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The corrosion caused by direct current was the main factor to result in the failure of grounding 

electrode in UHVDC (ultra-high voltage direct current) system. Compared with the severe corrosion 

caused by thousands of amperes flowing from the grounding electrode during the system failure, the 

corrosion of grounding electrode caused by electric field formed by the unbalanced current can not be 

ignored in normal operation, but there were little relevant reports and studies focusing on this 

condition. In this paper, the corrosion behavior of Q345B steel as grounding electrode material was 

studied under different direct current density of 0-1.5 A/cm2 based on the electrochemical experiment 

and immersion experiment. The results showed that with the increase of direct current density (IDC), 

the corrosion potential (Ecorr), corrosion current density (Icorr), corrosion rate and maximum pit depth 

showed the linear changing rules, namely Ecorr=-0.0568·IDC-0.7338 (R2=0.8784), Icorr=33.69·IDC-

4.3406 (R2=0.9649), corrosion rate = 0.0648·IDC+0.0047 (R2=0.9952) and maximum pit depth = 

80.032·IDC+83.946 (R2=0.9554), respectivly. The coverage rate of corrosion products on the surface of 

Q345B steel gradually decreased, and the corrosion products changed from polygon to triangle, which 

can be described as Fe2O3 (FeO(OH)→Fe2O3+H2O), FeO(OH) (4Fe+3O2+2H2O→4FeO(OH)) and 

FeCO3 (Fe+HCO3
-→FeCO3+H++2e-). 
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1. INTRODUCTION 

 

The grounding electrode is a very important part of the DC (direct current) transmission 

engineering, which provides a path for the unbalanced current about 1% of the rated current to flow 

into the soil. Especially for the condition of transmission system, the rated current reaching thousands 

of  amperes drains into soil, to make sure the safety of the system. As the number of UHVDC (ultra-
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high voltage direct current) transmission projects increased year by year in China, the influence of 

direct current on grounding electrode corrosion becomes more and more prominent [1-4]. 

There have been a lot of reports on the influence of direct current on the corrosion behavior of 

carbon steel materials, which was also wildly used for grounding electrode and pipeline [5-9]. The 

corrosion rate caused by the direct current on carbon steel in soil environment is closely related to the 

interference time and stray current density. The longer the current action time is, the greater the 

influence on corrosion rate is [10]. The corrosion behavior of carbon steel in soil can be measured by 

means of weight loss method, electrochemical testing, SEM (scanning electron microscope) and XRD 

(X-Ray diffraction) [11,12], and then the corresponding experimental data can be obtained. 

Wang et al. studied the influence of direct current on corrosion characteristics of Q235 steel in 

Yingtan acid soil with water content of 30% and 40% by means of electrochemical impedance 

spectroscopy (EIS), weight loss method, SEM and XRD test [13]. They found that with the increase of 

direct current density, the capacitive arc of EIS curves decreased gradually, while the corrosion rate 

and the maximum pit depth increased. Doyle et al. studied the influence of direct current on the 

corrosion of ground material, including Q235 steel, Q235 galvanized steel and Cu in soil with different 

moisture content by means of EIS curves, polarization curve and weight loss method [14]. The 

research results showed that in the presence of direct current, the polarization resistance and charge 

transfer resistance of these three grounding materials decreased with the increase of water content [15], 

but the corrosion current density and weight loss rate increased, indicating that the direct current 

accelerated the corrosion process of grounding materials [16]. Cole et al. studied the corrosion 

potential and corrosion rate of Q235 and Q345 steels in different soil environments by applying 

external direct current density through field tests, and obtained the corrosion characteristics of the two 

steels in different soil environments [17]. It was found that the corrosion potential of carbon steel 

decreased first and then increased with the increase of the experiment time after the direct current of 

0.2-1.6 A was applied, respectively [18,19]. Qian et al. studied the corrosion behavior of spray painted 

pipe by direct current in simulated soil, and the experimental test results showed that the corrosion rate 

of pipe was linearly related to the amplitude of direct current density [20,21]. Dai et al. conducted 

relevant studies on the direct current corrosion of X52 steel in simulated soil solution and compared 

the direct current corrosion under cathodic protection [22,23]. The results showed that the direct 

current accelerated the dissolution process of anode iron and had a great influence on the integrity of 

the pipeline. For the cathode, the direct current will increase the pH of the cathode and may lead to the 

peeling of the coating on the pipeline surface. Muralidharan et al. studied the influence of direct 

current on the corrosion behavior of steel in simulated alternating dry-wet soil by means of weight loss 

method, electrochemical test, XRD and SEM [24]. The results showed that the corrosion rate of steel 

was higher in the case of direct current than in the case of no direct current. The larger the amplitude of 

direct current density was, the higher the corrosion rate of steels was. The study in reference [25] had 

reached the same conclusion. 

Current studies showed that the corrosion rate was closely related to the direct current density, 

and the higher the direct current density was, the larger the corrosion rate was. However, the influence 

of the direct current field on the grounding electrode can not be ignored, especially for the UHVDC 

transmission system [26]. However, the direct current corrosion caused by faults was very rare. Under 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221115 

  

3 

normal operating conditions, the allowable unbalance current of UHVDC was no more than 1% of the 

rated current. In this paper, the ±800 kV-UHVDC transmission with rated current of 5000 A was taken 

as an example to study the corrosion behavior of grounding electrode materials in the direct current 

field formed by unbalanced current during normal operation through electrochemical experiment and 

immersion experiment, which was of great significance for the prediction and protection of grounding 

material corrosion. 

 

 

 

2. EXPERIMENT SETTINGS 

Experimental schematic diagram was shown in Figure 1. The electrode material of the direct 

current power supply in the experiment was graphite, in which the length and width of the graphite 

electrode should be at least twice as that of the test samples, and the two graphite electrodes were 150 

mm apart and arranged symmetrically. The detection part was an electrochemical test system, which 

was placed in the middle of two graphite plates, using a three-electrode system, including a reference 

electrode (RE) (saturated calomel electrode, SCE), an auxiliary electrode (AE) (platinum electrode, 

Pt), and a working electrode (WE) (Q345B steel, the main components were shown in Table 1). The 

reference electrode was in contact with the solution through a luggin capillary, and the tip of the luggin 

capillary was no more than 2 mm from the surface of the working electrode. 

 

Table 1. Main chemical component in mass fraction (%) of Q345B steel 

 

C Si Mn P S Ni Cu Nb Ti Fe 

0.18 0.43 1.36 0.027 0.024 0.41 0.22 0.03 0.11 Bal. 

 

The surface of Q345B steel was successively cleaned by acetone, deionized and anhydrous 

ethanol, and then dried in the vacuum dryer for at least 24 h before experiment. The size of the Q345B 

steel was 25×25×2 mm3, and the welding wire was welded on a wide surface of the Q345B steel. The 

welding surface and four sides of the Q345B steel were encapsulated with epoxy resin and 

ethylenediamine, leaving another wide surface, namely the working surface, with an area of 625 mm2. 

The Q345B steel should be sealed to ensure that the welding points will not fall off and the epoxy 

material will not overflow to the working surface. The working surface was polished step by step with 

#800~#1200 waterproof sandpaper, to keep the working surface of the Q345B steel in mirror-like. 

In order to more accurately and conveniently test the relevant parameters of Q345B steel under 

different direct current density, soil simulation solution was used to replace the actual soil as the 

corrosion solution medium based on the field test data. The experiment solution consisted of Cl- in 

0.1mol/L, SO4
2- in 0.1 mol/L and HCO3

- in 0.1 mol/L, which was prepared by the deionized water and 

analytical reagents. 

The experiment device included direct current interference part and electrochemical testing 

part. In the direct current interference part, the stable tracking direct current power source (SS2323) 

generated stable direct current density of 0-1.5 A/cm2 in corrosive environment, forming a stable and 
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controllable electric field. In the electrochemical testing part, the electrochemical workstation 

(PARSTAT2273) was used to test the change curves of working electrode under different direct 

current density, including open-circuit potential (EOCP) and polarization curves. It should be noted that 

the change of EOCP within ±3mV in 300 s was considered to be in a stable condition and then the EOCP 

was recorded for more than 10 min. The test range of polarization curve was ±250 mV (vs. EOCP) with 

the scanning rate of 0.5 mV/s, and the change rules of related parameters including corrosion potential 

(Ecorr), corrosion current density (Icorr), cathode Tafel constant (βc) and anode Tafel constant (βa) were 

obtained by PowerSuite software. The whole experimental device was put into constant temperature - 

humidity chamber (GDJS-408) to keep the experiment temperature at 20℃.  

Immersion experiments under different experiment time and direct current density were carried 

out. After the experiment, the morphology of the corrosion products was observed by SEM and the 

composition of the corrosion products was analyzed by XRD to determine the reaction process under 

different direct current density. After removing the corrosion products, the corrosion rate and the 

maximum pit depth was calculated, and the corrosion morphology of Q345 steel was observed. 

 

 

 
 

 

Figure 1. The experiment device for electrochemical tests including open-circuit potential (EOCP) and 

polarization curves of Q345B steel under the direct current density of 0-1.5 A/cm2 in 

experiment solution at 20℃ 
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3. RESULTS AND DISCUSSION 

3.1 Electrochemical experiments 

3.1.1 Open-circuit potential (EOCP) 

The open-circuit potential (EOCP) was the potential at which the metal reached a stable 

corrosion state without an applied current. However, the corrosion rate of metal was not intrinsically 

related to the open-circuit potential, which only indicated that the more negative the open-circuit 

potential was, the greater the tendency of metal to be corroded will be. Considering the influence of 

applied direct current density on Q345B steel, the potential drop caused by solution resistance between 

reference electrode and working electrode was corrected by means of the off-potential [27], resulting 

in a more accurate open-circuit potential of Q345B steel under the different direct current density. 

Figure 2 showed the open-circuit potential (EOCP) of Q345B steel under different direct current 

density (IDC). It can be concluded that the EOCP of Q345B steel remained stable for a long time under 

different direct current density based on the stability criterion proposed in this paper. In addition, 

before the corrosion of Q345B reached stabilization, the EOCP will decrease greatly [28]. As can be 

seen from the figure, when the applied direct current density was 0.3 A/cm2, the EOCP of Q345 steel 

became positive compared with that without direct current density, meaning that the corrosion 

tendency of Q345B steel became smaller at this time. When the direct current density was greater than 

0.3 A/cm2 and then increased continually, the EOCP of Q345B steel had a linear negative deviation, 

namely EOCP=-0.00651·IDC-0.7469 (R2=0.9728) [29,30]. Under this circumstance, the corrosion 

tendency of Q345B steel was greater, that is, the more easily to be corroded [31]. 

 

 
 

Figure 2. The open-circuit potential (EOCP) of Q345B steel under different direct current density of 0-

1.5 A/cm2 in experiment solution at 20℃ 
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3.1.2 Polarization curve 

Figure 3 showed the polarization curves of Q345B steel under different direct current density. 

As can be seen from the figure, the effect of direct current on the cathodic polarization curve of the 

Q345B steel was more significant than that on the anodic polarization curve. Generally speaking, 

under this circumstance, the corrosion potential (Ecorr) of the Q345B steel shifted negatively with the 

increase of the direct current density [32].  

 
 

Figure 3. Polarization curves of Q345B steel under different direct current density of 0-1.5 A/cm2 in 

experiment solution at 20℃ 

 

 

Table 2. Fitting parameters of polarization curves of Q345B steel under different direct current density 

of 0-1.5 A/cm2 in experiment solution at 20℃ 

 

IDC, A/cm2 Ecorr, V Icorr, μA/cm2 βa, mV βc, mV r=βa/βc 

0 -0.787 15.08 123 97 1.275 

0.3 -0.739 8.284 142 75 1.886 

0.5 -0.773 11.42 184 74 2.494 

0.8 -0.789 18.00 316 72 4.362 

1.0 -0.784 31.93 351 53 6.608 

1.5 -0.817 46.79 382 50 7.699 

 

 

However, when the direct current density was 0.3 A/cm2 and 0.5 A/cm2, the Ecorr was slightly 

more positive than that without the direct current density. Table 2 was the fitting results of polarization 

curves. With the increase of the direct current density, the anodic Tafel constant (βa) increased while 

the cathodic Tafel constant (βc) decreased, resulting in that the corrosion process gradually changed 

from mixed control to anodic control [33]. Compared with the corrosion potential (Ecorr) and corrosion 

current density (Icorr) without the direct current density, the Ecorr was more positive and the Icorr was 
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smaller at IDC = 0.3 A/cm2 and 0.5 A/cm2 [34-36]. Subsequently, as the direct current density 

continued to increase, the Ecorr deviated negatively, namely Ecorr=-0.0568·IDC-0.7338 (R2=0.8784), 

while the Icorr increased significantly, namely Icorr=33.69·IDC-4.3406 (R2=0.9649) [37]. 

 

3.2 Immersion experiment 

3.2.1 Corrosion product 

Figure 4 showed the morphology of corrosion product of Q345B steel under different direct 

current density. As can be seen from the figure, there was no obvious dense corrosion products on the 

surface of Q345B steel without direct current density. When the direct current density (IDC = 0.3 

A/cm2) was applied, it can be seen from the figure that pale brown corrosion product layer was 

generated on the surface of Q345 steel, and the structure of the corrosion product layer was relatively 

intact. With the increase of direct current density, the corrosion product layer still showed good 

integrity. As the direct current density continued to increase, the color of corrosion products gradually 

changed from pale brown to brown. When the direct current density was 1.0 A/cm2, the corrosion 

products were basically brown. However, when the direct current density reached 1.5 A/cm2, the 

corrosion product layer on the surface of Q345B steel became incomplete and granular [38]. 

Therefore, in view of the above changes in corrosion products, XRD and the micro morphology 

of corrosion product particles were used to analyze the surface reaction process changing with the 

direct current density. The results were shown in Figure 5 and Figure 6. When the direct current 

density was 0.3 A/cm2, the corrosion products were mainly Fe2O3 (FeO(OH)→Fe2O3+H2O) and 

FeO(OH) (4Fe+3O2+2H2O→4FeO(OH)) [39], which basically covered the surface of Q345B steel. 

When the direct current density was 0.8 A/cm2 and 1.5 A/cm2, the corrosion products were mainly 

Fe2O3, FeO(OH) and FeCO3 (Fe+HCO3
-→FeCO3+H++2e-) [40]. Furthermore, the FeCO3 content at 

IDC = 1.5 A/cm2 was significantly higher than that at IDC = 0.8 A/cm2. Therefore, with the increase of 

direct current density, the coverage rate of corrosion products on the surface of Q345B steel gradually 

decreased, and the corrosion products changed from polygon to triangle [41]. Combined with the 

results of corrosion potential (Ecorr) and corrosion current density (Icorr), the corrosion tendency and 

corrosion rater at IDC = 0.3 A/cm2 and 0.5 A/cm2 was slighter than that at IDC = 0 A/cm2, which was 

due to the relatively complete corrosion product layer on the surface of Q345B steel at IDC = 0.3 A/cm2 

and 0.5 A/cm2. 

 

 

   
(1) IDC = 0 A/cm2                  (2) IDC = 0.3 A/cm2               (3) IDC = 0.5 A/cm2 
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(4) IDC = 0.8 A/cm2                 (5) IDC = 1.0 A/cm2                (6) IDC = 1.5 A/cm2 

 

Figure 4. Morphology of corrosion product of Q345B steel under different direct current density of 0-

1.5 A/cm2 in experiment solution at 20℃ 

 

     
        (1) IDC = 0.3 A/cm2                (2) IDC = 0.8 A/cm2              (3) IDC = 1.5 A/cm2 

 

Figure 5. XRD analysis of corrosion product of Q345B steel under different direct current density of 

0-1.5 A/cm2 in experiment solution at 20℃ 

 

 

   
   (1) IDC = 0.3 A/cm2                (2) IDC = 0.8 A/cm2              (3) IDC = 1.5 A/cm2 

 

Figure 6. Micro morphology of corrosion product of Q345B steel under different direct current density 

of 0-1.5 A/cm2 in experiment solution at 20℃ (×5000)  

 

3.2.2 Corrosion rate 

Figure 7 showed the corrosion rate of Q345B steel with time under different direct current 

density. Under different experimental time, the change of corrosion rate was very small and can be 

ignored, in which the error may be caused by the incomplete treatment of corrosion products and water 

absorption of epoxy resin [42]. From another aspect, in the same experiment time, the larger the direct 

current density was, the higher the corrosion rate was. This was because the corrosion process of 

Q345B steel under different direct current density was mainly controlled by the anode process, and its 

corrosion rate was mainly related to the movement speed of electrons [43]. Time accumulation may 
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affect the layer morphology of corrosion products on the surface of Q345B steel, but had no effect on 

the general corrosion rate. Therefore, according to the above characteristics, the corrosion rate under 

the different direct current density was averaged and its standard deviation was calculated. There was a 

good linear relationship between the corrosion rate and the direct current density, namely corrosion 

rate = 0.0648·IDC+0.0047 (R2=0.9952) [44]. According to the standard deviation of the corrosion rate 

at different experiment times, it can be considered that the corrosion rate was not affected by the 

experiment time. In essence, under the anodic control, electrochemical corrosion of Q345B steel 

followed the Faraday's law, thus the corrosion rate was proportional to the amount of electricity per 

unit time [45]. Therefore, it can be further inferred that under the interference of direct current density, 

the corrosion rate of metal was only related to the direct current density, and had nothing to do with the 

environment [46]. 

 

 

 
 

Figure 7. Corrosion rate of Q345B steel with time under different different direct current density of 0-

1.5 A/cm2 in experiment solution at 20℃ 

 

3.2.3 Maximum pit depth 

Figure 8 showed the corrosion morphology of Q345B steel under different direct current 

density. As can be seen from the figure, with the increase of direct current density, the number of 

corrosion pits on the surface of Q345 steel gradually increased. Compared with the condition of no 

direct current density, there were large and obvious pitting pits formed on the surface of Q345B steel 

at IDC = 0.3 A/cm2 and 0.5 A/cm2. With the increase of direct current density, pitting pits were more 

dense and obvious located on the surface of Q345B steel at IDC = 0.8-1.5 A/cm2 [47]. Combined with 

the analysis of the morphology of corrosion products in Section 3.2.1, it can be seen that with the 

increase of the direct current density, the corrosion products on the surface of Q345B steel gradually 

became granular, which almost had no effect on the corrosion process of Q345B steel [48]. The 

maximum pit depth of Q345B steel under different direct current density was analyzed, as shown in 

Figure 9. It can be seen that with the increase of direct current density, the maximum pit depth of 

Q345B steel increased gradually, namely maximum pit depth = 80.032·IDC+83.946 (R2=0.9554) [49]. 

In addition, at IDC = 0.3 A/cm2 and 0.5 A/cm2, the maximum pit depth was basically the same, which 
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was because the corrosion product layer can completely cover the Q345B surface at this time, reducing 

the erosion of the surface by the corrosive medium such as Cl- [50]. 

 

 

    
(1) IDC = 0 A/cm2                  (2) IDC = 0.3 A/cm2               (3) IDC = 0.5 A/cm2 

   
(4) IDC = 0.8 A/cm2                 (5) IDC = 1.0 A/cm2                (6) IDC = 1.5 A/cm2 

 

Figure 8. Corrosion morphology of Q345B steel under different direct current density of 0-1.5 A/cm2 

in experiment solution at 20℃ 

 

 
(1) IDC = 0 A/cm2 (79.23 μm)                      (2) IDC = 0.3 A/cm2 (118.63 μm) 

 
(3) IDC = 0.5 A/cm2 (119.31 μm)                     (4) IDC = 0.8 A/cm2 (137.64 μm) 
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(5) IDC = 1.0 A/cm2 (176.28 μm)                    (6) IDC = 1.5 A/cm2 (200.72 μm) 

 

Figure 9. Maximum pit depth of Q345B steel under different direct current density of 0-1.5 A/cm2 in 

experiment solution at 20℃ 

 

 

 

4. CONCLUSIONS 

In this paper, the corrosion behavior of Q345B steel as grounding electrode material was 

studied under different direct current density based on the electrochemical experiment and immersion 

experiment. The following conclusions were drawn. 

(1) With the increase of direct current density (IDC), the corrosion potential (Ecorr) of Q345B 

steel deviated negatively, namely Ecorr=-0.0568·IDC-0.7338 (R2=0.8784), while the corrosion current 

density (Icorr) increased significantly, namely Icorr=33.69·IDC-4.3406 (R2=0.9649). Meanwhile, the 

corrosion process gradually changed from mixed control to anodic control. 

(2) With the increase of direct current density, the coverage rate of corrosion products on the 

surface of Q345B steel gradually decreased, and the corrosion products changed from polygon to 

triangle, including Fe2O3 (FeO(OH)→Fe2O3+H2O), FeO(OH) (4Fe+3O2+2H2O→4FeO(OH)) and 

FeCO3 (Fe+HCO3
-→FeCO3+H++2e-). 

(3) With the increase of direct current density, there were good linear relationship between the 

corrosion rate / maximum pit depth and the direct current density, namely corrosion rate = 

0.0648·IDC+0.0047 (R2=0.9952) and maximum pit depth = 80.032·IDC+83.946 (R2=0.9554), 

respectivly. 
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