
Arch. Metall. Mater. 68 (2023), 2, 659-671

DOI: https://doi.org/10.24425/amm.2023.142447

Xue-Mei Wang 1,2, Wei Zhao 1,2,3*, Kai Chen 1,2, Zhen Li 1,2

EffEcts of WElding HEat input on MicrostructurE and corrosion cHaractErization  
in cgHaz of X80 pipElinE stEEl

The coarse-grained heat-affected zone specimens of X80 pipeline steel were produced by welding thermal simulation under 
different heat inputs of 10, 30, and 55 kJ/cm to study the effects of heat input on microstructure evolution and corrosion characteri-
zation. The corrosion resistance of coarse-grained heat-affected zones was poorer than that of base metal due to less homogenous 
in the former. For 10 kJ/cm coarse-grained heat-affected zone, the corrosion resistance was poorer than the others due to the more 
adsorption hydrogen around the needle-like martensite/austenite constituents and greater galvanic driving force between the 
needle-like martensite/austenite constituents and ferrite. in carbonate/bicarbonate solution, better corrosion resistance for coarse-
grained heat-affected zones was obtained when the heat input is 30 kJ/cm, which can be attributed to the severe coarse martensite/
austenite constituents for 55 kJ/cm coarse-grained heat-affected zone. in the h2S environment, the better corrosion resistance for 
coarse-grained heat-affected zone was obtained when the heat input is 55 kJ/cm, which can be attributed to the protective effect 
of corrosion products. in addition, the high content of M/a constituents for 30 kJ/cm CghaZ was good for hydrogen adsorption, 
which was adverse to the corrosion resistance in acid environments.
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1. introduction

Pipeline transportation has been used widely for the massive 
exploitation of oil and natural gas [1,2]. For pipeline materials 
suffered corrosion in the underground environment, the proper-
ties of pipeline materials were required to be higher [3]. american 
Petroleum institute (aPi) X80 pipeline steel, with high strength, 
large diameter and thin wall-thickness [4], has been used widely 
for long-distance transportation [5].

Corrosion of buried underground pipelines is usually 
induced by internal delivery products or external soil. anti-
corrosion design has become an important issue in the trans-
portation industry [6,7]. golchinvafa et al. [8] found that the 
corrosion resistance of X80 pipeline steel increases with the use 
of Fumaria officinalis inhibitor. alvarez et al. [9] found that the 
extract of Rollinia occidentalis as well as pure solutions of two 
acetogenins isolated from this extract act as corrosion inhibi-
tors for the tested C-steel in 1 M hCl media. in addition, anode 
control and cathode control can also improve corrosion resist-
ance [10,11]. however, these methods of preventing corrosion 

are subject to environmental influences, installation conditions, 
and economic constraints.

The microstructure and properties of the welded joint are 
complicated due to the welding thermal cycles. as well known, 
the poor corrosion resistance of heat-affected zone (haZ) is the 
main problem, restricting the use of pipeline steel [12]. Zhang et 
al. [13] found that the passive current density of haZ is higher 
than those of weld metal and base metal (BM) in carbonate/bi-
carbonate solution. Wang et al. [14] found that the haZ shows 
the highest charge transfer resistance and the most positive cur-
rent density in the acidic soil solution. Moreover, the corrosion 
problems are more serious in the coarse-grained heat-affected 
zone (CghaZ). Wu et al. [15] found that the CghaZ presents 
the highest stress corrosion cracking (SCC) susceptibility due 
to coarse microstructure and high local dislocation density. Ma 
et al. [16] also found that the SCC susceptibility of CghaZ is 
higher than that of BM due to the anodic dissolution (aD) and 
hydrogen embrittlement (he) in the simulated So2-polluted 
marine atmosphere. Thus, it is necessary to study the corrosion 
behaviors in CghaZs of X80 pipeline steel in deep.
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Previous studies indicate that [17,18] there is a relationship 
between microstructure and corrosion resistance. gennari et al. 
[19] found that higher volume fraction of ferrite (60%) within 
the joint reduces the critical pitting temperature of the weld and 
affects the corrosion resistance. ashari et al. [20] found that the 
corrosion rate of acicular ferrite and secondary phase zones is 
relatively high. huo et al. [21] found that the corrosion resistance 
of recrystallized grains is significantly enhanced due to finer 
equiaxed grains and less homogenous. Wang et al. [14] found 
that the microstructure of granular bainite (gB) mixed with fer-
rite shows better corrosion resistance. Luo et al. [22] found that 
high secondary phase fraction is the main reason for the high 
corrosion rate of 1.5nd alloy. Jin et al. [23] found that the cor-
rosion resistance of Mg-Zn-Ca is better due to the refined grain 
size. according to the earlier studies [12,24], the relationship 
between the microstructure evolution and corrosion resistance 
of X80 pipeline steel has been studied maturely. in addition, the 
microstructure evolution in CghaZ depends on the cooling rate/
time (i.e. welding heat input) [25].

in the present study, effects of heat input on the microstruc-
ture and corrosion resistance in the simulated CghaZs of X80 
pipeline steel were investigated. The microstructure evolution 
was investigated and the corrosion resistance was analyzed by 
electrochemical tests. The relationship among the heat inputs, mi-
crostructure evolution and corrosion resistance were established, 
with emphasis on the effect of changes in M/a constituents on 
corrosion resistance with the increase of heat input.

2. Experimental procedures

2.1. Materials and thermo-mechanical simulation

The X80 pipeline steel, used in this study, is obtained by 
thermo-mechanical controlled processing. The chemical com-
positions (wt%) are listed in TaBLe 1. For low-alloyed steels, 
the austenite transformation temperature ac1 and ac3 can be 
calculated as follows [26]:
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where w is the mass quality of each element. it is calculated 
that ac1 and ac3 of the X80 pipeline steel are 713°C and 880°C, 
respectively. 

To obtain the simulated CghaZ samples, some 10 mm × 
1 mm × 150 mm samples of the X80 pipeline steel were sub-

jected to thermal cycles in a gleeble 3500 simulator. The peak 
temperature is 1300℃ and the heating rate is 160℃/s. The heat 
inputs are taken as 10, 30, 55 kJ/cm, respectively, and the cor-
responding cooling time of Δt8/5 are shown in TaBLe 2. The 
welding thermal cycle curves are shown in Fig. 1, in which ac1 
and ac3 have been marked.

TaBLe 2

Specific experimental parameters of welding thermo-mechanical 
simulation

cgHaz-1 cgHaz-2 cgHaz-3
heat input (kJ/cm) 10 30 55
cooling time t8/5 (s) 3.3 7.3 31.4

Fig. 1. Corresponding welding thermal cycle curves of simulated 
 CghaZs with different heat inputs

2.2. Microstructure observation and microhardness 
measurements

The microstructure observations of BM and simulated 
CghaZ samples were performed by vhX_500F KeyenCe 
optical microscope (oM) after the samples were etched with 4% 
nital. The martensite/austenite (M/a) constituents were identi-
fied by Le Pera solution. The composition of etchant solutions 
was listed in TaBLe 3. image-Pro Plus 6.0 to obtain length/
width ratio, fraction and average size of the M/a constituents. 
The microhardness was measured by DhC-1000 type micro-
hardness with a loading of 1.96 n and an enduring time of 15 s. 
each sample was measured by 15 points randomly to calculate 
the average value.

TaBLe 1
Chemical compositions of X80 pipeline steel (wt%) 

c si Mn p s cr ni Mo V cu al nb ti fe
0.046 0.30 1.76 0.0075 0.0014 0.023 0.22 0.23 0.008 0.22 0.06 0.08 0.015 Balance
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TaBLe 3

Composition of the etchant solutions of 4% nital and Le  
pera solution

Etchant Hno3 
(ml)

na2s2o5 
(g)

picric 
acid (g)

Water 
(ml)

Ethanol 
(ml)

4% nital 4 96
Le pera 1 100 4 100

2.3. immersion and Electrochemical experiments

The immersion and electrochemical experiments were 
conducted referring to the standard american Society for Testing 
Materials g3-14 and references [27-29]. The electrochemical 
experiments were performed using autolab (aut84886) with 
a two-component cell, Pt gauze counter electrode and satu-
rated calomel electrode (SCe) of +0.241 vShe as a reference 
electrode. The electrolytes were prepared from analytical grade 
chemicals and distilled water. one electrolyte was a 0.5 M 
na2Co3-1M nahCo3 solution (open to air and the ph is 9.4 
at room temperature), which was mainly used to study alkaline 
soil corrosion of pipeline steel. The other was 5 wt% naCl with 
continuous 0.1 MPa h2S gas, which was mainly used to study 
h2S corrosion inside the pipeline steel. For electrochemical 
measurements, all samples were polished with 100#~800# grit 
emery paper in turn, polished to 0.25 um with diamond paste, 
cleaned distilled water and alcohol in sequence, dried with cool 

air, and then mounted in silica gel. The area of working electrode 
exposed to the electrolyte was 1 cm2. open circuit potential 
(oCP) was recorded under different immersion times and the 
potentiodynamic polarization measurements were conducted at 
a scan rate of 0.5 mv/s. electrochemical impedance spectroscopy 
(eiS) measurements were performed with a 10 mv amplitude 
and 105-10–2 hz frequencies. in addition, the results of eiS were 
simulated by the ZsimDemo 3.30d.

as for alkaline soil solution, each sample was subjected 
to 0.5 v vs. SCe to constant potential polarization for 1 h and 
subjected to the Mott-Schottky curve test to study the stability 
of the passive film formed on the sample surfaces. The Mott-
Schottky curves were obtained by a sine wave with an amplitude 
of 10 mv and a frequency of 1000 hz. as for h2S corrosion, 
the corrosion morphologies were observed by JSM-6480La 
scanning electron microscope (SeM) with energy dispersive 
X-ray spectroscopy (eDS). Corrosion products were charac-
terized by the DX-2700 X-ray diffractometer (XRD) (Cu Ka 
λ = 0.154060 nm) with a scanning step of 0.02 degree/s.

3. results

3.1. Microstructure evolution

The microstructure and microhardness of the as-received 
BM and simulated CghaZs are shown in Fig. 2 and Fig. 3, 

Fig. 2. Microstructure micrographs of the microstructure of CghaZs with different heat inputs of (a) 10, (b) 30 and (c) 55 kJ/cm and (d) as-
received BM
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respectively. The main characteristics of the microstructure are 
summarized and shown in TaBLe 4. The microstructure of 
X80 pipeline steel mainly contains polygonal ferrite (PF) and 
gB etched by granular M/a constituents as a secondary phase. 
For the BM, the M/a constituents mainly present granular with 
a low length/width ratio (approximately 1.46), the fraction is 
about 15.9% and the average size is about 0.54 μm2. The micro-
structure of CghaZ samples is mainly gB, in which the coarse 
prior-austenite grain boundaries (PagB) can be seen clearly, 
and some PF can be seen near the PagB only for the 55 kJ/cm. 
The prior-austenite grain size is all about 28 μm, indicating that 
it is mainly determined by the peak temperature [30]. The gB 
lath width increases about one time, from 0.62 μm to 1.12 μm, 
as the heat input increases. The M/a constituents are parallel to 
each other in one prior-austenite grain but not in different prior-
austenite grains. For the 10 kJ/cm CghaZ, the M/a constituents 
mainly present granular or needle-like with high length/width 
ratio (approximately 2.81). The fraction of M/a constituents is 
about 10.1% and the average size is about 0.64 μm2. For the 30 
and 55 kJ/cm CghaZs, the M/a constituents mainly present 
granular with low length/width ratio (approximately 2.18, 1.80 
respectively). Their fractions are about 14.4% and 8.2% and 
the average size is about 0.81 μm2, 1.12 μm2 respectively. The 
length/width ratio of the M/a constituents in CghaZs is larger 
than that in BM, which decreases gradually with the increase 

of heat input. The fraction of M/a constituents in CghaZs is 
lower than that in BM, and the highest fraction is obtained for 
30 kJ/cm CghaZ. The average size of the M/a constituents in 
CghaZs is larger than that in BM, which increases gradually 
with the increase of heat input. in addition, the microhardness 
of BM is about 210 hv0.2 and the microhardness of CghaZs 
declines from about 245.78 hv to 199.36 hv as the heat input 
increases. 

3.2. corrosion characteristics in 0.5 M na2co3-1M 
naHco3 environment

3.2.1. potentiodynamic polarization curves

Fig. 4 shows the potentiodynamic polarization curves of 
samples in 0.5 M na2Co3-1 M nahCo3 solution at room tem-
perature, and the fitted results by extrapolation of Tafel lines are 
shown in TaBLe 5. as shown, the shape of the potentiodynamic 
polarization curves and the passivation interval of as-received 
BM and CghaZ samples are almost in accordance, indicating 
that the microstructure evolution doesn’t affect the occurrence, 
maintenance and destruction of the passivation. When the 
potential attains the passivation potential Ep (about –0.70 v 
vs. SCe), the anodic current density begins to decrease. The 
current density increases firstly and decreases later with the 
increase of potential, which can be called a bimodal phenom-
enon. Later, the current density begins to keep stable with the 
further potential increases, which can be called “stable passivity 
region”. When the potential rises to transpassivation potential Etr 
(about 0.85 v vs. SCe), the current density increases with the 
increase of the potential. The corrosion potential Ecorr of BM 
is more positive than that of CghaZs, indicating a galvanic 
effect will be introduced between the BM (as a cathode) and 
the CghaZ (as an anode) when the welded joint is exposed 
to an aggressive environment. The corrosion current density 
icorr and passive current density ipass of the BM are lower than 
those of the CghaZs, indicating that corrosion resistance 
and the stability of the passive films are better in the former. 
For the CghaZs, the Ecorr attains the most positive, the icorr 
and ipass are the smallest when the heat input is 30 kJ/cm, in-
dicating the corrosion resistance is better and passive film is  
more stable.

TaBLe 4

The main microstructure characteristics of BM and CghaZs with different heat inputs

sample Microstruc-
ture

prior austenite 
grain size (μm)

Bainite lath 
size (μm)

M/a constituents

shape length/width 
ratio fraction (%) average size 

(μm2)
BM PF+gB — — granular 1.46 15.9 0.54

CghaZ
10 kJ/cm gB 27.6 0.62 needle-like/

granular 2.81 10.1 0.64

30 kJ/cm gB 28.1 1.06 granular 2.18 14.4 0.81
55 kJ/cm gB+PF 28.3 1.12 granular 1.80 8.2 1.12

Fig. 3. Microhardness of the as-received BM and CghaZs with dif-
ferent heat inputs
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TaBLe 5

Fitted results of potentiodynamic polarization curves  
by extrapolation of Tafel lines

BM
cgHaz

10 kJ/cm 30 kJ/cm 55 kJ/cm
bc (mv/dec) 208 182 300 218

Ep (v vs. SCe) –0.453 –0.486 –0.485 –0.486
Etr (v vs. SCe) 0.796 0.821 0.813 0.814

Ecorr (v vs. SCe) –0.843 –0.874 –0.867 –0.877
icorr (μA cm–2) 40.28 60.32 51.36 75.34
ipass (μA cm–2) 7.09 12.67 11.11 14.44

3.2.2. Electrochemical impedance spectroscopy

The eiS measurements of samples are conducted at oCP 
to study the corrosion mechanisms and the results are shown 

in Fig. 5. as shown, only a capacitive reactance loop exists in 
nyquist impedance diagrams and one peak exists in the Bode 
plots, indicating only one time constant in the circuit. The imped-
ance magnitude gradually decreases as the frequency increases 
and the phase angle attains the maximum value at the middle 
frequency. The equivalent circuit of Rs (Qdl Rct) is chosen to fit 
the eiS results, as shown in 

Fig. 6, in which Rs is solution resistance, Qdl is constant-
phase element (CPe) representing the double- layer capacitance, 
and Rct is the charge transfer resistance. The fitting results of the 
Rct, representing the corrosion resistance, are shown in TaBLe 6. 
The Rct of the BM is larger than that of CghaZs. For CghaZs, 
the Rct attains the maximum when the heat input is 30 kJ/cm. 
The result of eiS is in accordance with that of potentiodynamic 
polarization.

Fig. 4. Potentiodynamic polarization curves in 0.5 M na2Co3-1 M nahCo3 solution: (a) The total curves, the magnification of (b) near Ecorr 
and (c) stable passive region

Fig. 5. eiS results of BM and CghaZs with different heat inputs in 0.5 M na2Co3-1 M nahCo3 solution: (a) nyquist plots, Bode plots of (b) 
impedance magnitude vs. frequencies and (c) phase angle vs. frequencies

Fig. 6. equivalent circuit of Rs (Qdl Rct)

TaBLe 6

Fitted results of eiS of BM and CghaZs with different heat inputs 
in 0.5 M na2Co3-1 M nahCo3 solution

BM
cgHaz

10 kJ/cm 30 kJ/cm 55 kJ/cm
Rs (Ω cm2) 6.33 5.45 5.43 3.56

Qdl
Y0 (W–1 cm–2 Sn) 181 233 218 326

n 0.84 0.81 0.82 0.82
Rct (Ω cm2) 1188 915.6 1040 723.4



664

3.2.3. Mott-schottky curves

The Mott-Schottky measurements are conducted to study 
the passive film characterization and the results are shown in 
Fig. 7. a two-slope phenomenon is observed in Mott-Schottky 
plots, where one linear region occurs in the potential range of 
−0.20 V vs. SCE to 0.20 V vs. SCE and the other occurs in the 
potential range of 0.30 v vs. SCe to 0.70 v vs. SCe. The shape 
of the Mott-Schottky curve indicates that the passive film belongs 
to n-type semiconductors [13,31], which the following relation-
ships exist [13, 32-34]:

 
2 2

0

1 2
fb

d

kTE
eC eN A




    
 

  (3)

where C is the capacitance, e is the electronic charge amount of 
1.60×10–19 C, Nd is the average donor density of n-type, ε is the 
Fe2o3 dielectric constant of 15.6 [35], ε0 is the vacuum dielectric 
constant of 8.85×10–14 F/cm, and a is the working electrode area 
of 1 cm2, E is the test potential, φfb is the flat band potential, 
and k is the Boltzmann constant of 1.38×10–23 J/K [36], T is the 
absolute temperature.

The fitted results of the Nd and φfb are shown in Fig. 8. The 
Nd of each sample is on the order of 1021 cm–3, indicating a highly 

doped semiconductor structure existed in the passive film [13]. 
Compared with the BM, the Nd of CghaZs is higher, indicating 
that the stability of the passive film is poor. For CghaZs, the 
Nd attains the minimum when the heat input is 30 kJ/cm, which 
is in accordance with the results of the ipass. The φfb refers to 
the electrode potential when the semiconductor band bend is 
zero and its negative shift means that the electron energy level 
is higher and more unstable [37]. The φfb of the BM is lower 
than the 30 kJ/cm CghaZ and higher than the 10, 55 kJ/cm 
CghaZs, indicating its electron energy level is relatively sta-
ble. For the CghaZs, the φfb attains the most positive when the 
heat input is 30 kJ/cm, which is in accordance with the results  
of the Nd.

3.3. corrosion characteristics in H2s environments

3.3.1. open-circuit potential

Fig. 9 shows the oCP of samples under different immer-
sion times in the h2S environments. The oCP of all samples 
positively shift gradually with the development of the immersion 
processes, which can be attributed to the effect of the sulfide 
film [38]. in addition, the oCP of the CghaZs is more negative 
than that of the BM within the 96 h immersion, indicating that 
the corrosion tendency is greater in the former. For CghaZs, 
the oCP is positive shift gradually with the increase of heat input.

3.3.2. Electrochemical impedance spectroscopy

The eiS measurements are conducted at oCP and the 
results are shown in Fig. 10. as shown, all nyquist impedance 
diagrams contain two capacitive reactance loops although the 
boundaries are not clear. The capacitive reactance loops in high 
and low frequency regions correspond to the electric double 
layer and corrosion process, respectively [38]. The radius size of 
the capacitive resistive loop for every electrode shows a similar 

Fig. 8. The Mott-Schottky fitted results for average donor density Nd and flat band potential φfb in 0.5 M na2Co3-1 M nahCo3 solution: (a) Nd 
and (b) φfb

Fig. 7. Mott-Schottky curves of BM and CghaZs with different heat 
inputs after potentiostatic polarization for 1 h at 0.5 v vs. SCe
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change with the development of the immersion processes. The 
equivalent circuit of Rs (Qf (Rf (CdlRct))) is chosen to fit the eiS 
results, as shown in 

Fig. 11, which has been widely used in h2S corrosion en-
vironments [12,38]. in the circuits, Rs is the solution resistance, 
Qf is the CPe of corrosion products film, Rf is the resistance of 
the corrosion product film, Cdl is the double-layer capacitance 
and Rct is the charge transfer resistance. 

The fitting results of the Rf and Rct are shown in Fig. 12. as 
shown, the Rf and Rct of each electrode increase as the immersion 
time increases except for the mutation of immersion for 24 h. 
in addition, the Rf and Rct of the BM are larger than those of the 
CghaZs, indicating that the corrosion resistance of the BM is 
better. For the CghaZs, the Rf and Rct increase gradually with 
the increase of heat input.

Fig. 9. oCP of BM and CghaZs with different heat inputs in 5 wt% 
naCl solution with saturated h2S at 55°C

Fig. 10. nyquist impedance diagrams of all samples in 5 wt% naCl solution with saturated h2S at 55°C under different immersion times: (a) BM, 
CghaZs with the heat input of (b) 10, (c) 30 and (d) 55 kJ/cm

Fig. 11. equivalent circuit of Rs (Qf (Rf (Cdl Rct)))

3.3.3. corrosion products characterization

The SeM micrographs of corrosion product films after im-
mersion for 96 h are shown in Fig. 13. The corresponding eDS 
results and XRD patterns are shown in TaBLe 7 and Fig. 14. 
as shown, almost no difference exists in the composition of the 
corrosion product films for different samples. The atom ratio 
between Fe and S is slightly lower than 1:1 indicating that the S-
enrichment corrosion products have been formed on the surface 
of samples after immersion for 96 h. The XRD results show that 
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number, size and proportion of holes decrease as the heat input 
increases and the protective effect of the corrosion product film 
on the matrix is enhanced.

4. discussion

4.1. Electrochemical corrosion behavior in carbonate/
bicarbonate solution

in carbonate/bicarbonate solution, the possible cathodic 
electrochemical reactions are as follows [39-41]:

 2 2O 2H O 4e 4OH     (4)

Fig. 12. Fitted results for sulfide film resistance of Rf and charge transfer resistance of Rct at different immersion times: (a) Rf and (b) Rct

Fig. 13. SeM micrographs of corrosion products formed on all sample surfaces in 5 wt% naCl solution with saturated h2S at 55°C after immer-
sion for 96 h: (a) BM and CghaZs with the heat input of (b) 10, (c) 30 and (d) 55 kJ/cm

TaBLe 7

Corresponding eDS results of corrosion products formed on all  
sample surfaces in 5 wt% naCl solution with saturated h2S  

at 55°C after immersion for 96 h

BM
cgHaz

10 kJ/cm 30 kJ/cm 55 kJ/cm
Fe (at.%) 44.82 43.83 45.27 46.21
S (at.%) 55.18 56.17 54.73 53.79

ratio (at.% / at.%) 1:1.23 1:1.28 1:1.21 1:1.16

mackinawite is the only corrosion product. however, no holes 
exist in the corrosion product films of BM surface, while a large 
number of holes exist in CghaZs surface. For CghaZs, the 
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2

3 3 2
1HCO e CO H
2

      (5)

 2H O e H OH     (6)

The anodic reactions are the dissolution reaction of Fe 
firstly, as follows [42]:

 2Fe Fe 2e    (7)

The passive phenomenon occurs due to the presence of cor-
rosion products, such as FeCo3 and Fe(oh)2 [13,43], as follows:

 
–
3 3Fe HCO FeCO H 2e      (8)

 
2–
3 3Fe CO FeCO 2e     (9)

 2Fe 2OH Fe(OH) 2e     (10)

The current begins to increase again when the potential 
increases to around –0.55v vs. SCe, which may be due to the 
dissolution of Fe(oh)2 by oh− [39], as follows:

 2 2 3 22Fe(OH) 2OH Fe O 3H O 2e      (11)

Moreover, the current drops again can be attributed to the 
dissolution of FeCo3 [13,43]:

 3 2 3 4 33FeCO 4H O Fe O 3HCO 5H 2e       (12)

 3 2 2 3 32FeCO 3H O Fe O 2HCO 4H 2e          (13)

The stable passive region provides the possibility of anodic 
protection as the potential increases to about 0 v vs. SCe. in 

a stable passivity region, Fe can be oxidized to Fe3o4 directly, 
which can be further oxidized to Fe2o3, as follows [44]:

 2 3 43Fe 4H O Fe O 8H 8e      (14)

 3 4 2 2 32Fe O H O Fe O 2H 2e      (15)

 3 4 2 2 32Fe O H O 3Fe O 2H 2e      (16)

 3 4 2 2 32Fe O H O 3 Fe O 2H 2e        (17)

in the transpassivation region, the electrode reaction of 
o2 precipitation will also occur in addition to the continuous 
formation of Fe3+ by Fe.

The actual equilibrium electrode potential of the above 
anodic reactions can be calculated according to the nernst equa-
tion, as follows [45]:

 

0 ln jv
e e j

j

RTE E a
nF

 
    

 
   (18)

where Ee and E0 eare the actual and standard equilibrium 
electrode potentials, respectively, a and j are the activity and 
stoichiometric number of reactants or products, respectively. 
Thus, the Ee at 25°C of some anodic reactions is calculated and 
shown in Table 8

The Mott-Schottky plots (Fig. 6) indicate that two slopes 
exist in the linear range, which may be due to the nonuniform 
distribution of donors in the passive film, the variation of 
helmholtz layer potential caused by the surface states, and the 
existence of two donor levels in the band gap [13]. The increase 
of slope at the slope-transition potential means the decrease of 
Nd in passive film because the Nd is inversely proportional to 
the slope [46]. it has been shown [47] that the main donors for 
an n-type semiconductor passive film are the oxygen vacan-
cies. The decrease in the oxygen vacancy concentration at the 
slope-transition potential is attributed to the Fe2+ in Fe3o4 being 
oxidized to Fe3+ by absorbing one unit of oxygen from water. 
Therefore, with the further increase of passive potential, the 
stability of passive film will be enhanced.

4.2. Electrochemical corrosion behavior  
in H2s environment

The sulfide corrosion products form and grow quickly on 
the steel surface because of the fast and drastic reactions between 
Fe and h2S at the initial immersion stage. The ionized hS− in 
h2S adsorbs on the steel surface and forms the adsorbed ion 
(FehS−). The reactions are as follows [38,48]:

Fig. 14. Corresponding XRD patterns of corrosion products formed on 
all sample surfaces in 5 wt% naCl solution with saturated h2S at 55°C 
after immersion for 96 h

TaBLe 8

equilibrium electrode potentials Ee of anodic reactions (v vs. SCe)

Equation 8 9 10 11 12 13 14 15 16 17
Ee –1.28 –0.99 –0.85 –0.83 –0.98 –0.73 –0.459 –0.219 –0.83 –0.23
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anodic reaction:

 2 (ads) (ads)Fe H S Fe HS H       (19)

 (ads) (ads) (ads) (ads)Fe HS H FeHS H         (20)

 (ads) (ads) (ad( ) s)adsFeHS H FeHS H e        (21)

Cathodic reaction:

 
+
(ads) (ads) (ads) adsFeHS H e FeS 2H      22)

overall reaction: 

 2 (ads) adsFe H S FeS 2H     (23)

The hads refers to the adsorption hydrogen on the electrode 
surface, which can combine with hydrogen molecules (h2), or 
penetrate the electrode to absorption hydrogen (habs) as the con-
centration of hads increases. as demonstrated [49,50], the he, 
hydrogen-induced crack and sulfide stress corrosion cracking 
can be induced by the permeation of habs in h2S environments.

according to the atomic ratio of Fe to S, the iron sulfide can 
be divided into FeS, FeS2 and intermediate transition state. The 
FeS mainly consists of mackinawite, cubic FeS and troilite, the 
FeS2 mainly consist of pyrite and marcasite and the intermediate 
transition state consists of pyrrhotite, smythite and greigite [51]. 
Studies have found that in the anaerobic h2S environment, the 
formation order of sulfide corrosion products is mackinawite, 
cubic FeS, troilite, pyrrhotite, pyrite [52]. Mackinawite is the 
only corrosion product in this study, which is formed on the steel 
surface by fast solid-state reaction and precipitation. as the cor-
rosion process develops, the accumulation of the mackinawite 
leads to an increase in Rf. The charge transfer becomes difficult 
because of the inhibition effect of the sulfide film.

The corrosion products on the surface of BM samples are 
tightly arranged, which has a better protective effect by impeding 
the ion exchange. For CghaZs, the formation of holes on the 
surface of corrosion products may be attributed to the fact that 
the microstructure is not conducive to the accumulation of cor-
rosion products. The lattice of sulfide corrosion products formed 
on CghaZ surfaces is more complete and its crystal structure 
is more compact at the higher heat input, which can effectively 
prevent the passage of cations and improve the corrosion resist-
ance [48]. in addition, the Ecorr of the hole zone is different from 
that of the surrounding area, which can easily cause pitting cor-
rosion. it is worth noting that these holes are likely to become 
crack sources, leading to failure under external forces. 

4.3. Effect of microstructure evolution on corrosion 
resistance

4.3.1. the M/a constituent evolution

The M/a constituents belong to the intermediate tempera-
ture transformation products. Firstly, ferrite is first precipitated 
at a relatively high temperature during the austenite cooling 

process. The untransformed austenite region is rich in carbon 
due to the formation of ferrite and the carbon-rich undercooled 
austenite transforms partially into martensite. Finally, the 
mixture of martensite and retained austenite is called the M/a 
constituents [25]. M/a constituents, as the secondary phase, are 
present in the as-received BM and the CghaZs. however, the 
shape, fraction and average size of various samples are differ-
ent. Compared with BM, the M/a constituents in the CghaZs 
present needle-like or granular, with less quantity and large 
size, which is mainly due to the increase of cooling time by 
the effect of welding thermal cycling in the latter. hence the 
cooling rate decreases, resulting in the transformation shift to 
higher temperature.

For 10 kJ/cm CghaZ, the M/a constituents present needle-
like, different from other specimens, and the content is relatively 
low which can be attributed to the insufficient carbon atom dif-
fusion. For 55 kJ/cm CghaZ, the M/a constituents are severely 
coarsened and their size becomes larger due to the slow cooling 
rate. in addition, ferrite exists in the microstructure mainly because 
ferrite nucleation becomes easier and restrains the production of 
M/a constituents with the increase of welding heat input and the 
decrease of cooling rate. Thus, the content of M/a constituents is 
the most for CghaZs when the heat input is 30 kJ/cm.

4.3.2. Effect of the M/a constituents on the corrosion 
resistance

For the BM, the relatively fine grain, uniform distribution of 
the microstructure, and presence of a large sum of PF with low 
dislocations contributed to better corrosion resistance. in addition, 
the M/a constituents in the BM present granular and low length/
width ratio, which leads to the galvanic effect between M/a con-
stituents and matrix negligible [17,53]. The poor corrosion resist-
ance of the CghaZs is due to relatively coarse microstructure 
and M/a constituents. Moreover, the non-equilibrium gB, high 
welding residual stress, lattice distortion and dislocations are in 
favor of the low corrosion resistance in the CghaZs.

For 10 kJ/cm CghaZ, due to the large contact area between 
the needle-like M/a constituents and the matrix, a relatively large 
galvanic driving force is introduced. in addition, high potential 
to be hydrogen traps exists in the needle-like M/a constituents 
[54,55]. Thus, the corrosion resistance is poor for 10 kJ/cm 
CghaZ. it is worth noting that the needle-like M/a constituents 
are easily to be the potential sites for crack initiation due to high 
stress accumulation at M/a-matrix interfaces [25]. Thus, the heat 
input should not be too low in practical application.

in the 0.5 M na2Co3-1 M nahCo3 environment, the 
severe coarsening and large size of M/a constituents lead to 
poor corrosion resistance for 55 kJ/cm CghaZ. Thus, the best 
corrosion resistance for CghaZs is obtained when the heat 
input is 30 kJ/cm.

in the h2S environment, the larger proportion of hydrogen 
generated by the cathodic hydrogen evolution remains in the 
atomic state and penetrates the matrix due to the “poisonous” 
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effect of h2S and hS– [56,57]. Wang et al. [58] found that the gap 
between martensite and retained austenite is the main hydrogen 
capture site. For 30 kJ/cm CghaZ, the corrosion resistance is 
poor due to a large amount of adsorption hydrogen around M/a 
constituents. Thus, the best corrosion resistance for CghaZs 
is obtained when the heat input is 55 kJ/cm.

5. conclusions

(1) For CghaZs in X80 pipeline steel, the microstructure 
was mainly gB embellished by M/a constituents. The lath 
width of gB increased with the increase of heat input. For 
M/a constituents, the length/width ratio decreased with the 
increase of heat input, while the average size increased. 
The content of the M/a constituents was the highest when 
the heat input was 30 kJ/cm.

(2) electrochemical results showed that the corrosion resistance 
of BM was better than CghaZs in the 0.5 M na2Co3-1 M 
nahCo3 solution and h2S environment. it can be attrib-
uted to the relatively fine grain, uniform distribution of the 
microstructure, and presence of a large sum of PF with low 
dislocations in the BM. 

(3) For 10 kJ/cm CghaZ, the corrosion resistance was poor 
due to the large galvanic driving force between the needle-
like M/a constituents and matrix and the high hydrogen 
trap potential in the needle-like M/a constituents.

(4) in the 0.5 M na2Co3-1M nahCo3 solution, for 55 kJ/cm 
CghaZ, the corrosion resistance was poor due to the severe 
coarsening and large size of M/a constituents. Thus, the 
corrosion resistance of CghaZs was the best when the heat 
input was 30 kJ/cm.

(5) in an h2S environment, for 30 kJ/cm CghaZ, the corrosion 
resistance was poor due to a large amount of adsorption hy-
drogen around M/a constituents. in addition, for 55 kJ/cm 
CghaZ, the protective effect of the sulfide corrosion 
products on the matrix was enhanced. Thus, the corrosion 
resistance of CghaZs was the best when the heat input 
was 55 kJ/cm.
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