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Abstract: Wire beam electrode techniques and classical electrochemical techniques were used to
investigate the effect of the area ratio of each part of the welded joint on the galvanic corrosion
behavior. The results showed that the order of the corrosion current density of the different regions in
the simulated X80 steel welded joint was as follows: coarse-grained heat-affected zone > fine-grained
heat-affected zone > intercritical heat-affected zone > base metal > weld metal. As the area ratio of
weld metal increased, the galvanic potential shifted positively, the maximum anode galvanic current
density increased and the main anode galvanic effect increased. On the other hand, as the area ratio
of the base metal and the heat-affected zone decreased, the coupled potential shifted negatively and
the maximum anode galvanic current density decreased. The galvanic corrosion intensity of the
simulated X80 steel welded joint increased as the area ratio of the weld metal decreased and increased
as the area ratio of the heat-affected zone and base metal increased. To enhance corrosion resistance,
it is advisable to choose a shape with a larger groove to increase the WM area in the welded joint.
Additionally, selecting a welding method with lower heat input and a higher energy density can help
reduce the HAZ area in the welded joint.

Keywords: galvanic corrosion; welded joint; wire beam electrode; steel

1. Introduction

The natural gas produced in oil and gas fields is often accompanied by contaminants
such as water, carbon dioxide and organic acids [1,2]. These contaminants combine to form
a highly corrosive service environment. Pipeline transportation is the primary means of
transporting oil and gas. Welding is the most important and widely used jointing method
in pipeline construction. Welding is a non-equilibrium, instantaneous and non-uniform
physical-chemical metallurgical process. A welded joint is a heterogeneous structure con-
sisting of base metal (BM), weld metal (WM), and heat-affected zone (HAZ) [3]. Differences
exist in the composition, microstructure, and electrochemical properties of each part of
the welded joint after the welding process of uneven heating and cooling. Welded joints
are often the weakest link in the pipeline under the combined conditions of the internal
corrosion environment, the load and the residual stress. Localized corrosion in welded
joints has been cited as the primary factor in numerous pipeline failures [4–6].

Pagotto et al. [7] investigated the corrosion behavior of a 20-carbon steel welded joint
in a NaCl solution using electrochemical impedance spectroscopy. Their study found that
both BM and WM exhibited single capacitive reactance arc characteristics. The charge
transfer resistance of BM initially increased and then decreased with increasing immersion
time due to the formation of corrosion products, which are loose and porous, and the
limited protection of the substrate. However, the charge transfer resistance of WM showed
a fluctuating trend during immersion caused by the equilibrium between the formation and
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dissolution reactions of corrosion products. The corrosion of the welded joint consists of
both macroscopic and microscopic corrosion cells. As a result, its corrosion process is highly
localized and exhibits changes and transitions over time [8]. Traditional electrochemical
testing techniques, such as EIS, provide average information for each part of a weld but do
not provide specific electrochemical data for different regions [9,10].

The initiation and development of local corrosion take place in small areas; therefore,
it is necessary to use research methods with smaller spatial resolution, such as wire-beam
electrode techniques [11] and micro-electrochemical techniques [12]. da Silva et al. [13]
investigated galvanic coupling effects and micro-electrochemical activity of the welded
joint in friction stir-welded 2098-T351 Al-Cu-Li alloy using an efficient combination of
SVET and SECM. SVET maps revealed that the HAZ behaved anodic to the welded joint
and was more prone to the development of severe localized corrosion sites compared to the
welded joint, and SECM revealed that intense acidification appeared at the severe localized
corrosion sites in the HAZ. Fushimi et al. [14] cut the welded joint of low-carbon steel
into nine electrodes with a working area of 1.0 cm2 according to the different zones of
the welded joint and then reconstructed it. The distribution characteristics of the galvanic
current were obtained by the multi-channel electrode test system. The polarity of the BMs
was found to be related to their distance from the WM, the concentration of the solution,
and the soaking time. Liu et al. [15] cut the TA2 welded joint to prepare a simulated welded
joint with a BM, HAZ, and WM electrode area ratio of 4:2:1. The wire beam electrode
results showed that WM was the main anode accelerating corrosion, while at high flow
rates, the current polarity of WM was reversed.

In the above work, the HAZ electrode specimen was obtained by directly cutting the
HAZ of the original welded joint. However, because the proportion of HAZ in the weld is
small, the mixed structure of the HAZ and the weld metal or base metal may be obtained
by cutting; moreover, the HAZ can be further divided into coarse-grained heat-affected
zone (CGHAZ), fine-grained heat-affected zone (FGHAZ) and intercritical heat-affected
zone (ICHAZ) due to different thermal cycling processes, and the heterogeneity of the
microstructure in different partial zones is ignored by the direct cutting. In addition,
numerous researchers have conducted extensive studies on galvanic corrosion behavior
and the effect of the cathode/anode area ratio [16–19]. However, limited research has
been conducted on the effect of the area ratio of each component of the welded joint on its
localized corrosion behavior.

In this paper, discrete, thermal simulation, and modular reconstruction methods were
used to simulate and reconstruct the X80 steel welded joints. The effect of the area ratio of
each part of the welded joint on the galvanic corrosion behavior was investigated using the
array electrode testing technique. This study aims to provide a better understanding of the
corrosion of the welded joint and the vital information needed for engineering decisions
regarding corrosion protection strategies.

2. Materials and Methods
2.1. Experimental Materials

The experimental material was X80 pipeline steel. Two pieces of X80 steel with a
thickness of 21.4 mm were welded by shielded metal arc welding technology for the
preparation of the X80 steel welded joint. The chemical compositions (mass%) of the X80
steel BM and the WM are shown in Table 1.

Table 1. Chemical compositions of the X80 steel welded joint (mass%).

Regions C Si Mn P S Cr Ni Nb Mo Cu Fe

BM 0.066 0.190 1.66 0.006 0.002 0.222 0.187 0.060 0.127 0.128 balanced
WM 0.066 0.532 1.29 0.012 0.009 0.046 0.034 0.006 0.012 0.028 balanced
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The HAZ specimens used were treated with the help of a Gleeble-3500 thermal/mechanical
simulation test machine on BM specimens of X80 steel, and the microstructure samples
of each HAZ subzone were prepared. The thermal simulation process was as follows:
The peak temperatures were 1100 ◦C, 950 ◦C and 800 ◦C, respectively, at a heating rate of
130 ◦C/s; the dwell time at high temperatures is 1 s; the cooling time (t8/5) and then the
thermal simulation samples of the CGHAZ, FGHAZ and ICHAZ were obtained by cooling
at a rate of t8/5 to 15 s. An area of 10 mm × 1.0 mm × 15 mm of each array electrode was
fabricated by wire cutting. An array electrode with a size of 10 mm × 1.0 mm × 15 mm
was obtained by wire cutting, and the simulated welded joint of X80 steel was prepared by
the modular method.

As shown in Figure 1, two simulated welded joints of X80 steel with different area
ratios, including BM:HAZ:WM = 17:4:4 and BM:HAZ:WM = 17:3:4, were prepared in this
paper to study the influence of medium factors and different area ratios on the corrosion
behavior of simulated welded joints of X80 steel. Using the array electrode testing system
for electrode coupling/uncoupling control, the welded joint of BM:HAZ:WM = 17:3:3 and
BM:HAZ:WM = 8:3:4 can be obtained through the welded joint of BM:HAZ:WM = 17:3:4.
The simulated welded joint of X80 steel with BM:HAZ:WM = 17:4:4 consists of 25 microelec-
trodes; from right to left, the first four are WM microelectrodes, and the adjacent ones are
4 HAZ microelectrodes, including 2 CGHAZ microelectrodes, 1 FGHAZ microelectrode and
1 ICHAZ microelectrode, and the rest are BM microelectrodes. The simulated welded joint
of X80 steel with BM:HAZ:WM = 17:3:4 consists of 24 microelectrodes; from right to left, the
first 4 are WM microelectrodes, and the adjacent ones are 3 HAZ microelectrodes, including
1 CGHAZ microelectrode, 1 FGHAZ microelectrode and 1 ICHAZ microelectrode, and the
rest are BM microelectrodes.
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Figure 1. Schematics of the simulated X80 steel welded joint.

The coupling/uncoupling states of the microelectrodes were controlled by high-speed
matrix switches to obtain simulated welded joints of X80 steel with different area ratios.
The surface of the simulated X80 steel welded joint specimens was gradually ground with
silicon carbide papers from 400 to 1000 grit, step by step, then washed with deionized
water, cleaned with acetone and absolute ethanol to remove grease, dehydrated and dried
with cold air.

2.2. Solution

The solution used was a 3% NaCl solution saturated with CO2. The experiments were
carried out at atmospheric pressure and 40 ± 1 ◦C in a thermostatic bath. Before testing, N2
was introduced into the solution for 4 h to fully deoxidize it and then CO2 was introduced
for 4 h to fully saturate it. The electrolytic cell was sealed after the sample was immersed
and CO2 was introduced into the electrolytic cell every 8 h during the immersion period to
ensure saturation of CO2 in the test solution.
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2.3. Test Method

Classical electrochemical measurements were performed using a typical three-electrode
system, with a saturated calomel electrode (SCE, 0.241 V vs. SHE) as the reference electrode
and a platinum gauze as the counter electrode. The dimensions of the BM and WM speci-
mens were 10 mm × 10 mm × 2.5 mm, which were cut from the X80 steel welded joint.
Cutting from the center of the X80 steel thermal simulation samples, the dimensions of the
CGHAZ, FGHAZ, and ICHAZ specimens were 10 mm × 10 mm × 2.5 mm. The exposed
surface area of each BM, ICHAZ, FGHAZ, CGHAZ and WM specimen was 1.0 cm2. These
electrodes were ground with 400, 600, 800 and 1000 grit silicon carbide papers, and then the
electrodes were rinsed with deionized water, degreased in ethanol, and air-dried. After im-
mersion in the solution for 30 min, the open circuit potential (OCP) was recorded for 30 min
to ensure a steady state was achieved. The potential of the potentiodynamic polarization
tests was scanned from −0.25 to +0.25 V (vs. OCP) at a scanning rate of 0.333 mV·s−1.

The potential and galvanic current (Ig) of the simulated X80 steel welded joints were
measured using an array electrode testing system [20]. The testing system was controlled
and programmed by LabVIEW 2018. The array electrode testing system was established on
a PXI/PXIe hardware platform, including a NI PXIe 4081 digital multimeter module, a NI
PXI 4022 weak current amplifier, and a NI PXI 2535 high-speed matrix switch module.

2.4. Galvanic Corrosion Characterization

The galvanic effect (γ) (Equation (1)) can directly reflect the degree of dissolution
acceleration caused by electrical contact between the anode metal and the cathode metal in
the galvanic couple [21].

γ =
ia

icorr
(1)

where ia and icorr denote the corrosion current density of the anode metal before and after
coupling, respectively.

In addition, in galvanic corrosion, the area ratio of the cathode and anode in the
galvanic couple and the maximum galvanic current density of the anode were found to
affect the galvanic corrosion intensity. Therefore, based on the standard deviation and
coefficient of variation (Cv) in statistics, the galvanic corrosion intensity factor (g) shown in
Equation (2) was used to characterize the intensity of galvanic corrosion [22].

g =

√√√√√√ Na
∑

j=1

(
ig,max − ig,j

)2

Na − 1
· 1

ig,max
· Nc

Nt
(2)

where ig,max and ig,j represent the maximum anode galvanic current density and the anode
galvanic current density at a given time, respectively, Nc represents the number of cathodic
electrodes, Nt represents the total number of electrodes, and Na represents the number of
anodic electrodes.

3. Results and Discussion
3.1. Microstructures of the Simulated X80 Steel Welded Joint

Figure 2 shows the microstructures of the simulated X80 steel welded joint. The
microstructure of the BM (Figure 2a) consisted of acicular ferrite and massive ferrite. The
microstructure of ICHAZ (Figure 2b) was primarily composed of massive ferrite and
granular bainite, while that of FGHAZ (Figure 2c) was composed of polygonal ferrite
and granular bainite. At higher heating temperatures, the microstructure of the CGHAZ
(Figure 2d) was mainly characterized by a distribution of granular bainite with relatively
coarse prior austenite grain size, while the microstructure of the WM (Figure 2e) was mainly
composed of massive ferrite and grain boundary ferrite. Microstructural inhomogeneity
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results in different electrochemical properties in different regions, and X80 steel welded
joints were prone to galvanic corrosion [23,24].
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3.2. Polarization Behavior of the Simulated X80 Steel Welded Joint

The potentiodynamic polarization curves of the isolated regions of the simulated X80
pipeline steel welded joint in CO2-saturated solution are shown in Figure 3. As a weak
acid, H2CO3 partially dissociates to give hydrogen ions, that is, H2CO3 acts as a “reservoir”
of hydrogen ions [25].

CO2 + H2O ⇌ H++HCO–
3 (3)

H++HCO–
3 ⇌ H2CO3 (4)

H2CO3 → H++HCO–
3 (5)

HCO–
3 → H++CO2–

3 (6)
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The cathodic reaction of steel in an acidic solution is the reduction of hydrogen
ions [26]:

2H+ + 2e → H2 (7)

This realization indicates that the anodic processes of different regions are activated,
while the cathodic branch exhibits mixed control. As mentioned above, the concentration of
H+ ions and their related transport to the electrode surface greatly affect the cathodic process.

Table 2 shows the corrosion potential (Ecorr), the anodic Tafel slope (ba), the corrosion
current density (icorr), and the limiting current density (iL) of the isolated regions in the X80
steel welded joint, which were obtained from the potentiodynamic polarization curves by
employing the Tafel extrapolation method [27]. The maximum potential difference over the
surface of the welded joint was 16 mV, which indicates that the polarization of these regions
was weak. Ecorr was the most positive in FGHAZ and ICHAZ and the most negative in
WM. Compared to the BM and HAZ, the composition of the WM showed a low content
of Cr and Ni, which results in relatively lower potential [28,29]. This result shows that
WM had the lowest corrosion current density, and HAZ had a higher corrosion current
density than BM and WM. This indicates that the microstructures of granular bainite and
ferrite had the highest corrosion current density compared to grain boundary ferrite and
acicular ferrite.

Table 2. Electrochemical parameters of the simulated X80 steel welded joint in CO2-saturated 3%
NaCl solution at 40 ◦C.

Regions ba (mV·dec−1) Ecorr (VSCE) iL (mA·cm−2) icorr (mA·cm−2)

BM 58 −0.703 0.119 0.136
ICHAZ 58 −0.701 0.120 0.146
FGHAZ 61 −0.701 0.124 0.147
CGHAZ 61 −0.702 0.128 0.159

WM 55 −0.717 0.104 0.107

Minor differences exist in both corrosion current density and corrosion potential
between subregions in the HAZ. Moreover, the cathodic branch of the subregions in the
HAZ was almost identical. The anodic Tafel slope of the WM was smaller than that of
the other regions, indicating that the WM can be polarized more easily. When the same
potential difference is applied to different regions in the X80 steel welded joint, the changes
in current density of the WM are more obvious than those in the other regions. With
different Ecorr values, galvanic effects occur between different regions when immersed in
the electrolyte. The results show that, in the test solution, BM and HAZ have the potential
to act as cathodes relative to the WM.

3.3. Effect of Area Ratio on Potential

Figure 4 shows the galvanic potential (Eg) and potential distribution of each microelec-
trode in a 3% NaCl solution saturated with CO2. The study focused on simulated X80 steel
welded joints with varying area ratios, tested at 40 ◦C, and with different coupling times.
The potential distributions of each region of the simulated X80 steel welded joints were
different, in which the WM potential was the most negative and the potentials of FGHAZ,
ICHAZ, CGHAZ, and BM were relatively positive. With the prolongation of immersion
time, the potential of HAZ was gradually positive compared to that of BM. The potential of
the simulated X80 steel welded joints shifted positively with increasing immersion time
and was stable after 24 h due to the formation of protective corrosion scales, reducing the
corrosion tendency [30].
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In Figure 4a, the maximum potential difference between the microelectrodes of the
simulated X80 steel welded joint with BM:HAZ:WM = 17:4:4 was 21.9 mV and stabilized
at 17 mV with increasing immersion time, and after 36 h, the Eg value was −0.696 V. In
Figure 4b, the maximum potential difference between the microelectrodes of the simulated
X80 steel welded joint with BM:HAZ:WM = 17:3:4 was 20.9 mV and stabilized at 20.0 mV
with increasing immersion time, and after 36 h, the Eg was −0.701 V. In Figure 4c, the
maximum potential difference between the microelectrodes of the simulated X80 steel
welded joint with BM:HAZ:WM = 17:3:3 was 22.7 mV and stabilized at 18.3 mV with
increasing immersion time, and after 36 h, the Eg was −0.699 V. In Figure 4d, the maximum
potential difference between the microelectrodes of the simulated X80 steel welded joint
with BM:HAZ:WM = 17:3:3 was 21.0 mV and stabilized at 14.0 mV with increasing immer-
sion time, and after 36 h, the Eg was −0.703 V. Comparing Figure 4a with Figure 4b, it can
be seen that the area of CGHAZ in HAZ was reduced by 0.1 cm2, and the galvanic potential
of the simulated X80 steel welded joint had a negative shift of about 5 mV. According
to mixed potential theory, the anode metal and the cathode metal are polarized toward
each other [31]. The galvanic potential of the simulated X80 steel welded joint is between
the most positive potential and the most negative potential. The CGHAZ potential was
greater than that of the simulated X80 steel welded joint, and the area of CGHAZ decreased,
resulting in a negative Eg value. When comparing Figure 4b,c, it can be seen that the area
of WM in the simulated X80 steel welded joint decreased by 0.1 cm2, and Eg was positively
shifted by 2 mV. Comparing Figure 4b with Figure 4d, it can be seen that the area of BM
in the simulated X80 steel welded joint was reduced by 0.9 cm2 and the Eg value was
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negatively shifted by 2 mV. Changes in Eg value show that the area changes of WM and
HAZ in the simulated X80 steel welded joint have a greater influence on the Eg value than
in the other regions.

3.4. Effect of Area Ratio on Galvanic Current Density

Figure 5 shows the galvanic current density distribution of each microelectrode in a 3%
NaCl solution saturated with CO2 for the simulated X80 steel welded joints with different
area ratios at 40 ◦C and different coupling times. The galvanic current density of WM in the
simulated X80 steel welded joint was anodic, and the galvanic current density of BM and
HAZ was cathodic. The WM acted as the anode of the simulated X80 steel welded joint,
whereas the HAZ and BM acted as cathodes. The galvanic current density of all parts of
the simulated welded joint of X80 steel decreased with increasing immersion time, and the
maximum galvanic current density of the anode appeared at the junction of WM and HAZ.
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(d) BM:HAZ:WM = 8:3:4.

Comparison of Figure 5a with Figure 5b shows that the area of the HAZ was reduced
by 25%, i.e., the area of the cathodic metal in the galvanic couple was reduced, the maximum
anodic galvanic current density on the surface of the simulated X80 steel welded joint was
reduced by 15%, and the total galvanic current density was reduced.

Comparison of Figures 5b and 5c shows that the area of WM in the simulated X80 steel
welded joint was reduced by 25%, i.e., the area of anodic metal in the galvanic couple was
reduced, the maximum anodic galvanic current density on the surface of the simulated X80
steel welded joint increased by 38%, and the total galvanic current density increased. By
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comparing Figures 5b and 5d, the area of BM in the simulated X80 steel welded joint was
reduced by 53%, that is, the area of cathodic metal in the galvanic pair was reduced, and
the maximum anodic galvanic current density on the surface of the simulated X80 steel
welded joint was reduced by 17%.

It can be concluded that WM and HAZ in the simulated X80 steel welded joint had
a greater influence on the maximum anodic current density from the variation of the
maximum anodic current density on the surface of the simulated X80 steel welded joint.
As the cathode area increased, the maximum anode galvanic current density increased,
the cathode area decreased, the maximum anode galvanic current density decreased. As
the anode area decreased, the maximum anode galvanic current density increased. The
variation was consistent with the law of influence of change in anode-cathode area ratio
on galvanic corrosion [32]. When there is a risk of galvanic corrosion, increasing the ratio
between the anode and cathode areas can help mitigate detrimental effects on the material.
The change in area of the anode and cathode near the anode-cathode interface has a more
significant impact on galvanic corrosion compared to the cathode part that is farther away
from the anode. In the research system of this paper, it was found that increasing the WM
and reducing the HAZ area can effectively decrease the galvanic corrosion intensity of
welded joints.

3.5. Effect of Area Ratio on Galvanic Corrosion Intensity

g was used to quantify the influence of the area ratio of different regions in the sim-
ulated X80 steel welded joint on galvanic corrosion, as shown in Figure 6. The galvanic
corrosion intensity of the simulated X80 steel welded joint with different area ratios gener-
ally increased initially, then decreased and tended to stabilize. For BM:HAZ:WM = 17:3:3,
the galvanic corrosion of the simulated X80 steel welded joint was the worst, and the value
of g was always greater than 0.5. For BM:HAZ:WM = 8:3:4, the galvanic corrosion of the
simulated weld of X80 steel was the most minimal and the value of g was always less than
0.3. From the changes in the value of g, it can be seen that as the area of WM decreases,
the galvanic corrosion intensity increases, while the area of BM and HAZ decreases, the
galvanic corrosion intensity decreases. The area changes in WM have a greater influence
on galvanic corrosion.
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Table 3 shows the galvanic effect of the main anode (microelectrode with maximum
galvanic current density) of the simulated X80 steel welded joint with different area ratios
under different coupling times. It can be concluded from Table 3 that the galvanic effect of
the main anode of the simulated X80 steel welded joint with BM:HAZ:WM = 17:4:4 was
stable between 1.7 and 1.9, the galvanic effect of the main anode of the simulated X80 steel
welded joint with BM:HAZ:WM = 17:3:4 was stable about 1.7, the galvanic effect of the
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main anode of the simulated X80 steel welded joint with BM:HAZ:WM = 17:3:3 was stable
around 2.0, and the galvanic effect of the main anode of the simulated X80 steel welded
joint with BM:HAZ:WM = 8:3:4 was stable around 1.6.

Table 3. Galvanic effect of the simulated X80 steel welded joint with different area ratio at different
coupled times.

Coupled Time/h 1 4 8 12 24 36

BM:HAZ:WM = 17:4:4 2.60 1.94 1.67 1.69 1.73 1.87
BM:HAZ:WM = 17:3:4 2.36 2.25 2.20 1.66 1.68 1.73
BM:HAZ:WM = 17:3:3 2.88 2.77 2.34 2.49 2.07 1.95
BM:HAZ:WM = 8:3:4 2.13 1.81 1.71 1.80 1.64 1.61

Consistent with the conclusion illustrated in Figure 6, the area of the WM acting as an
anode decreases, leading to an increase in the galvanic effect of the main anode. Conversely,
the area of the BM and HAZ acting as cathodes decreases, resulting in a decrease in the
galvanic effect of the main anode in the simulated X80 steel welded joint. It is important to
note that the area of the WM is directly influenced by the type and size of the groove, with
a larger groove leading to a larger WM area in the welded joint [33]. The area of the HAZ is
primarily determined by the heat input, which is influenced by welding current, welding
voltage, welding speed, and welding method [34]. Heat input increases with welding
current and voltage but decreases with welding speed. Welding methods with a higher
energy density tend to have lower heat input values. To minimize the area of the HAZ, it is
advisable to use a welding method with lower heat input and a higher energy density.

4. Conclusions

Wire beam electrode techniques and classical electrochemical techniques were em-
ployed to study the galvanic corrosion behavior of the X80 steel welded joint. The results
showed that the order of the corrosion current density of the different regions in the simu-
lated X80 steel welded joint was as follows: CGHAZ > FGHAZ > ICHAZ > BM > WM. The
WM acted as the anode of the simulated X80 steel welded joint, while the HAZ and BM
acted as cathodes. The following conclusions are drawn:

(1) As the anode area decreased, the galvanic potential shifted positively, the maximum
galvanic current density increased, the galvanic corrosion intensity increased, and
the galvanic effect of the main anode decreased. The impact of the cathode area
was contrary.

(2) The variation of the area of the WM and the HAZ has a greater influence on the
intensity of the galvanic corrosion.

(3) To enhance corrosion resistance, it is advisable to choose a shape with a larger groove
to increase the WM area in the welded joint. Additionally, selecting a welding method
with lower heat input and a higher energy density can help reduce the HAZ area in
the welded joint.
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