 1500 pm and y = 1500 um.

4. Discussion

4.1 Effect of Hydrogen-charging on Anodic Dissolution
of X100 Steel

Previous work (Ref 31, 32) has demonstrated that hydrogen-
charging is capable of enhancing anodic dissolution of the steel,
and the hydrogen effect is attributed to the alterations of
chemical potential and exchange current density of the steel.
Moreover, a layer of corrosion product, such as carbonate
(Ref 31, 33), generated due to hydrogen accelerated corrosion
reaction may form on the electrode surface to increase the
measured impedance. The present work (Fig. 3) shows that two
semicircles exist in the measured Nyquist diagram, with the
high-frequency semicircle associated with the corrosion prod-
uct layer and the low-frequency one with the interfacial charge-
transfer reaction. Since the corrosion product layer is usually
loose and porous (Ref 28), there is no much protection provided
for the underlying steel. In Fig. 3, the slightly bigger size of the
high-frequency semicircle measured at point B, which is on the
hydrogen-charging line, than that at point A indicates that there
is more or thicker corrosion product layer generated due to the
hydrogen-enhanced corrosion. However, the approximately
similar size of the low-frequency semicircles at points B and
A shows that there is a similar charge-transfer resistance, and
thus, the dissolution current density at the two points, which is
caused by the rapid diffusion of the charged hydrogen atoms
throughout the specimen.

Moreover, the hydrogen-enhancing dissolution rate of
the specimen can also be demonstrated by the SVET
measurements (Fig. 4a, b). Prior to hydrogen-charging, the
average dissolution current density is about 40 pA/cm?>. Upon
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Fig. 4 SVET current density maps measured on specimen without
hydrogen-charging and stressing (a), with hydrogen-charging (b),
and with stressing (c) in NS4 solution

hydrogen-charging, the initial current density increases to
80 pA/cm?, which is due to the hydrogen-enhanced corrosion
reaction. With SVET measurement, the current density
decreases to about 65 wA/cm?, which is probably attributed
to a gradual thickening of the corrosion product layer.
However, the whole dissolution current density is much higher
than that prior to hydrogen-charging.
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Fig. 5 SVME current density map measured in the presence of
both stress and hydrogen-charging on the specimen in NS4 solution.
(a) 3-dimensional plot; (b) equal-current density lines

4.2 Effect of Applied Stress on Anodic Dissolution
of X100 Steel

The present work also shows that applied stress enhances
anodic dissolution of the steel, as demonstrated in Fig. 4(a) and
(c) by a comparison of the dissolution current densities
measured before and after the applied loading of 1000 N.
Since there is a stress concentration at the notch bottom, as seen
in Fig. 2, it is expected that the local anodic dissolution at the
notch is more significant than that at other region. However, the
SVET current density scanning result in Fig. 4(c) shows that
there is an approximately uniform distribution of current
density over the whole scanning area, including both notched
and other regions. The stress simulation in Fig. 2 shows that the
maximum stress at the bottom of notch is about 640 MPa,
which is much lower than the yielding strength of 820 MPa of
the steel (Ref 34). It is generally believed (Ref 27) that, under a
small tensile stress, the steel is in an elastic deformation status
and the slip systems in the steel are not activated significantly.
The steel is still in a relatively stable state. Therefore, the stress
concentration alone in this work is not significant enough to
result in an apparent increase of local dissolution rate of the
steel.

4.3 Synergistic Effect of Hydrogen and Stress on Anodic
Dissolution of X100 Steel

When the steel specimen is under simultaneous hydrogen-
charging and applied loading, there is a significant increase of
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anodic current density, as seen in Fig. 4(c). Although the stress-
enhanced activation is not sufficient to result in an apparent
difference of current density at notch and at other area, the
activation of the steel would activate dislocations, which serve
as effective traps to the charged hydrogen atoms. With the
increase of hydrogen concentration, the hydrogen-enhanced
anodic dissolution becomes dominant. Therefore, even at a
relatively small applied stress, the locally trapped hydrogen
atoms are capable of enhancing remarkably the anodic
dissolution of the steel.

5. Conclusions

The hydrogen-charging enhances the local anodic dissolu-
tion of the steel, contributing to the formation of a layer of
corrosion product, which cannot provide effective protection
over the underlying steel. There is little difference of the
charge-transfer resistance between the regions with and without
hydrogen-charging due to rapid diffusion of hydrogen atoms
throughout the specimen with time.

Applied stress enhances anodic dissolution of the steel.
When the local stress concentration is not significant enough to
approach the yielding strength of the steel, the steel is still in a
relatively stable state, and there is a uniform distribution of
dissolution rate over the whole surface of the steel specimen.

Although the stress-enhanced activation is not sufficient to
result in an apparent difference of current density of the steel,
the activation of the steel would activate dislocations, which
serve as effective traps to the charged hydrogen atoms. With the
increase of hydrogen concentration, the hydrogen-enhanced
anodic dissolution becomes dominant.
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