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An investigation on the electrochemical behavior of the base and weld metals of the inner wall of an 

L245NB/316L bimetallic composite pipe in carbon dioxide (CO2-saturated and CO2-free environments 

with different S2- concentrations) was conducted using potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) techniques. Results demonstrated that the 

electrochemical reaction rate showed an increasing trend with increasing S2- concentration, and CO2 and 

S2- synergistically accelerated the electrochemical reaction rate when the concentration of S2- was lower 

than 0.1 mol/l. For the weld metal, however, the electrochemical reaction rate decreased due to the 

synergistic inhibition effect of CO2 and S2- when the concentration of S2- was increased to 0.5 mol/l. The 

corrosion resistance of the weld metal was significantly lower than that of the base metal under the same 

testing conditions. 
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1. INTRODUCTION 

Carbon steel is commonly used as a construction material in oil and gas fields due to its excellent 

mechanical properties and low cost. However, its poor corrosion resistance significantly limits its 

structural safety and reliability. Stainless steels or corrosion-resistant alloys can be used as an option 

when long-term corrosion resistance is required, but their cost is comparatively high. Thus, bimetallic 

composite pipes that have an outer strengthening layer of carbon steel and an inner corrosion-resistant 

layer of stainless steel are widely used as a compromise for the manufacture of gathering and 

transportation pipelines[1]. For example, a corrosion-resistant 316L stainless steel layer is usually 
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welded to an outer carbon steel layer to reduce the corrosion of pipeline steels in harsh environments 

with high H2S and CO2 contents during oil and gas exploitation, transportation and refining processes[2-

5]. Therefore, the corrosion behavior of the welded portion of a bimetallic composite pipe must be 

investigated to ensure safety during operations in oil and gas fields. 

During the production and transportation of oil and gas in the field, there are some corrosive 

media, including acidic CO2 and H2S gases, Cl-, etc., which make pipelines extremely vulnerable to 

corrosion damage[6-9]. Although dry CO2 and H2S gases are not corrosive to steel, the formation of 

acidic solutions with the dissolution of these gases in water will promote severe corrosion of the pipeline 

steel[10-12]. In regard to H2S corrosion, the anodic reaction[13-14] is a dissolution of iron and the 

formation of iron-rich FeS1-x and sulfur-rich FeS1+x, whereas the cathodic reaction is a competitive 

reaction relevant to depolarizers such as H2S, HS- and H+. The dissociation products of H2S, i.e., HS- 

and S2- are prone to adsorb on steel surfaces, leading to the formation of an adsorption complex ion 

(Fe(HS)-). The existence of HS- and S2- will negatively shift the corrosion potential and increase the rate 

of the hydrogen evolution reaction (HER). As a powerful depolarizer, H+ is likely to obtain electrons on 

the cathode. Additionally, H+ can significantly weaken the strength of the metallic bond between iron 

atoms, thus accelerating the rate of anodic dissolution. Previous studies revealed that the presence of S2- 

was the main cause of iron corrosion in the above-discussed process, in which the concentration of S2- 

played a critical role[15]. S2- and its incomplete oxidation compounds can oxidize on the anode and 

cause corrosion; then, the oxidation products on the anode migrate to the cathode and affect the cathode 

reaction[16]. Since H2S is always accompanied by CO2 during oil and gas field exploitation, it is 

necessary to realistically study the corrosion of pipeline steels in a H2S/CO2-containing environment. 

However, many past studies have focused on the corrosion behavior of a single metal in H2S/CO2 

environments[17-18], and studies on the corrosion behavior of the base and weld metals of bimetallic 

composite pipes by S2- and CO2 are relatively few. 

 This work aims to examine the electrochemical behavior of a base metal (316L) and weld metal 

of the inner wall of an L245NB/316L bimetallic composite pipe in a carbon dioxide-saturated 

environment and carbon dioxide-free environment with various S2- concentrations. Results illustrate the 

mechanism of electrochemical corrosion caused by the S2- concentration and CO2. Thus, the findings of 

this work could be used to predict the potential danger caused by corrosion and reduce possible economic 

losses during pipeline operation. 

 

 

2. EXPERIMENTAL 

2.1 Sample preparation and testing conditions 

In this work, the experimental material was an industrial grade L245NB/316L bimetal composite 

seamless steel pipe with a diameter of 168.3 mm. It was TIG welded, and the welding wire material was 

eni6625. The samples used in the electrochemical analysis were cut from the weld joint (weld metal) 

and the portion far away from the weld joint (base metal) on the inner wall of the L245NB/316L 

bimetallic composite pipe. The dimensions of the samples for electrochemical measurement were 10 
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mm×10 mm×3 mm. The dimensions of the samples for the galvanic corrosion measurements were 50 

mm×50 mm×3 mm. The chemical composition (in wt%) of the base metal (316L) was as follows: C 

0.0212, Si 0.463, Mn 1.175, S 0.002, P 0.0224, Cr 16.919, Ni 10.14, Mo 2.086, N 0.0405 and an Fe 

balance. The surfaces of the test specimens were polished with SiC paper (from 400-1200 grit), and then 

polished to a mirror finish with diamond polishing paste. Next, the specimens were degreased with 

acetone, cleaned with distilled water and ethanol, and dried by cool air. 

It was difficult to control the concentration of S2- by directly introducing H2S gas into the aqueous 

solution; furthermore, H2S is a toxic gas. Therefore, in this work, Na2S·9H2O was dissolved in deionized 

water to obtain different concentrations of S2- through ionization. 

To produce the electrochemical solution, a 3.5% NaCl solution was deaerated with N2, and then 

Na2S·9H2O was added. The selected concentrations of S2- were 0, 0.05, 0.1 and 0.5 mol/l for studying 

the corrosion behavior of the base and weld metals. The solution was controlled at 60 °C by using a 

water bath. To study the synergistic effect of S2- and CO2 on the corrosion behavior, the Na2S solution 

was purged with CO2 gas for at least 4 h before the test along with purging continuously during the test 

to achieve a solution saturated with CO2. 

 

2.2 Galvanic corrosion test 

Galvanic corrosion measurements were performed using a Zra-2 galvanic corrosion measuring 

instrument(ZRA) with a classical three-electrode system. The base and weld metals were connected as 

working electrode 1 (WE1) and working electrode 2 (WE2) to the ZRA. A saturated calomel electrode 

(SCE) was used as the reference electrode. An assembly diagram of the base metal (316L)/inner weld 

galvanic couple is shown in Figure 1. The base metal:weld metal area ratio was 1:1, and the electrode 

distance was 2 cm. The galvanic corrosion test was conducted in a 3.5% NaCl solution at 60±1 °C, and 

the experimental period was 120 h. The self-corrosion potentials (Ek1) and (Ek2), galvanic potential (Eg) 

and galvanic current (Ig) of the base and weld metal sample were recorded. 

 

Figure 1. Assembly diagram of the base metal (316L)/inner weld metal galvanic couple 
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2.3 Electrochemical test 

Electrochemical measurements were performed using a PGSTAT302N electrochemical 

workstation with a classical three-electrode system. The weld or base metal sample was used as the 

working electrode. A saturated calomel electrode (SCE) was used as the reference electrode, and a 

platinum plate was used as the auxiliary electrode. 

A Na2S solution with/without CO2 was used. Potentiodynamic polarization was performed at a 

scan rate of 1 mV/s from -250 (vs. open-circuit potential (OCP))-600 mV (vs. OCP). Electrochemical 

impedance spectroscopy (EIS) measurements were conducted at the OCP, and the EIS scanning 

frequency ranged from 100 kHz to 10 mHz with an AC amplitude of 10 mV (peak-to-zero). Each test 

was started after a 30-min stabilization period to allow the solution to achieve a relatively stable 

condition. 

 

3. RESULTS AND DISCUSSION 

3.1 Galvanic corrosion 

3.1.1 Galvanic potential of the base metal/weld metal galvanic couple 

The self-corrosion potentials of the two samples at the beginning of corrosion were tested. The 

weld and base metal self-corrosion potentials were -400 and -388 mV, respectively. Based on the 

difference in potential, the potential of the weld metal was relatively negative. Therefore, the weld metal 

was the anode, and the base metal was the cathode[19]. Figure 2 shows the galvanic potential curves of 

the base metal/weld metal galvanic couple. The maximum fluctuation in the galvanic couple potential in 

the whole corrosion process was only 10 mV, indicating that the driving force of the galvanic couple 

corrosion was relatively small. The change in the galvanic potential tended to be very slight, and the 

galvanic corrosion was basically stable after 72 h.  
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Figure 2. Galvanic potential curves of the base metal (316L)/weld metal galvanic couple 
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3.1.2 Galvanic current of the base metal/weld metal galvanic couple 

Figure 3 shows the galvanic current curves of the galvanic couple. The rate of decrease of the 

galvanic current slows down within 24 h because of the formation of a protective corrosion product film. 

In general, the galvanic corrosion sensitivity of the galvanic couple in the electrolyte was mainly 

determined by the galvanic current density. In accordance with the calculation method of the galvanic 

current density (formula 1)[20], the galvanic current density was 0.00218 μA/cm2. On the basis of HB 

5374, the galvanic corrosion grade of the weld and base metals was A, which indicated that the galvanic 

corrosion of the base and weld materials was very weak. Therefore, the galvanic corrosion of the base 

and weld metals could be neglected. 

 

ig= 
𝐼𝑔

𝑆𝑎
=

1

𝑆𝑎×𝑇
∫ 𝐼𝑔(𝑡)𝑑𝑡

𝑇

0
              (1) 

 

where ig is the galvanic current density, Ig is the average galvanic current, Sa is the actual area of the 

anode and T is the corrosion time. 

0 20 40 60 80 100 120
0.02

0.04

0.06

0.08

0.10

t (h)

I g
(u

A
)

 

Figure 3. Galvanic current curves of the base metal (316L)/weld metal galvanic couple 

 

3.2 Electrochemistry 

3.2.1 Influence of the S2-concentration on the corrosion behavior in the absence of CO2 

Figure 4 shows the potentiodynamic polarization curves of the base and weld metals with various 

S2- concentrations. The passive zone (-0.2-0.2 V) of the base metal could be seen in the absence of S2-. 

The slope of the polarization curve decreased when S2- was added to the solution, verifying that the 

corrosion rate increased[21]. In regard to the weld metal, when S2- was added to the solution, the anodic 

polarization curve shifted to the left, and the tangent slope increased. The above results indicated that 

the anodic current density and the corrosion rate decreased because an FeS film formed on the electrode 
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surface[22-23], which could inhibit the anodic reaction. The polarization curve of the anode gradually 

shifted to the right, and the tangent slope decreased when the content of S2- increased. These results 

indicated that the current density and corrosion rate of the anode gradually increased because the FeS 

film was damaged. 

 

 
Figure 4. Potentiodynamic polarization curves of the base (a) and weld metals (b) with various S2- 

concentrations at 60 °C 

 

 

Table 1. Fitting parameters of the potentiodynamic polarization curves for samples with different S2- 

concentrations at 60 °C. 

 

S2- 

concentration 

(mol/l) 

Material 
Ecorr 

(VSCE) 

icorr 

(μA·cm-2) 

βa 

(mV·decade-1) 

βc 

(mV·decade-1) 

0 
Base metal -0.199 0.349 503 141 

Weld metal -0.526 32.35 121 126 

0.05 
Base metal -0.782 0.446 220 54 

Weld metal -0.719 0.794 230 40 

0.1 
Base metal -0.662 0.955 200 70 

Weld metal -0.843 3.467 685 50 

0.5 
Base metal -0.725 5.012 200 130 

Weld metal -0.746 7.762 267 230 

 

 

The polarization curves were fitted using the Tafel extrapolation method, and the fitted 

parameters are listed in Table 1. In general, Ecorr is used to describe corrosion trends, and Icorr can reflect 

corrosion rates [24-25]. The corrosion potential (Ecorr) of the base metal was -0.199 VSCE in the absence 

of S2-. The Ecorr decreased sharply to negative values when S2- was added to the solution, implying that 

the presence of S2- increased the trend of corrosion. With increasing concentrations of S2-, the corrosion 

current density (icorr) had an increasing trend, as shown in Table 1. In particular, the corrosion current 

density increased dramatically from 0.955 to 5.012 μA·cm-2 when the concentration of S2- was increased 

from 0.1 to 0.5 mol/l. For the weld metal, the Ecorr value was -0.526 VSCE in the absence of S2-, which 

was more negative than that of the base metal. The icorr value of the weld metal was higher than that of 
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the base metal, indicating a significant decrease in the corrosion resistance after the welding process. 

The icorr value of the weld metal decreased to 0.794 μA·cm-2 when a low concentration of S2- (0.05 mol/l) 

was present. When the concentration of S2- was increased, the icorr value accordingly showed an 

increasing trend. The above results indicated that the corrosion of the weld metal was inhibited with the 

existence of a low concentration of S2-, whereas the inhibition effect would be reduced as the 

concentration of S2- increased. Compared to the base metal, the icorr value of the weld metal was always 

higher at any given concentration of S2-, indicating that the weld metal was prone to corrosive attack in 

the current investigation. The reason was probably due to the alloy elements influencing the 

solidification behavior of the weld metal, resulting in a low corrosion resistance of the weld metal 

compared with that of the base metal[26]. 

 

 

 

Figure 5. Nyquist plots of the base (a) and weld metals (b) with different S2- concentrations at 60 °C 

 

 
 

Figure 6. Bode plots of the base (a) and weld metals (b) with different S2- concentrations and at 60 °C 
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Figure 7. Comparison of the Nyquist plots for the base and weld metals with different S2- concentrations 

at 60 °C: (a) 0.05 mol/l, (b) 0.1 mol/l, and (c) 0.5 mol/l 

 

 

 
 

Figure 8. Equivalent circuit model for samples tested in the S2--containing solution 

 

Table 2. EIS parameters of the base metal with different concentrations of S2- at 60 °C 

 

S2- 

concentration 

(mol/l) 

Rs 

(Ω·cm2) 

Q1 

(Ω-1·cm-2·s-n) 
n1 

Rt1 

(Ω·cm2) 

Q2 

(Ω-1·cm-2·s-n) 
n2 

Rt2 

(Ω·cm2) 

0 4.894 4.672×10-5 0.852 1.894×105 1.291×10-5 0.9227 1.075×105 
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0.05 3.464 8.397×10-5 0.8934 6893 2.444×10-5 0.628 1.048×105 

0.1 2.783 2.53×10-5 1 3609 1.019×10-4 0.7499 1.523×105 

0.5 0.366 3.314×10-4 0.8479 1390 9.871×10-5 0.9054 6.439×104 

 

 

Table 3. EIS parameters of the weld metal with different concentrations of S2- at 60 °C 

 

S2- 

concentration 

(mol/l) 

Rs 

(Ω·cm2) 

Q1 

(Ω-1·cm-2·s-n) 
n1 

Rt1 

(Ω·cm2) 

Q2 

(Ω-1·cm-2·s-n) 
n2 

Rt2 

(Ω·cm2) 

0 3.778 3.525×10-4 0.8095 339.7 4.139×10-4 0.8605 1.235×103 

0.05 2.635 9.385×10-5 0.8912 1181 8.11×10-5 0.7919 5.854×104 

0.1 2.738 9.959×10-5 0.8807 795.9 1.182×10-4 0.7947 4.083×104 

0.5 1.655 1.232×10-4 0.8973 530.7 1.709×10-4 0.8534 1.759×104 

 

 

EIS is a commonly used nondestructive electrochemical detection method. In general, the low-

frequency loop in the EIS plots reflects the speed control steps of the corrosion process, and the high-

frequency loop represents the information of the corrosion product film [27-28]. Figure 5 shows the 

Nyquist plots of the base and weld metals with different S2- concentrations. The corresponding Bode 

plots are shown in Figure 6. For all conditions, the Nyquist plot consists of two capacitor loops in the 

intermediate and low frequencies, which are in good agreement with the two time constants in the Bode 

plots of the phase angles (Figure 6). Note that some Bode plots show one wide peak, which could be 

considered a superposition of two peaks. The diameter of the capacitive loops decreased with increasing 

S2- concentration, except that relatively small capacitive loops were observed on the weld metal with no 

S2- presence. 

The EIS fitting was carried out by using the equivalent circuit shown in Figure 8 [29-30], where 

Rs is the solution resistance, Rt1 and Q1 are the corrosion product film resistance (low-frequency 

capacitive loop) and the constant phase element (CPE), respectively, and Q2 and Rt2 are the CPE and 

charge transfer resistance (intermediate frequency capacitance loop), respectively. The CPE is usually 

used as a substitute for a capacitor to compensate for its nonideal capacitive response. The impedance 

of the CPE is defined as 𝑍CPE=[𝑄(𝑗𝜔)𝑛]−1, where Q is the capacitance, ω is the angular frequency (rad 

s-1), and n is the exponential term (0 < n ≤ 1). 

According to the proposed equivalent circuit model, all the EIS curves were fitted with the values 

of the fitting parameters listed in Tables 2 and 3. The solution resistance (Rs) decreased with an increasing 

S2- concentration, indicating that the addition of Na2S improved the conductivity of the solution. For the 

base metal, the Rt1 and Rt2 values were 1.894×105 and 1.075×105 Ω·cm2, respectively, without the 

addition of S2-. When S2- was added into the solution, the Rt1 and Rt2 values both decreased with 
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increasing S2- concentration. This result confirmed that the concentration of S2- had a significant 

influence on the corrosion resistance of the base metal. In regard to the weld metal, the Rt1 and Rt2 values 

were as low as 339.7 and 1.235×103 Ω·cm2, respectively, without the presence of S2-. The values 

increased to 1181 and 5.854×104 Ω·cm2 after the addition of 0.05 mol/l S2-. However, the Rt1 and Rt2 

values both decreased when the concentration of S2- was further increased. These results demonstrated 

that a low concentration of S2- could increase the corrosion resistance of the weld metal, but a high 

concentration of S2- would decrease it, which was consistent with the trend of the polarization curves. 

This result might be due to the formation of a protective FeS layer when the S2- concentration was low. 

With increasing S2- concentration, the corrosion products transformed into Fe1-xS, which was loose and 

easily fell off, leading to an increase in the corrosion rate [31]. 

Figure 7 shows the comparison of the Nyquist plots for the base and weld metals with different 

S2- concentrations. The diameter of the capacitive loops for the weld metal were always smaller than that 

of the base metal at any given concentration. A high capacitance arc radius usually reflected a high 

corrosion resistance[32]. Similarly, the Rt1 and Rt2 values of the weld metal were both smaller than that 

of the base metal, as shown in Tables 2-3. This result meant that the corrosion resistance of the weld 

metal was lower than that of the base metal. 

 

3.2 Influence of the S2-concentration on the corrosion behavior in the solution saturated with CO2  

 Figure 9 shows the potentiodynamic polarization curves of the base and weld metals in a CO2-

saturated solution with different S2- concentrations. The fitting parameters are listed in Table 4. This test 

demonstrated that for the base metal, the anodic branches of the polarization curves exhibited passivation 

to some extent, especially at a S2- concentration of zero. The Ecorr value was negatively shifted, but the 

icorr value showed an increasing trend with an increasing S2- concentration. This result meant that the 

electrochemical reaction rate of the base metal increased with a high concentration of S2-. For the weld 

metal, the occurrence of slight passivation was only observed at 0.5 mol/l S2-. In Figure 10, 

potentiodynamic polarization curves between the base and weld metals in CO2-saturated solution with 

different concentrations of S2- were compared. Their trends and shapes were similar, especially at 

concentrations of 0.05 and 0.5 mol/l. The fitting results revealed that the corrosion current density (icorr) 

of the weld metal was higher than that of the base metal at S2- concentrations of 0, 0.05 and 0.1 mol/l. 

Nevertheless, the icorr of the weld metal was low when the concentration was 0.5 mol/l. This result 

implied that the electrode reaction was suppressed when the S2- concentration was high. The corrosion 

current density of the base and weld metals in the CO2-free or CO2-saturated solutions with different 

concentrations of S2- are shown in Figure 8 to further reveal the effect of the CO2 and S2- concentrations 

on corrosion. It was found that 1) welding increased the corrosion rate of the sample except for the weld 

metal in a CO2-saturated solution with a S2- concentration of 0.5 mol/l, and 2) the synergistic effect of 

CO2 and S2- on accelerating corrosion prevailed at low S2- concentrations, while a synergistic inhibition 

effect could occur at a high S2- concentration of 0.5 mol/l [33-34]. Similar results were reported 

elsewhere[33-34]. It was reported that FeS and/or FeCO3 scales could form on the steel surface, 

depending on the concentration or pressure of S2- and CO2. When the S2- concentration was low (< 0.1 
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mol/l), the corrosion process was governed by CO2 corrosion, with FeCO3 being the main product along 

with a small amount of FeS. In this scenario, the protection from the above scales was very limited, and 

the corrosion current increased because of the additional corrosion caused by S2-. However, a protective 

FeS scale could be formed in addition to FeCO3 at a S2- concentration of 0.5 mol/l, which could 

effectively protect the steel surface. Under the synergy between 0.5 ml/l of S2- and CO2, the corrosion 

rate of the weld metal significantly declined, and the base metal slightly declined compared to the sample 

tested with 0.5 mol/l S2- in the absence of CO2 (Table 4). This result implied that the formation of FeS 

and FeCO3 scales was more pronounced on the weld metal. Note that the polarization curve of the weld 

metal was not smooth but featured fluctuations with a S2- concentration of 0.5 mol/l, implying the 

occurrence of complex electrochemical reactions on the sample surface (Figure 9(b)). 
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Figure 9. Potentiodynamic polarization curves of the base (a) and weld metals (b) in the CO2-saturated 

solution with different concentrations of S2- at 60 °C 
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Figure 10. Comparison of the potentiodynamic polarization curves between the base and weld metals in 

the CO2-saturated solution with different concentrations of S2- at 60 °C:(a) 0.05 mol/l, (b) 0.1 

mol/l, and (c) 0.5 mol/l. 

 

 

Table 4. Fitting parameters of the potentiodynamic polarization curves for samples in the CO2-saturated 

solution with different S2- concentrations at 60 °C 

 

S2- 

concentration 

(mol/l) 

Material 
Ecorr 

(VSCE) 

icorr 

(μA·cm-2) 

βa 

(mV·decade-1) 

βc 

(mV·decade-1) 

0 
Base metal -0.378 2.576 540 45 

Weld metal -0.634 162 109 706 

0.05 
Base metal -0.504 2.887 60 1310 

Weld metal 0.518 4.138 70 215 

0.1 
Base metal -0.512 3.981 56 213 

Weld metal 0.726 32.35 170 130 

0.5 
Base metal -0.613 4.344 80 130 

Weld metal -0.708 0.177 60 70 

 

 
Figure 11. Nyquist plots of the base (a) and weld metals (b) in the CO2-saturated solution with different 

S2- concentrations at 60 °C 
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Figure 12. Bode plots of the base (a) and weld metals (b) in the CO2-saturated solution with different 

S2- concentrations at 60 °C 

 

 

 

 
Figure 13. Comparison of the Nyquist plots for the base and weld metals in the CO2- saturated solution 

with different S2- concentrations at 60 °C: (a) 0 mol/L, (b) 0.05 mol/L, (c) 0.1 mol/L, and (d) 0.5 

mol/L 
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Figures 11 and 12 display the Nyquist and Bode plots of the base and weld metals in the CO2-

saturated solution with different S2- concentrations. Similar to the samples tested in the CO2-free 

solution, two overlapping capacitive loops in the medium and low-frequency ranges could be identified, 

although some Bode plots showed a wide peak that was a superposition of two peaks. The EIS data were 

fitted with the same electrochemical equivalent circuit model as that in the CO2-free solution (Figure 8), 

where Rs represents the solution resistance, Rt1 and Q1 are the corrosion product film resistance (low-

frequency capacitive loop) and the constant phase element (CPE), respectively, and Q2 and Rt2 are the 

CPE and charge transfer resistance (medium-frequency capacitive loop), respectively. The fitted 

parameters are listed in Tables 5 and 6. 

 

 

 

Table 5. EIS parameters of the base metal in the CO2-saturated solution with different S2- concentrations 

at 60 °C 

 

S2- 

concentration 

(mol/l) 

Rs 

(Ω·cm2) 

Q1 

(Ω-1·cm-2·s-n) 
n1 

Rt1 

(Ω·cm2) 

Q2 

(Ω-1·cm-2·s-n) 
n2 

Rt2 

(Ω·cm2) 

0 3.694 2.118×10-4 0.8494 1.164×104 7.326×10-4 1 1.122×104 

0.05 3.045 7.502×10-4 0.9403 7761 0.01776 1 1.370×104 

0.1 2.896 6.685×10-4 0.9473 4335 7.869×10-4 0.6004 1.567×104 

0.5 1.788 4.502×10-4 0.8461 789.3 2.888×10-4 0.5822 1.18×104 

 

 

Table 6. EIS parameters of the weld metal in the CO2-saturated solution with different S2- concentrations 

at 60 °C 

 

S2- 

concentration 

(mol/l) 

Rs 

(Ω·cm2) 

Q1 

(Ω-1·cm-2·s-n) 
n1 

Rt1 

(Ω·cm2) 

Q2 

(Ω-1·cm-2·s-n) 
n2 

Rt2 

(Ω·cm2) 

0 4.71 1.935×10-5 0.861 161.6 2.03×10-4 0.9979 4.83×102 

0.05 2.555 2.721×10-4 1 101.7 7.701×10-4 0.8855 3.736×102 

0.1 2.926 1.246×10-4 0.8346 87.33 1.02×10-4 1 1.193×102 

0.5 1.782 3.255×10-4 0.9361 1.404×104 7.37×10-4 0.9129 2.611×104 

 

For the base metal in the presence of CO2, the Rt1 and Rt2 values were 1.164×104 and 1.122×104 

Ω·cm2, respectively, with a S2- concentration of 0 mol/l. When the S2- concentration increased, the Rt1 

values decreased remarkably, while the Rt2 values decreased slightly. For the weld metal in the presence 

of CO2, both the Rt1 and Rt2 values decreased with increasing S2- concentration (< 0.1 mol/l). When a 

high S2- concentration of 0.5 mol/l was achieved, the Rt1 and Rt2 values increased sharply to 1.404×104 

and 2.611×104 Ω·cm2, indicating a high resistance to corrosive attack. This result could be due to the 

accumulation of S2-, which led to the formation of a new FeS film, and the formation rate of iron sulfide 

increased [35]. Under these circumstances, the presence of CO2 and S2- might exert a synergistically 

beneficial effect on inhibiting the corrosion of the weld metal because the FeS film demonstrated a good 
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protective effect on the metal matrix. 

Figure 13 shows the comparison of the Nyquist plots for the base and weld metals in the CO2-

saturated solution with different S2- concentrations. The diameters of the capacitive loops for the weld 

metal were smaller than that of the base metal when the S2- concentration was lower than 0.1 mol/l, 

indicating the poor corrosion resistance of the weld metal. When the concentration of S2- was 0.5 mol/l, 

the diameters of the capacitive loops for the weld metal were larger than that of the base metal, indicating 

that the corrosion resistance of the weld metal was higher than that of the base metal. The possible 

reasons for this abnormal phenomenon are as follows. A passivation film was formed rapidly on the 

surface when the metal was immersed in the corrosive solution [36]. The protective property of the 

passive film on the weld metal was better than that on the base metal at a S2- concentration of 0.5 mol/l, 

making the corrosion resistance of the weld metal better than that of the base metal. Based on the above 

analysis, it was believed that the synergistic acceleration effect of CO2 and S2- on metal corrosion was 

prominent at S2- concentrations lower than 0.1 mol/l, whereas the synergistic inhibition of corrosion 

could occur, especially on the weld metal, at S2- concentrations higher than 0.5 mol/l. 

 

 

4. CONCLUSIONS 

(1) The potential polarization curve shows that the (Ecorr) corrosion potential of the weld metal is 

more negative and the corrosion current density (icorr) is higher than that of the base metal, thereby 

indicating a higher corrosion rate of the weld metal. Electrochemical impedance spectroscopy (EIS) 

shows that the charge transfer resistance of the base metal is higher than that of the weld metal; thus, the 

electrochemical reaction rate is smaller than that of the weld metal. 

(2) With increasing S2- concentration, the corrosion potential (Ecorr) of the base metal negatively 

shifts. Moreover, the corrosion current density (icorr) increases, while the charge transfer resistance 

decreases, thereby exhibiting a faster corrosion rate. For the weld metal, the corrosion rate decreases 

with the addition of S2-. However, the corrosion current density (icorr) shows an increasing trend with an 

increasing S2- concentration. When the S2- concentration is increased to 0.5 mol/l, the corrosion rate 

decreases again. 

(3) It is observed that the synergistic acceleration effect of CO2 and S2- on metal corrosion is 

prominent at S2- concentrations lower than 0.1 mol/l, whereas the synergistic inhibition effect on 

corrosion can occur, especially on the weld metal, at S2- concentrations higher than 0.5 mol/l. 
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