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Large crude oil storage tanks (LCOSTs) are generally fabricated by high strength low alloy (HSLA) 

steels via welding process. In this paper, a comparison of vertical electro-gas welding (VEGW) and 

submerged arc welding (SAW) methods on the corrosion behaviors of HSLA steels in simulated 

seawater has been investigated by open circuit potential (OCP) monitoring, potentiodynamic 

polarization test, electrochemical impedance spectroscopy (EIS) measurement. Results reveal that the 

welding process would decrease the corrosion resistance of HSLA steel, and the VEGW joint shows 

better corrosion resistance than SAW joint, due to the nobler OCP values, decreased corrosion current 

density, lesser impedance value (|Z|) and smaller weight loss. The corrosion products formed on the 

surface VEGW joint are more compact than SAW joint, which can account for the fact that the VEGW 

joint owns better corrosion resistance than SAW joint. 
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1. INTRODUCTION 

 

Energy is a necessary input for human development, social development, and economic growth 

[1]. Recently, the energy shortage problem caused by the rapid development of industries and changes 

of people’s lifestyles disturbs the whole world [2]. Fossil fuel has been considered as the important 

strategic resource, because it remains the major energy source in most countries until now [3-4].  

To rise the ability of tackling emergencies caused by unforeseen supply disruptions, 

establishment of national petroleum strategic reserve is imperative for a mature country [5]. Generally, 

the crude oil in reserve would be stored in the large crude oil storage tanks (LCOST), which is located 

near the harbor for the convenience of transportation [6]. As well known to all, the moist atmosphere 
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near harbor contains affluent chlorine [7]. In addition, the domestic crude oil mainly comes from the 

ocean or Middle East, which contains many chloride ions [8, 9]. Therefore, the corrosion problems of 

LCOSTs caused by chloride have been attracted more and more attentions [10, 11]. 

Most of LCOSTs are composed of the high strength low alloy (HSLA) steels via welding process 

[10, 12]. The welded joints are very critical for the mechanical property and corrosion resistance of the 

LCOSTs, due to the phase transformations in the fusion zone (FZ) and heat effect zone (HAZ) introduced 

by the residual stresses and metallurgical changes [13-16]. That to say, an optimal welding technology 

can provide good corrosion resistance for LCOSTs [17]. However, the research on the corrosion 

behavior of welded joints is still limited, especially that in the seawater.  

In this paper, a comparison of vertical electro-gas welding (VEGW) and submerged arc welding 

(SAW) methods on the corrosion behaviors of crude oil storage tank steel in simulated seawater has been 

investigated by a series of electrochemical technologies, such as open circuit potential (OCP) 

monitoring, potentiodynamic polarization curve, electrochemical impedance spectroscopy (EIS). 

 

 

 

2. EXPERIMENTAL 

The HSLA steels (API-5L X80) used in this work were drawn from a LCOST. The chemical 

composition (wt. %) is 0.09 C, 1.39 Mn, 0.007 Ti, < 0.004 S, < 0.004 P, bal. Fe. The VEGW joint was 

produced by single-pass welding, and the SAW joint was fabricated by multi-pass welding. The 

established suitably welding parameters are listed in Table 1.  

  

Table 1 The welding parameters for preparing VEGW joint and SAW joint 

 

Mode Current (A) Voltage (V) Speed (cm/min)  heat input (KJ/cm)  

VEGW 450 45 12 100 

SAQ 500 30 40 30 

 

The samples with the dimension of 10 mm×10 mm×4 mm for electrochemical tests were 

machined by electrical discharge machining followed by grinding and polishing. Then, the samples were 

embedded in an epoxy resin to retain an exposed area of 1 cm2. Electrochemical tests were performed 

on an electrochemical workstation (CHI660D) with a three-electrode cell, containing a platinum sheet 

(20×20 mm) as counter electrode, a saturated calomel electrode (SCE) as reference electrode and the 

prepared samples as working electrode. All electrochemical tests were carried out in an artificial 

seawater prepared according to the standard ASTM D1141-98 (2013) , which contains 24.53 g/L NaCl, 

5.2 g/L MgCl2, 4.09 g/L Na2SO4, 1.16 g/L CaCl2, 0.6953 g/L KCl, 0.201 g/L NaHCO3, 0.101 KBr, 0.027 

g/L H3BO3, 0.025 g/L SrCl2, 0.003 g/L NaF. All the tests were carried out at ~25 oC, open to air. 

The open circuit potentials (OCP) were recorded during the immersion period. In addition, the 

potentiodynamic polarization tests were scanned from -0.85 V to -0.55 V at a scan rate of 1 mV/s. The 
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EIS measurements were carried out at OCP from 105 Hz to 10-2 Hz with a sinusoidal potential amplitude 

of 10 mV. 

Five replicate samples (exposed surface is 2 cm2) were immersed in artificial seawater solution 

by means of nylon wires for 90 days to measure the weight loss. During the immersion period, the 

artificial seawater solution was open to air and deionized water was added to maintain the solution 

concentration. After immersion, the corroded samples were immersed in 37% HCl solution about 30 s 

to remove oxides (or other corrosion products). Then, the samples were washed by rinsing in ultrapure 

water and ethanol, followed by blow-dry using cold-blast air. Finally, the weight of the sample was 

measured and recorded. The weight loss should be the results of original weight subtract the recorded 

weight. Moreover, the morphologies and structure of the corrosion products of sample surface after 

immersed for 90 days were examined by a scanning-electron microscope (SEM, JEOL JSM-6700F, 

operating at 15 kV) and an X-Ray diffractometer (XRD, D/max-2200) using the Cu K-alpha radiation 

(λ = 1.5406 Å, operating at 40 kV and 200 mA). 

 

 

 

3. RESULTS AND DISCUSSION 

 

 

Figure 1. OCP versus time for HSLA steel, VEGW joint and SAW joint immersed in simulated seawater 

 

Fig. 1 show the OCP versus time for HSLA steel, VEGW joint and SAW joint, which the testing 

medium is simulated seawater, immersion time is 90 days. It is clearly that the OCP values decrease 

significantly in the initial period of immersion (＜ 7days). This phenomenon would be attributed to be 

the fact that the oxides formed in ambient air are destroyed in the simulated seawater [18, 19]. After 

7day of immersion, the OCP values would tend to be stable, because the dynamical equilibrium between 

the formation and dissolution of the oxides has been achieved [20]. In addition, it can be found that the 

OCP value decreases in the order: HSLA steel> VEGW joint>SAW joint. It means that the long-term 

stability of welding joints are worse than of HSLA steel, and the VEGW joint has better corrosion 

resistance than SAW joint. 
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Figure 2. Potentiodynamic polarization curves of HSLA steel, VEGW joint and SAW joint in simulated 

seawater  

 

Fig. 2 shows the potentiodynamic polarization curves of HSLA steel, VEGW joint and SAW 

joint in the simulated seawater. The corresponding corrosion parameters extracted from the polarization 

curves are listed in Table 2. Clearly, the HSLA steel owns nobler corrosion potentials (Ecorr) than VEGW 

joint and SAW joint, and the corrosion current density (icorr) decrease in the order: SAW joint > VEGW 

joint> HSLA steel, which confirms that the welding will decrease the corrosion resistance of HSLA steel 

In the case of two welding joints, the VEGW shows better performance in corrosion resistance than 

SAW [21]. 

 

 

Table 2. The electrochemical parameters extracted from the polarization curves in Figs. 2. 

 

Samples Ecorr (mV) icorr (μA·cm-2) 

HSLA steel -679 1.6 

VEGW joint -696 3.4 

SAW joint -730 3.9 

 

 

To investigate the corrosion behaviors at the electrode/electrolyte interface of the HSLA steel, 

VEGW joint and SAW joint in the simulated seawater, the EIS measurement, a typical non-destructive 

electrochemical technique, was performed during the whole immersion period [22]. The obtained EIS 

spectra were displayed in Fig. 3. With the prolongation of immersion time, the values of impedance (|Z|) 

increase (Fig. 3a, Fig. 3c and Fig. 3e), due to the generation of more oxides on the surface and shielding 

part of the exposed metal matrix. In addition, the VEGW joint shows bigger |Z| than SAW joint at the 

same immersion time. In addition, there exists a time constant at higher frequencies for all samples form 

the phase angle-frequency bode plots showed in Fig. 3b, Fig. 3d and Fig. 3f. This time constant can 

describe the characteristic of the formed compact oxide/corrosion products on the surface [23]. The time 

constant at intermediate frequencies region tend to trail off as the increase of immersion time, notarizing 

that the oxide/corrosion products become much denser [24].  
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Figure 3. EIS spectra of different specimens immersed in simulated seawater (a-b: HSLA steel; c-d: 

VEGW joint; e-f: SAW joint) 

 

Figure 4. Mass loss of different samples immersed in simulated seawater for 90 days  
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Fig. 4 exhibits the average values of weight loss of different samples immersed in simulated 

seawater for 90 days. The weight loss is in the order: SAW joint > VEGW joint> HSLA steel. This result 

is highly in correspondence with the corrosion electrochemical test results, such as potentiodynamic 

polarization curves and EIS plots. 

 

 

 

 

Figure 5. SEM morphologies of the specimen surfaces after immersed in simulated seawater for 90 days 

(a-b: HSLA steel; c-d: VEGW joint; e-f: SAW joint) 

 

 

Fig. 5 shows the SEM morphologies of the specimen surfaces after immersed in simulated 

seawater for 90 days. Obviously, the corrosion products formed on the surface of HSLA steel are quite 

homogeneous and compact, while that formed on the surface of VEGW joint and SAW joint are less 

compact. Furthermore, a number of pores can be observed on the surface of VEGW joint and SAW joint, 

which can act as transmission channels for corrosive ion. Particularly, the corrosion products on the 

surface of SAW joint are primary consist of lamellar structure, resulting in a large number of pores.  
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Figure 6. XRD patterns of different specimens after immersed in simulated seawater for 90 days (a: 

HSLA steel; b: VEGW joint; c: SAW joint) 

 

 

Fig. 6 shows the XRD patterns of the specimens after immersed in simulated seawater for 90 

days. As shown, three specimens display the similar XRD result, and the corrosion products are mainly 

composed of Fe2O3, FeCO3 and CaCO3. Besides, the diffraction peaks of Fe phase were found in the 

XRD patterns, which should be ascribed to the uncovered substrate. which should be ascribed to the 

uncovered substrate. In addition, it can be observed that the diffraction peak intensity of Fe2O3 are in the 

order: HSLA steel > VEGW joint > SAW joint, and the diffraction peak intensity of FeCO3 and CaCO3 

are in the order: HSLA steel < VEGW joint < SAW joint. Generally, the compact corrosion products of 

Fe2O3 can be possibly generated on the surface of steel in the corrosive solution and then restrained the 

general corrosion [25, 26]. While the existence of carbonas (FeCO3 and CaCO3) would reduce the 

compactness of corrosion products and decrease the corrosion protection effects [27].Therefore, the 

corrosion products of VEGW joint contain more compact Fe2O3 and less FeCO3 and CaCO3 than that of 

SAW joint, which once again demonstrate the better corrosion resistance of the former than the latter. 

This result can provide the basis for ascertain of welding method for LCOST to meet the challenge of 

corrosion.  

 

 

 

4. CONCLUSION 

In this paper, the corrosion behaviors of HSLA steel, VEGW joint and SAW joint have been 

investigated by OCP monitoring, potentiodynamic polarization curve, EIS and weight loss experiment. 

From the obtained experimental results, following conclusions can be drawn: 

(1) The OCP values decrease significantly in the initial period of immersion (＜7days) and then 

tend to be stable at the later stage. In addition, the VEGW joint exhibits nobler OCP value than SAW 

joint. 
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(2) The corrosion current density (icorr) decrease in the order: SAW joint > VEGW joint> HSLA 

steel. 

(3) With the prolongation of immersion time, the values of impedance increase for all samples. 

Besides, the VEGW joint shows bigger |Z| than SAW joint at the same immersion time. 

(4) The weight loss are in the order: SAW joint > VEGW joint> HSLA steel. 

(5) The corrosion products of VEGW joint contain more compact Fe2O3 and less FeCO3 and 

CaCO3 than that of SAW joint, resulting the more compact corrosion products and better corrosion 

resistance. 
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