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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 H,S 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 HC1 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 SO,-polluted
marine atmosphere. Thus, it is necessary to study the corrosion
behaviors in CGHAZs of X80 pipeline steel in deep.

! QILU UNIVERSITY OF TECHNOLOGY (SHANDONG ACADEMY OF SCIENCES), SCHOOL OF MECHANICAL & AUTOMOTIVE ENGINEERING, CHINA

2 SHANDONG INSTITUTE OF MECHANICAL DESIGN AND RESEARCH, CHINA

3 SCHOOL OF MATERIALS SCIENCE AND ENGINEERING, TIANJIN UNIVERSITY, CHINA

*  Corresponding author: zwapple@yeah.net, zhaowei@qlu.edu.cn

QOO

© 2023. The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCom-
mercial License (CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the
use is noncommercial, and no modifications or adaptations are made.


https://orcid.org/0000-0002-9463-7453
https://orcid.org/0000-0002-1713-3120
https://orcid.org/0000-0002-6599-4195
https://orcid.org/0000-0002-0855-4599
mailto:zwapple@yeah.net,

660

TABLE 1
Chemical compositions of X80 pipeline steel (wt%)
C Si Mn P S Cr Ni Mo \% 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

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 A,; and A can be
calculated as follows [26]:

A, (°C)=723-10.7w(Mn)-3.9w (Ni) +
+29w (Si)+16.7w(Cr)+290w (As)+6.38w(W) (1)

Ay (°C) =910-230w (Mn)"™* —15.2w (Ni)+
+44.7w(Si)+1047w (V) +30.5w (Mo) +13.1w (W) (2)

where w is the mass quality of each element. It is calculated
that A.; and A3 of the X80 pipeline steel are 713°C and 880°C,
respectively.

To obtain the simulated CGHAZ samples, some 10 mm X
I mm x 150 mm samples of the X80 pipeline steel were sub-

jected to thermal cycles in a Gleeble 3500 simulator. The peak
temperature is 1300°C and the heating rate is 160°C/s. The heat
inputs are taken as 10, 30, 55 kJ/cm, respectively, and the cor-
responding cooling time of Atg/s are shown in TABLE 2. The
welding thermal cycle curves are shown in Fig. 1, in which A
and A_; 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 tg/s (s) 33 7.3 314
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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 3

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

HNO; | Na,S,05 | Picric Water | Ethanol
Etchant .
(ml) ® acid (g) (ml) (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 Vgyg as a reference
electrode. The electrolytes were prepared from analytical grade
chemicals and distilled water. One electrolyte was a 0.5 M
Na,CO3-1M NaHCOj 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 H,S gas, which was mainly used to study
H,S 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
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air, and then mounted in silica gel. The area of working electrode
exposed to the electrolyte was 1 cm®. Open circuit potential
(OCP) was recorded under different immersion times and the
potentiodynamic polarization measurements were conducted at
ascanrate of 0.5 mV/s. Electrochemical impedance spectroscopy
(EIS) measurements were performed with a 10 mV amplitude
and 10%-1072 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 H,S 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
A =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 um?”. 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 pm, indicating that
it is mainly determined by the peak temperature [30]. The GB
lath width increases about one time, from 0.62 pum to 1.12 um,
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 um?. For the 30
and 55 kJ/em 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 pm?, 1.12 pm? respectively. The
length/width ratio of the M/A constituents in CGHAZs is larger
than that in BM, which decreases gradually with the increase
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Fig. 3. Microhardness of the as-received BM and CGHAZs with dif-
ferent heat inputs

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/em 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 HV), 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 Na,CO;-1M
NaHCOj; environment

3.2.1. Potentiodynamic polarization curves

Fig. 4 shows the potentiodynamic polarization curves of
samples in 0.5 M Na,CO3-1 M NaHCOs 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 £, (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 £,
(about 0.85 V vs. SCE), the current density increases with the
increase of the potential. The corrosion potential £, 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 i, 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 E,,,. attains the most positive, the i.,,,
and i, 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
. X . . M/A constituents
Sample Microstruc- | Prior austenite | Bainite lath Leneth/width Average size
ture grain size (um) size (pum) Shape gtvwl Fraction (%) v g2 1
ratio (um°?)
BM PF+GB — granular 1.46 15.9 0.54
10 kJ/cm GB 27.6 0.62 needle-like/ 2.81 10.1 0.64
granular
CGHAZ 30 kJ/ecm GB 28.1 1.06 granular 2.18 14.4 0.81

55 kl/em GB+PF 28.3 1.12 granular 1.80 8.2 1.12
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Fig. 4. Potentiodynamic polarization curves in 0.5 M Na,COs-1 M NaHCOj; solution: (a) The total curves, the magnification of (b) near E,,,,
and (c) stable passive region

TABLE S5  in Fig. 5. As shown, only a capacitive reactance loop exists in

Fitted results of potentiodynamic polarization curves Nyquist impedance diagrams and one peak exists in the Bode

by extrapolation of Tafel lines plots, indicating only one time constant in the circuit. The imped-

CCHAZ ance magnitude gradually decreases as the frequency increases

BM 10 kd/em | 30 kd/em | 55 kJ/em and the phase angle attains the maximum value at the middle

b, (mV/dec) 208 182 300 518 frequency. The equivalent circuit of R, (O R,,) is chosen to fit
E,(Vvs.SCE) | 0453 | —0486 | 0485 | —0.486 the EIS results, as shown in

E, (V vs. SCE) 0.796 0.821 0.813 0.814 Fig. 6, in which R, is solution resistance, O, is constant-

E.., (Vvs.SCE)| -0.843 _0.874 _0.867 0877 phase element (CPE) representing the double- layer capacitance,

Iopr (LA c™2) 40.28 60.32 51.36 75.34 and R, is the charge transfer resistance. The fitting results of the

Fpass (WA cm ™) 7.09 12.67 11.11 14.44 R, representing the corrosion resistance, are shown in TABLE 6.

The R, of the BM is larger than that of CGHAZs. For CGHAZs,
the R, attains the maximum when the heat input is 30 kJ/cm.
3.2.2. Electrochemical impedance spectroscopy The result of EIS is in accordance with that of potentiodynamic
polarization.
The EIS measurements of samples are conducted at OCP
to study the corrosion mechanisms and the results are shown
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Fig. 5. EIS results of BM and CGHAZs with different heat inputs in 0.5 M Na,COs-1 M NaHCOj solution: (a) Nyquist plots, Bode plots of (b)
impedance magnitude vs. frequencies and (c) phase angle vs. frequencies

le TABLE 6
Fitted results of EIS of BM and CGHAZs with different heat inputs
’9—' §_@ in 0.5 M Na,CO;-1 M NaHCOj solution
R, CGHAZ
AN — EM
10 kJ/em | 30 kJ/cm | 55 kJ/em
R, (Q cm?) 6.33 5.45 5.43 3.56
——a N\ e—— Yo (W!lem2S") | 181 233 218 326
R Qu n 0.84 | 081 0.82 0.82

Fig. 6. Equivalent circuit of R, (QyR.,) Ry (Qem?) 1188 915.6 1040 723.4
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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]:

%=#(E—coﬁ —"—Tj 3)

where C is the capacitance, e is the electronic charge amount of
1.60x107" C, Ny is the average donor density of n-type, ¢ is the
Fe, 05 dielectric constant of 15.6 [35], &, is the vacuum dielectric
constant of 8.85x107'* F/cm, and A is the working electrode area
of 1 cm?, E is the test potential, @y is the flat band potential,
and k is the Boltzmann constant of 1.38 x1072* J/K [36], T'is the
absolute temperature.

The fitted results of the N,; and ¢y, are shown in Fig. 8. The
N, of each sample is on the order of 10*' cm 3, indicating a highly
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Fig. 7. Mott-Schottky curves of BM and CGHAZs with different heat
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doped semiconductor structure existed in the passive film [13].
Compared with the BM, the N, of CGHAZs is higher, indicating
that the stability of the passive film is poor. For CGHAZs, the
N, attains the minimum when the heat input is 30 kJ/cm, which
is in accordance with the results of the i,,. The ¢y, 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 ¢4, 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 ¢y, attains the most positive when the
heat input is 30 kJ/cm, which is in accordance with the results
of the N,.

3.3. Corrosion characteristics in H,S environments
3.3.1. Open-circuit potential

Fig. 9 shows the OCP of samples under different immer-
sion times in the H,S 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
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Fig. 8. The Mott-Schottky fitted results for average donor density N, and flat band potential g, in 0.5 M Na,CO3-1 M NaHCO; solution: (a) Ny
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change with the development of the immersion processes. The
equivalent circuit of R (O (R, (CyR,,))) is chosen to fit the EIS
results, as shown in

Fig. 11, which has been widely used in H,S corrosion en-
vironments [12,38]. In the circuits, R, is the solution resistance,
Oy is the CPE of corrosion products film, R is the resistance of
the corrosion product film, C,, is the double-layer capacitance
and R, is the charge transfer resistance.

The fitting results of the R, and R, are shown in Fig. 12. As
shown, the Rrand R,, of each electrode increase as the immersion
time increases except for the mutation of immersion for 24 h.
In addition, the R,and R, of the BM are larger than those of the
CGHAZs, indicating that the corrosion resistance of the BM is
better. For the CGHAZs, the Ryand R,, increase gradually with
the increase of heat input.
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Fig. 10. Nyquist impedance diagrams of all samples in 5 wt% NaCl solution with saturated H,S at 55°C under different immersion times: (a) BM,

CGHAZs with the heat input of (b) 10, (c¢) 30 and (d) 55 kJ/cm

ct
Fig. 11. Equivalent circuit of R, (O (R (CyR,,)))

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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Fig. 13. SEM micrographs of corrosion products formed on all sample surfaces in 5 wt% NaCl solution with saturated H,S 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

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

TABLE 7

Corresponding EDS results of corrosion products formed on all
sample surfaces in 5 wt% NaCl solution with saturated H,S
at 55°C after immersion for 96 h

BM CGHAZ
10 kJ/em | 30 kJ/em | 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

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]:

0, +2H,0+4e — 40H" “)
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Fig. 14. Corresponding XRD patterns of corrosion products formed on
all sample surfaces in 5 wt% NaCl solution with saturated H,S at 55°C
after immersion for 96 h

HCO;3 +e — CO¥™ +%H2 (5)

H,O0+e >H+OH" (6)

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

Fe — Fe?* +2e (7

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

Fe+HCO; — FeCO; +H" +2e (8)
Fe+CO3 — FeCO, +2¢ )

(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), by OH™ [39], as follows:

Fe+20H ™ — Fe(OH), +2¢

2Fe(OH), +20H™ — Fe,0, +3H,0+2¢  (11)

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

3FeCO; +4H,0 — Fe;0, +3HCO; +5H+2e  (12)

2FeCOy4 +3H,0 — y—Fe,0; +2HCO; +4H" +2¢ (13)

The stable passive region provides the possibility of anodic
protection as the potential increases to about 0 V vs. SCE. In
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a stable passivity region, Fe can be oxidized to Fe;0, directly,
which can be further oxidized to Fe,03, as follows [44]:

3Fe +4H,0 — Fe,0, +8H" +8e (14)
2Fe;0, + H,0 — Fe, 05 +2H" +2¢ (15)
2Fe;0, + H,0 — 3Fe, 0, +2H" +2¢ (16)
2Fe;0, + H,0 — 3y —Fe, 05 + 2H" +2¢ (17

In the transpassivation region, the electrode reaction of
0O, precipitation will also occur in addition to the continuous
formation of Fe** by Fe.

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

E, :ES+%1H[H¢1§’J (18)

J

where E, and EO 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 E, 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
N, in passive film because the N, 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 Fe*" in Fe;0, being
oxidized to Fe’" 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 H,S environment

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

TABLE 8
Equilibrium electrode potentials £, of anodic reactions (V vs. SCE)
Equation 8 9 10 11 13 14 15 16 17
E, -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:

Fe+H2S — Fe+HS 4 + H 4 (19)
Fe+HS 4 + H+(ads) —> FeHS" 4 + H+(ads) (20)
FeHS™ g5 + H+(ads) - FeHS+(ads) +Hgg te  (21)

Cathodic reaction:
FeHS" 46 +Haae) +€ = FeSpq) + 2H 4 22)
Overall reaction:
Fe+H,S — FeS 4 ) +2H 4 (23)

The H,y, refers to the adsorption hydrogen on the electrode
surface, which can combine with hydrogen molecules (H,), or
penetrate the electrode to absorption hydrogen (H,,) as the con-
centration of H,g4, increases. As demonstrated [49,50], the HE,
hydrogen-induced crack and sulfide stress corrosion cracking
can be induced by the permeation of H,,, in H,S environments.

According to the atomic ratio of Fe to S, the iron sulfide can
be divided into FeS, FeS, and intermediate transition state. The
FeS mainly consists of mackinawite, cubic FeS and troilite, the
FeS, mainly consist of pyrite and marcasite and the intermediate
transition state consists of pyrrhotite, smythite and greigite [S1].
Studies have found that in the anaerobic H,S 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 Ry 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 E_,,,. 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 Na,COs3-1 M NaHCOj; 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 H,S 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”



effect of H,S 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.
Electrochemical results showed that the corrosion resistance
of BM was better than CGHAZs in the 0.5 M Na,CO5-1 M
NaHCOj; solution and H,S 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.
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.
In the 0.5 M Na,CO5-1M NaHCOj 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.
In an H,S 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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