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Abstract: Hydrogen was a key factor resulting in stress corrosion cracking (SCC) of X80 pipeline steel in Ku’erle soil simulated so-
lution. In this article, the effect of hydrogen on the SCC susceptibility of X80 steel was investigated further by slow strain rate tensile 
test, the surface fractures were observed using scanning electron microscopy (SEM), and the fracture mechanism of SCC was dis-
cussed. The results indicate that hydrogen increases the SCC susceptibility. The SEM micrographs of hydrogen precharged samples 
presents a brittle quasi-cleavage feature, and pits facilitate the transgranular crack initiation. In the electrochemical impedance spec-
troscopy (EIS) measurement, the decreased polarization resistance and the pitting resistance of samples with hydrogen indicate that 
hydrogen increases the dissolution rate and deteriorates the pitting corrosion resistance. The potentiodynamic polarization curves pre-
sent that hydrogen also accelerates the dissolution rate of the crack tip. 
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1. Introduction 

Stress corrosion cracking (SCC) can be defined as 
an interaction of tensile stress and corrosion environ-
ment acting on a susceptible metallic surface to initi-
ate and propagate cracks [1]. SCC is localized corro-
sion, as well as causes grave damage that affects the 
service safety of pipeline steel. Since 1965, SCC has 
occurred in several countries throughout the world and 
contributed to major failures in some high-pressure 
natural gas transmission pipelines [2-3].  

It has been acknowledged [4-5] that there are two 
basic forms of SCC on the external surface of buried 
pipeline steels: high pH-SCC and low pH-SCC. High 
pH-SCC [6-7] is characterized by numerous shallow 
and longitudinal intergranular cracks. The growth rate 
of a crack increases exponentially with temperature 
and stress. Cracking is related to a concentrated alka-
line electrolyte (approximately pH=9.0) in contact 
with the steel surface. It has been suggested that the 
simulated solution for high pH-SCC in the laboratory 

is 1 mol NaHCO3+0.5 mol Na2CO3. The passive film 
rupture and anodic metal dissolution at the crack tip 
can be assigned to the mechanism of SCC in the high 
pH electrolyte [8]. Reducing the pipe temperature and 
controlling the pipe electrochemical potential range 
may possibly reduce or avoid the emergence of high 
pH-SCC. The latter, near-neutral SCC, was first dis-
covered in Canada in the early 1980s [9]. This form of 
SCC propagates transgranularly and has no obvious 
correlation with temperature. It takes place in a dilute 
solution, with the pH range from 5.5 to 8.5, and NS4 
solution (0.122 g·L−1 KCl, 0.483 g·L−1 NaHCO3, 
0.181 g·L−1 CaCl2·2H2O, 0.131 g·L−1 MgSO4·7H2O) is 
used normally as the simulated solution, in the labo-
ratory [10]. The mechanism of near-neutral SCC has 
not been well understood, and some literatures pro-
posed [11-12] the cracking process resulting from a 
possible synergistic effect between anodic dissolution 
and hydrogen that entered into the steel.  

X80 pipeline steel, which has high-intensity and 
high-toughness, is a low carbon, micro-alloyed, 
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high-grade steel, and is relatively new as a pipeline 
material in China and in other countries. The material 
will be applied widely for building gas transmission 
pipelines in the 21th century [13]. Ku’erle region in 
north-western China is abundant in natural gas re-
sources, and a great number of gas pipelines are bur-
ied in this place. In view of the disaster of SCC and 
the importance of pipeline network safety during ser-
vice, it is crucial to investigate the SCC susceptibility 
of X80 steel in this environment. Moreover, the wide 
use of cathodic protection systems on buried pipelines 
does increase the likelihood of SCC [14-15]. In this 
laboratory, an experimental result [16] inferred that 
the SCC of X80 steel in a simulated solution, based on 

the chemistry of Ku’erle soil, was related to the hy-
drogen produced from the corrosion process. There-
fore, this article was aimed at evaluating the effect of 
hydrogen on the SCC tendency of X80 steel in 
Ku’erle soil simulated solution by slow strain rate test.  

2. Experimental  

2.1. Experimental material and solution 

X80 pipeline steel was used as the experimental 
material in this study. Its chemical composition is 
listed in Table 1, and the surface microstructure is 
shown in Fig. 1. It was observed that X80 steel exhib-
ited a uniform acicular ferrite structure. 

           Table 1.  Chemical composition of X80 pipeline steel      wt% 

C Mn P S Si Cu Al Ti Cr 
0.041 1.67 0.01 0.0006 0.196 0.258 0.0421 0.011 0.031 

Ca Pb Sb Sn As B Ni Nb Fe 
0.0017 0.0028 0.0031 0.0048 0.007 0.003 0.246 0.095 Bal. 

 

 
Fig. 1.  Microstructure of X80 pipeline steel. 

Table 2 gives the chemical composition of Ku’erle 
soil simulated (synthetic) solution, which is based on 
the average contents of soil samples. The pH was ad-
justed to 9.0±0.2 using sodium hydroxide (NaOH). All 
solutions were prepared by mixing analytical grade 
reagents with deionized water. The temperature was 
controlled at 25±2°C during all experiments. Deaera-
tion of the test solution was achieved by purging the 
solution with nitrogen gas for 2 h prior to the test, and 
then purging was continued during all the slow strain 
rate tests. 

Table 2.  Chemical composition of a synthetic solution 
simulated the soil composition of Ku’erle region       g/L 

NaHCO3 KNO3 Na2SO4 CaCl2 NaCl MgCl2·6H2O
0.1462 0.2156 2.5276 0.2442 3.1707 0.6699 

2.2. Potentiodynamic polarization and electro-
chemical impedance spectroscopy (EIS) measure-
ments 

The electrochemical experiments were carried out 

in a three-electrode cell system, in which a saturated 
calomel electrode (SCE) was used as the reference 
electrode and a platinum sheet as the counter electrode. 
It should be noted that all potentials quoted in this ar-
ticle were referred to SCE.  

The specimens were immersed in deoxygenated 
synthetic solution at the open circuit potential (OCP) 
for 0.5 h prior to potentiodynamic polarization meas-
urements. The polarization curve was obtained using 
EG&G 2273 at a scanning rate of 1000 mV/min. EIS 
measurements were carried out with the AC amplitude 
of the sinusoidal perturbation of 10 mV and the meas-
urement frequency from 100 kHz down to 10 mHz.  

2.3. Slow strain rate tensile tests (SSRT)  

The stress corrosion cracking susceptibility of X80 
steel in the synthetic solution was evaluated using the 
SSRT method. Tensile smooth plate specimens (gauge 
length: 32 mm; gauge thickness: 2 mm; and gauge 
width: 6 mm) were made in the longitudinal direction. 
Prior to testing, the gauge lengths of the specimens 
were polished with 1000 grit emery paper along the 
tensile direction, degreased with acetone in an ultra-
sonic cleaner, washed with distilled water, and finally 
dried in air. The strain rate was controlled at 1×10−6 
s−1. The SCC susceptibility was expressed in terms of 
the percentage change in the reduction in area (RA). 
The lower the RA, the higher the SCC susceptibility, 
RA is calculated by the following equation:  

0 A

0
RA 100%S S

S
−= ×  (1) 

where S0 is the initial area of the tensile specimen, and 
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SA is the final fracture area of the tensile specimen. 

2.4. Fracture surface analysis  

After SSRT tests, the specimens were cleaned in 
500 mL HCl+500 mL H2O+10 g hexamethylene-
tetramine for 3-5 min to remove the corrosion product, 
and then dipped in acetone for 5 min. The fracture 
surfaces of various samples were observed by scan-
ning electron microscopy (SEM).  

3. Results  
3.1. Effect of potential on the SCC of X80 steel  

Fig. 2 shows the stress-strain curves of X80 steel in 
air, at the open circuit potential (OCP, −725.0 mV), 
and at −1200 mV in Ku’erle soil simulated solution. In 
air, the time of fracture (tf) and the percentage of RA 
were 48.37 h and 68.22%, respectively. The data 
could be used as a standard against that obtained in the 
solution. When the X80 steel sample was carried out 
at OCP, the values of tf and RA were 41.04 h and 
53.58%, respectively, which were lower than those 
obtained in air. This indicated that the synthetic solu-
tion condition assisted X80 steel cracking and had the 
tendency for SCC. At −1200 mV, tf and RA decreased 
to 31.43 h and 21.25%, respectively. These values de-
creased obviously as compared with those obtained in 
air and at OCP. It meant that the more negative the 
potentials, the higher the SCC susceptibility. It was 
probably a result of the ingress of hydrogen into the 
steel under the experimental condition.  

 
Fig. 2.  Stress-strain curves of X80 steel in air and in 
Ku’erle soil simulated solution.  

From the chemical composition of Ku’erle soil 
simulated solution (seen Table 2), it can be seen that 
the levels of Cl− and 2

4SO −  were relatively high, with 
pH close to 9.0. According to this, some main elec-
trochemical reactions in the deoxygenated solution 
can be deduced as  
Fe → Fe2+ + 2e (2) 
H2O → H+ + OH− (3) 

H+ + e → H (4) 

H + H → H2 (5) 
Owing to hydrogen ion reduction to absorbed atoms, 

the potential could be expressed by EH = −0.059 pH = 
−531 mV vs. standard hydrogen electrode (SHE) = 
−775 mV vs. SCE. However, an ohmic drop was 
caused by the complicated chemical compositions of 
simulated solution [5], thus, a part of the applied 
cathode potential was consumed. Therefore, a more 
negative potential than −775 mV vs. SCE for hydro-
gen ion reduction would be required in the synthetic 
solution. When the potential was −1200 mV vs. SCE, 
hydrogen began to evolve, entered the specimen, and 
subsequently accumulated in the crack tip during the 
process of SCC. The interaction of hydrogen and ten-
sile stress resulted in the increase of SCC susceptibil-
ity.  

SEM fracture morphologies of X80 steel specimens 
after SSRT in air, at OCP and at −1200 mV are shown 
in Fig. 3. Ductile failure as revealed by a significant 
extent of dimples was found on the fractured surface 
of specimens tested in air (Fig. 3(a)) and at OCP (Fig. 
3(b)), which manifested that the X80 steel used in this 
study was slightly susceptible to SCC in the simulated 
solution at OCP. However, at −1200 mV, an obvious 
brittle quasi-cleavage cracking morphology was ex-
hibited, as shown in Fig. 3(c). It meant that the SCC 
susceptibility of X80 steel in Ku’erle soil simulated 
solution increased greatly at this potential. 

3.2. Effect of precharged hydrogen time on the 
SCC of X80 steel 

To study the effect of hydrogen on SCC, the X80 
steel specimens were precharged with hydrogen at a 
current density of 20 mA/cm2 for 24 h and 48 h before 
straining. Fig. 4 presents the stress-strain curves of 
X80 steel at −1200 mV in this simulated solution with 
various precharged hydrogen time. The values of RA 
and tf are presented in Fig. 5. It could be seen from the 
results that a significant reduction in tf and RA was 
observed for the precharged specimens, which implied 
that the SCC susceptibility of X80 steel increased with 
the prolongation of charging time. It was because in 
case of the precharged specimens, despite part of the 
hydrogen escaping from the specimens during SSRT, 
the hydrogen concentration in X80 steel was higher 
for a longer precharged time. Obviously, the higher 
the hydrogen concentration in X80 steel, the more the 
hydrogen concentrated at the crack tip. 

SEM micrographs of the fracture surfaces of X80 
steel after SSRT are shown in Fig. 6. It seemed as if 
the fracture surfaces of both the specimens exhibited 
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obvious brittle ‘quasi-cleavage-like’ fracture cracking 
features, which were often associated with hydrogen 
induced cracking [17-18]. In addition, there were also 
secondary cracks in the hydrogen-charged specimens. 
Takano [19] also observed a similar fracture surface 
morphology in a 7075 aluminum alloy, which was ca-
thodically charged. He also suggested that such frac-
tures resulted from the accumulation of hydrogen. 

 

 

 
Fig. 3.  SEM micrographs of the fracture surfaces of X80 
steel in Ku’erle soil simulated solution: (a) in air; (b) at 
OCP; (c) at −1200 mV. 

The SEM micrographs of the lateral surface near 
the fracture section of the unprecharged and pre-
charged hydrogen samples are shown in Fig. 7. From 
graphs, it could be seen that the principal fracture path 
in X80 steel specimens tended to be parallel to the 
rolling plane (perpendicular to the applied stress). It 
also seemed significant that both the number and the 
length of transgranular microcracks were more in the 
precharged hydrogen specimen. The results meant that 
hydrogen in X80 steel promoted crack propagation 
and facilitated SCC, which was also a further indica-

tion of the entry of hydrogen into the steel. In addition, 
some cracks appeared to initiate from some corrosive 
pits, as seen in Fig. 7(d). 

 
Fig. 4.  Effect of precharged time on the stress-strain 
curves of X80 steel at −1200 mV in Ku’erle soil simulated 
solution. 

 
Fig. 5.  Effect of precharged time on the RA and tf of X80 
steel tested in Ku’erle soil simulated solution. 

 

 
Fig. 6.  SEM micrographs of the fracture surfaces of X80 
steel tested at −1200 mV in simulated solution (precharged 
hydrogen at 20 mA/cm2): (a) 24 h; (b) 48 h. 
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Fig. 7.  SEM micrographs of the lateral surfaces near the fracture of X80 steel in Ku’erle soil simulated solution at −1200 
mV: (a) unprecharged; (b) precharged for 24 h; (c) precharged for 48 h; (d) cracks initiated from pitting.

4. Discussion 
From the above analysis, it could be concluded that 

hydrogen increased the SCC susceptibility of X80 
steel in the simulated solution. Moreover, it was also 
observed that the crack density was more in the pre-
charged than the unprecharged hydrogen specimens, 
and some cracks evolved in the interior of the pits. 
Therefore, it led to the conclusion that the pits were a 
precursor to SCC for X80 steel in the simulated solu-
tion. To confirm this, the effect of hydrogen on the 
pitting behavior was investigated. 

4.1. Effect of hydrogen on pitting corrosion 

In order to study the effect of hydrogen on the pit-
ting corrosion behavior in more detail, EIS measure-
ments were performed. Fig. 8 shows the impedance 
spectra for the samples measured in Ku’erle soil 
simulated solution, where ZRe is the real part of im-
pedance, and ZIm is the imaginary part of impedance. 
Prior to the EIS measurements, the samples were pre-
charged with hydrogen at 20 mA/cm2 for 1 h and 3 h, 
respectively. 

The equivalent circuit is shown in Fig. 9, where Rs 
is the solution resistance, Cdl is the double layer ca-
pacity, Rp is the polarization resistance, Rpit and Cpit 
are the resistance and capacitance for the pitting [20]. 
The fitting results are listed in Table 3. Compared 
with the unprecharged hydrogen specimens, the ca-
pacity arc for the precharged specimens obviously de-

creased. Moreover, the longer the precharged time, the 
smaller the capacitive arc. Table 3 indicated that Rp 
and Rpit decreased, whereas, Cdl and Cpit increased be-
cause of hydrogen. The effect became more obvious 
with an increase in precharged hydrogen time. Since 
Rpit was related to the anodic dissolution rate at the 
pitting area [20], the clear decrease of Rpit implied that 
hydrogen had the ability to accelerate pitting initiation 
on X80 steel. 

 
Fig. 8.  Impedance spectra for X80 steel in Ku’erle simu-
lated solution at open circuit potential, the specimens were 
precharged at 20 mA/cm2. 

Fig. 10 shows that the optical microscopy of X80 
steel precharged at a current density of 20 mA/cm2 for 
1 h and 3 h, respectively. It could be seen that a lot of 
pits appeared on the surface, and the number of pits 
increased with the delay of precharged time. Hence, it 
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confirmed the assumption that hydrogen promoted 
pitting. Lots of these pits might form preferential ini-
tiation sites for SCC during SSRT tests. Moreover, a 
low pH environment might come into being in some 
deep pits [21], which was helpful for the production 
and accumulation of hydrogen atoms, and this might 
accelerate the local microplastic deformation and fa-
cilitate crack nucleation and propagation. As a result, 
brittle cracks occurred. 

4.2. Effect of hydrogen on the polarization curves 

Parkins [22-23] suggested that the corrosion rate of 
the crack tip could be expressed by the polarization 
curves at a quick scan rate, and the current density 
was caused by metal dissolution. To understand the 
effect of hydrogen on the crack tip, potentiodynamic 
polarization was carried out at a scan rate of 1000 
mV/min for the unprecharged and precharged hydro-

gen specimens. The results are shown in Fig. 11, 
where E is the corrosion potential, and i is the corro-
sion density. The fitting results for the corrosion cur-
rent potential (Ecorr) and corrosion current density (icorr) 
are listed in Table 4. The charged specimens exhibited 
a lower icorr than that of the uncharged, and the icorr in-
creased with increasing exposure time. In addition, the 
Ecorr was also notably decreased by hydrogen. These 
indicated that hydrogen increased the dissolution rate 
of the crack tip. 

 
Fig. 9.  Equivalent circuit for X80 steel precharged with 
hydrogen at 20 mA/cm2 for 1 h and 3 h in Ku’erle simu-
lated solution at open circuit potential. 

Table 3.  Impedance fitting parameters obtained for unprecharged and precharged hydrogen of X80 steel in Ku’erle simu-
lated solution  

Precharged hydrogen time / h Rs / (Ω·cm2) Cdl / (F·cm−2) Rp / (Ω·cm2) Cpit / (F·cm−2) Rpit / (Ω·cm2) 

0 17.27 4.785×10−5 9451 3.694×10−5 1001.0 
1 22.87 6.199×10−5 4859 9.871×10−5 449.2 
3 16.35 2.103×10−5 2716 3.615×10−5 324.6 

 

 

 
Fig. 10.  Optical microscopy of X80 steel was precharged 
hydrogen at 20 mA/cm2 for different time intervals: (a) 1 h; 
(b) 3 h. 

From the results of EIS and polarization curves, it 
could be seen that hydrogen increased the pitting be-
havior of X80 steel, and accelerated the dissolution 
rate of the crack tip. Therefore, it could be deduced 

that when the potential was −1200 mV, the hydrogen 
atoms would produce and enter into X80 steel. 

 
Fig. 11.  Potentiodynamic polarization curves of X80 steel 
specimens in Ku’erle simulated solution precharged with 
hydrogen at 20 mA/cm2 at a scan rate of 1000 mV/min.  

When the hydrogen concentration at the crack tip 
was above a critical value, the steel got brittle. There-
fore, with the delay of precharged hydrogen time, 
more hydrogen atoms entered into the steel. This led 
to two results. On the one hand, the corrosive pits in-
creased. Undoubtedly, a part of the pits facilitated 
crack initiation by notching effect yielding to an in-
crease of stress at the pit bottom. On the other hand, 
when the cracks initiated, the hydrogen that entered 
into X80 steel would concentrate at the crack tip dur-
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ing the SCC process. Hydrogen might cause internal 
energy change and entropy change of X80 steel, and 
could interact with stress. These changes resulted in 
an increase in anodic dissolution rate. Therefore, the 
SCC susceptibility of X80 steel in the simulated solu-
tion increased. 

Table 4.  Fitting results of the potentiodynamic polariza-
tion curves of X80 steel precharged with hydrogen for dif-
ferent time intervals  

X80 steel specimen Ecorr / mV vs. SCE icorr / (µA·cm−2)
Unprecharged hy-

drogen 
−830 6.55 

Precharged hydrogen 
for 1 h 

−877 11.39 

Precharged hydrogen 
for 3 h 

−911 14.06 

5. Conclusions 

(1) X80 steel shows little tendency to SCC in 
Ku’erle soil simulated solution of pH 9.0 at OCP. 
Ductile failure, as revealed by a significant extent of 
dimples, is obtained in air and at OCP. However, at 
−1200 mV, the fracture time and the reduction in area 
decrease dramatically, which are consistent with SEM 
observations, and indicate SCC by hydrogen induced 
cracking. 

(2) When the X80 steel specimens are tested at 
−1200 mV in the simulated solution, the SCC suscep-
tibility increases with the increase in precharged hy-
drogen time.  

(3) Pits are the main cause of initiation of trans-
granular stress corrosion cracks in X80 steel in soil 
simulated solution, and hydrogen promotes pitting 
corrosion and facilitates the dissolution rate of the 
crack tip. 
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