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Abstract
The effects of extreme stray current on the anodic dissolution and passivation of X80 steel in NaHCO3 solution were inves-
tigated using measurements of polarization curves and EIS, AFM and SEM techniques. Under the interference of anodic 
current (i = 0~200 A/m2), main constituents of corrosion products of X80 steel were FeO(OH) and Fe3O4. A double-layer 
film formed at i = 100 A/m2, in which FeOOH was in outer and Fe3O4 lied in inner. The formation mechanism of Fe3O4 was 
confirmed and described by the electrochemical reaction in various regions on anodic potentiodynamic polarization curve.
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1  Introduction

In recent years, considerable attention has been paid to metal 
corrosion (Li et al. 2015). Buried pipelines have been spot-
lighted to be protected by combination of coatings (Cui et al. 
2017; Prasai et al. 2012) and cathodic protection (Refait 
et al. 2015). Even though this method is widely considered 
to be sufficiently effective, stray current makes it impossible 
to pipeline away from corrosion, especially in which there 
are some defects on coatings. Numerous efforts (Chen et al. 
2017; Jadhav and Gelling 2019) have been made to investi-
gate the corrosion process of steel, as well as the corrosion 
products, and stray current is caught more attention due to 
its surprisingly critical corrosion rate.

Compared to direct stray current (DC), more literature 
focuses on its corrosion rate, product, mechanism and model 
of alternating stray current (AC), and a comprehensive 

understanding has been in consensus (Xu et  al. 2012). 
However, based on the regulation that DC corrosion rate 
conforms to Faraday’s law, few researches have been con-
ducted on its corrosion behavior, even though corrosion rate 
resulted by DC is much larger than that of AC. Furthermore, 
corrosion becomes more severely with the development of 
HVDC (High Voltage Direct Current), which current flow-
ing into soil can reach thousands of amperes once this sys-
tem runs in fault (Nicholson 2010). The results we got pre-
liminary based on simulation and field test show the peak 
of current density at defects on coatings can reach 150 A/
m2, which may cause the rapid perforation of pipeline (Yang 
et al. 2019). It is interesting that at some points current flows 
out into soil, the surface of defects is covered with a layer 
of dense products, which prevents the later soil corrosion. 
However, this issue has not been addressed with as much 
fervor.

The above phenomenon is mostly consistent with the 
characteristic of anodic passivation theory (Ejaz et al. 2015). 
However, detailed descriptions are impossible. It has to be 
admitted that in many fields, research on passivated metal 
system (Wang et al. 2015) is in full bloom, such as super 
stainless steel (Tranchida et al. 2018; Xu et al. 2015), high 
entropy alloy (Cui et al. 2019), etc., while anodic passiva-
tion is continuously concerned to be strongly avoided in few 
field, i.e., metal’s electrolysis and battery.

Moreover, the research on carbon steel and high-strength 
steel points out that anode passivation membrane is con-
sisted of Fe2O3 and Fe3O4. From the other perspective of 
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passivation environment, the strong oxidizing acid such 
as concentrated sulfuric acid and nitric acid is focused on, 
while passivation behavior in alkaline environment is rarely 
studied due to its harsh conditions, i.e., NO3

−. The passiva-
tion problem in metal electroplating process is similar to the 
research background of this paper. However, considering the 
economy of electroplating, the applied anodic current den-
sity is generally less than 10 A/m2, which is much smaller 
than the range of anodic current density to be studied. Under 
this circumstance, relevant scholars generally believe that 
the main way to eliminate the passivation in electroplating 
is to increase the applied anodic current density, that is, the 
metal will not be passivated under a larger anodic current 
density, which is obviously contrary to the phenomena men-
tioned in this paper.

Therefore, there are two challenges in elucidating the 
metal’s corrosion behavior interference by lager anodic 
current: (1) a deeper insight needs to be put forward for 
corrosion behavior and process due to DC stray current, 
and (2) related parameters of anodic passivation should be 
determined.

In this work, we introduced anodic current interference 
(0 ~ 200 A/m2) into the electrochemical test system for X80 
steel in 3 wt% NaHCO3 solution. The polarization curves 
and electrochemical impedance spectrum were conducted to 
determine corrosion kinetic parameters under the interfer-
ence of anodic current, and combining with characterization 
of corrosion products, anodic passivation process was also 
illustrated. The results can provide a clear explanation for 
anodic dissolution and corrosion process caused by a larger 
direct current in near-neutral solution.

2 � Experimental section

Figure 1 shows the experimental device of electrochemical 
test of X80 steel in 3 wt% NaHCO3 solution under differ-
ent anodic current densities. DC power and electrochemical 
testing system were installed in two devices, respectively, 
to reduce the influence of the anode electric field on the 
test results. The anodic current applied on X80 steel was 
conducted by platinum electrode and determined by ampere 
meter. Conventional three-electrode system was used for 
electrochemical test, X80 steel as working electrode, Pt as 
auxiliary electrode and SCE as reference electrode. The ref-
erence electrode was positioned sufficiently close to the elec-
trode surface of less than 2 mm. Thus, the effect of ohmic 
drop on the potential measurement was negligible (Liang 
et al. 2018).

Working electrodes used in this work were fabricated 
from a sheet of X80 steel (mass fraction in  %: C 0.063, 

Si 0.28, Mn 1.83, P 0.011, S 0.0006, Cr 0.03, Ni 0.03, Ti 
0.016, Nb 0.061, V 0.059, Mo 0.22 and Fe in balance). The 
steel coupons were manufactured into 25 × 25 × 2 mm3 cubes 
that fringe effect was ignored, and were embedded in epoxy 
resin, leaving a working area of 6.25 cm2. Specimen prepa-
ration was controlled carefully to ensure that there was no 
groove and bubble generating at the epoxy/steel interface. 
The working surface of the specimen was subsequently 
ground with 800 grit and 1000 grit sand papers and cleaned 
by distilled water and methanol, then standby application 
after dry.

Considering the soil properties in field (HCO3
−, Cl−, 

Ca2+, Na+, K+ and Mg2+) of pH = 7.4–8.5, the experimen-
tal solution was prepared by Analytical Pure NaHCO3 and 
deionized water with pH = 8.168 at 25℃.

In this paper, three groups of electrochemical tests are 
designed. A group test including three electrochemical 
experiments was carried out in order. Firstly, OCP test lasted 
for long time to determine the system in a stable state. The 
average of OCP and error analysis were added in this paper. 
Secondly, in a stable stage, the Tafel polarization curves in 
different anodic current densities were tested to obtain the 
dynamic parameters. Thirdly, for another stable stage, the 
EIS curves were tested.

Tafel polarization curves were measured by electrochemi-
cal working station (PARSTAT 2273) at a potential scan-
ning rate of 0.3 mV/s in the range of ± 250 mVvs.OCP (SCE), 
and electrochemical impedance spectrum was tested from 
the application of the alternating current signal (10 mV) 
with the frequency from 105 to 10−2 Hz. All experiments 
were carried out in constant temperature humidity cham-
ber (GDJS-408) at temperature 25℃. The electrochemical 
parameters were obtained by commercial software of “Pow-
erSuite” and “ZSimpWin” software.

Direct current
sourceA

Pt

WE RE CE

Pt

Soil simulated solution

SCE
Pt

Pt X80

A

+ -

Fig. 1   Experimental device of electrochemical test of X80 steel in 
3 wt% NaHCO3 solution under different anodic current densities
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3 � Result and discussion

3.1 � Open circuit potential (EOCP)

Considering the larger corrosion rate caused by anodic cur-
rent density (i-ACD), the open-circuit potential (EOCP) of 
X80 steel was tested after immersion in different anodic 
current densities for 10 mins. When the EOCP fluctuated no 
more than 5 mV in at least 300 s, it was considered that the 
whole system reached a stable state and further polarization 
curve and electrochemical impedance could be carried out. 
Experiments were carried out for three times under different 
anodic current densities, and the EOCP with standard devia-
tion (σ) after stabilization is shown in Fig. 2.

Compared with the EOCP without i-ACD, when the 
applied i-ACD was 50 A/m2, the EOCP shifted sharply 

from − 804.95 mV to − 72.03 mV. As i-ACD continued 
to increase, the EOCP generally moved to be more positive, 
indicating that the corrosion tendency of X80 steel increased 
with the increase in the anodic current density. However, 
when i-ACD was 100 A/m2, the EOCP shifted negatively from 
− 3.93 mV to − 131.04 mV, meaning a decreasing corrosion 
tendency. Therefore, the following section will focus on the 
polarization curve, electrochemical impedance and image 
characterization to explore the causes of the phenomenon.

3.2 � Tafel polarization curves

Figure 3 presents the Tafel polarization curves of X80 
steel with the influenced by the anodic current densities at 
i = 0~200 A/m2 in 3 wt% NaHCO3 solution, from which the 
corrosion potential (Ecorr), corrosion current density (Icorr), 
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Fig. 2   Open circuit potential of X80 steel at i = 0–200 A/m2
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Fig. 3   Tafel polarization curves of X80 steel at i = 0–200 A/m2
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anodic- and cathodic-Tafel slop (βa, βc) were determined, as 
shown in Table 1.

Different from EOCP (open circuit potential), the meas-
urement of Ecorr was free of influence by the electrical 
resistance of corrosion product and, thus, more accurately 
reflected the corrosion conditions of the X80 steel (Philippe 
et al. 2008). The Ecorr of the steels influenced by anodic 
current at i = 0~200 A/m2 were − 787.16, − 70.06, − 2.46, 
− 122.31, 30.31 and 207.60 mV, respectively, indicating that 
the Ecorr generally increased caused by anodic polarization 
with the increase of i-ACD. However, the Ecorr of the steel at 
i = 100 A/m2 was significantly less negative than that of the 
others, showing a better protection at i = 100 A/m2.

The outstanding corrosion performance of i-ACD was 
confirmed by the Icorr data (corrosion current density) of 
influenced steels. The steel influenced by i-ACD exhibited 
the greatest Icorr 4 or 5 orders of magnitude higher than the 
steel without i-ACD (Icorr-0 = 1.5 × 10−3 μA/m2). The Icorr 
generally increased with the increase of i-ACD. Compared 
to the Icorr-0 (1.5 × 10−3 μA/m2), indicating the corrosion 
current density at i = 0, within the scope of investigating 
i = 0~200 A/m2, the Icorr reached maximum at i = 200 A/m2, 
which increased by 8 × 104 %. Moreover, there was a sub-
stantial shift of the Icorr from i = 70 A/m2 to i = 100 A/m2 
(Icorr-100< Icorr-70), even the Icorr-50 was about equal to Icorr-100, 
while Icorr-150 was approximately three times greater than 
Icorr-100, confirming that the corrosion-product layer formed 
at i = 100 A/m2 played the most crucial role in enhancing 
the corrosion resistance than the others. Note that the Icorr 
data obtained from the Tafel polarization curves of steel 
consisted of two components: the corrosion reaction on the 
surface of steel and the diffusion process of corrosion prod-
uct between steel and electrolyte. While it was impossible to 
differentiate their contribution to Icorr, these two processes 
will be discussed in the results of electrochemical impedance 
spectroscopy (EIS) measurements.

The anodic- and cathodic-Tafel constants, named as βa 
and βc, respectively, can reflect the polarization degree. Due 
to the anodic polarization, the βa generally increased while 
βc decreased as i-ACD increased, representing that the ratio 
of βa and βc (r = βa/βc) was almost more than 1. However, at 
i = 100A/m2, the βa reached the minimum of 665 and βc was 

1495 in maximum, so as the r = 0.447 < 1, indicating the Icorr 
decreased, which met the analysis of Ecorr.

3.3 � Anodic passivation mechanism

To explore the mysterious phenomenon of Ecorr and Icorr 
decreasing at i = 100 A/m2, the immersion experiment was 
carried out in 3 wt% NaHCO3 solution. The four groups 
of experiments were set up in different immersion time of 
10 min, 20 min, 30 min and 1 h, respectively. The loose cor-
rosion product was clean out using standard derusting fluid, 
and then, the corrosion morphology of dense corrosion-
product layer was analyzed by AFM and SEM.

The changing morphology of dense corrosion-product is 
shown in Fig. 4. After immersing 10 min, there was still 
black and insoluble corrosion product on the treated surface, 
obtained from the AFM as shown in Fig. 4a. The surface 
of X80 steel was partly covered with disordered granular 
corrosion products, and the corrosion products presented 
obvious dispersion. As immersion time reached 20 min, 
the particle size of corrosion product on the surface gradu-
ally increased. In the observed area, a thin film of corrosion 
products was basically formed to cover the whole sample. 
And small corrosion-product particles were agglomerated 
to form larger groups.

As immersion time lasted to 30 min, it could be seen 
from Fig. 4d of the unbroken corrosion products, which 
were divided into two distinct layers: the yellow and loose 
corrosion-product layer and the black and dense corrosion-
product layer. In order to determine the composition of the 
corrosion products of the two layers, the particle morphol-
ogy was observed. The structure in outer layer presented 
the rhombic, identified as α-FeO(OH) and γ-FeO(OH) 
(Zhang et al. 2018; Raman et al. 1989). Meanwhile, the inner 
layer with the characteristic of dense and black illustrated 
a tapered regular hexahedron, which meant its component 
was Fe3O4 (Tanaka et al. 2014).

The growth of inner corrosion products was observed 
by AFM with time. At 30 min (Fig. 4c), Fe3O4 particles 
further clustered together to form larger particles, which 
can be demonstrated by the height contrast in different 
AFM figures. Moreover, the thickness and inhomogeneity 

Table 1   Fitted results of Tafel polarization curves of X80 steel at i = 0~200 A/m2

i-ACD, A/m2 Ecorr, mVSCE Icorr, μA/m2 βa, mV/decade βc, mV/decade r = βa/βc

0 − 787.16 1.51 × 10−3 146.80 107.98 1.36
50 − 70.06 35.30 998.78 721.99 1.38
70 − 2.46 52.57 1299.39 849.55 1.53
100 − 122.31 35.75 665.60 1495.75 0.44
150 30.31 93.37 1486.98 1198.97 1.24
200 207.60 120.50 7679.82 627.30 12.24
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of corrosion-product layer increased. At the same time, 
in the scope of 100 nm based on AFM, the inner layer 
was basically covered with the whole surface. The phe-
nomenon was given elucidate in 10 μm range from SEM 
(Fig. 4e). At this time, corrosion products were scattered 
on the surface of the test piece disorderly, and covered the 
entire surface. Due to the coverage of corrosion products, 
Icorr and Ecorr of X80 steel decreased, obtained by the Tafel 
polarization curves in Fig. 3. For another aspect, due to 
the incomplete coverage, there was no obvious passiva-
tion zone. After 1 h of immersion, the complete layer was 
formed, as shown in Fig. 4f.

(a), (b) and (c) were the AFM figures of inner corrosion-
product layer after 10 min, 20 min and 30 min, respectively; 
(d) was the figure after 30 min, showing the structure of the 
double layer; (e) and (f) were the SEM figure for inner layer 
after 30 min and 1 h.

Based on the above analysis of morphology, the complete 
covered layer of Fe3O4 was come into being on X80 surface 
after 1 h at i = 100 A/m2. Therefore, Fig. 5 expresses the 
potentiodynamic polarization curve, in which obvious pas-
sivation zone can be observed.

When immersion experiment at i = 100 A/m2 lasted to 
1 h, the Ecorr = − 125.9 mV, which was about equal to that in 
30 min (Ecorr-30min = − 122.3 mV), indicating that in the time 
of 0.5–1 h, the process of forming inner layer took place. 
There were four typical points in passivation zone, named 
as E1–E4. Generally, in Ecorr − E1, corrosion behavior met 
with the Tafel’s law, illustrating Fe → Fe2+ + 2e− (Dillmann 
et al. 2002; Eliyan et al. 2012).

Firstly, as polarization potential rose up to E1, the 
passivation occurred, in which (passivation potential) 
Ep = E1 = −  99.2  mV and (passivation current density) 
Imax = 51.7 A/m2.
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Fig. 4   Changes of surface corrosion products of X80 steel with time at i = 100 A/m2
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Secondly, though the change of potential was little 
(∆E = E2 − E1 = 10.5 mV), the I1 = 51.7A/m2 decreased 
to I2 = 26.1 A/m2, suggesting that the characteristic of the 
surface may be changed due to the formation of (FeOH)ad 
(Fe + H2O⇋(FeOH)ad + H++ e−). At this time, the E2 was 
also called activation or Flade potential (EF).

Thirdly, in E2–E3, the E–I curve showed a linear relation-
ship, representing that I2 = 26.1 A/m2 increased to I3 = 84.98 
A/m2, which was different from the passivation theory with 
the smallest anodic current. In this region, the E-I curve 
was divided into three parts by point A (EA = − 45.7 mV, 
IA = 65.7 A/m2) and point B (EB = 27.8 mV, IB = 89.1 A/
m2). In E2 − EA, the anodic current linearly increased as 
potential enlarged, indicating that the adsorbed (FeOH)ad 
was reactivated to generate Fe2+ [(FeOH)ad → FeOH++e−, 
FeOH++H + ⇋ Fe2++H2O). In EA-EB and EB-E3, there were 
two steps, respectively, proving two difference electrochemi-
cal reaction: in 2Fe2++O2 + 2H2O → 2FeO(OH) + 2H+ in 
EA-EB and FeO(OH) + Fe2++2OH−→Fe3O4 + 2H2O in EB-
E3 (Tamaura et al. 1983).

Finally, from E3 to E4, there was only 0.1 mV increase 
with the 440% decrease of anodic current, which may be 
caused by the second polarization due to I3 = 84.98 A/
m2 ≈ i = 100 A/m2. However, because of the high potential 
and conductivity of Fe3O4, the inner layer was easily broken 
down to activate corrosion. Therefore, the (over-passivation 
potential) Etr = E4 = 75.9 mV.

3.4 � EIS measurements

In this paper, the electrochemical impedance spectrum (EIS) 
was used to investigate the passivation process of X80 steel 
in 3 wt% NaHCO3 solution. The Nyquist plots and Bode 
diagrams were derived from the EIS measurements, and they 

were employed to interpret the role on corrosion behavior 
of the steel.

Figure 6 presents the Nyquist plots of the X80 steel 
affected by anodic current density exposed to the 3 wt% 
NaHCO3 solution, and the fitted parameters are shown in 
Table 2.

To our best knowledge, in alkaline or near-neutral solu-
tion, the cathodic and anodic reaction of steel (Wang et al. 
2019) can be described by O2 + 2H2O + 4e−→4OH− and 
Fe → Fe2++2e−, respectively. Therefore, the corrosion-
product layer of Fe2++2OH−→Fe(OH)2 was formed without 
anodic current. Due to the porosity of Fe(OH)2, the diffusion 
of corrosion product from the surface of steel to solution 
occurred, indicating the non-standard Warburg impendence 
in curve at i = 0. Considering the dispersion effect (Qiu et al. 
2017; Hoseinieh et al. 2016), the pure capacitance of C was 
replaced by constant phase angle element of Q; therefore, 
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the equivalent electric circuit (EEC) can be described by 
Rs(Qdl(RctW)): Rs as solution resistance, Qdl as electrical 
double-layer capacitance, Rct as charge transfer resistance 
and W as Warburg impendence.

As anodic current density increased, more and more cor-
rosion products were quickly generated. In these cases, the 
surface condition of the X80 steel affected by i = 50 ~ 200 
A/m2 was controlled by two state parameters, named as 
anodic current density (i-ACD) and coverage rate of cor-
rosion product on surface, respectively, indicating that the 
feature of Nyquist plots or corrosion current density was 
simultaneously demanded by these two state parameters. At 
i = 50 A/m2, the Icorr was larger than that of i = 0, resulted by 
the damage of intact film of Fe(OH)2, indicating formation 
of local corrosion galvanic cells. Therefore, both of above 
two state parameters all made the Icorr larger, and further-
more, the coverage rate was considered as the function of 
i-ACD, which resulted in the appearance of inductance fea-
ture. Therefore, the EEC was chosen as Rs(QdlRct(LR0)) (Cao 
2008): L as inductance and R0 as equivalent resistance of 
inductance.

From the analysis of Sect. 3.3, under the interference 
of anodic current, the corrosion product of X80 steel in 
NaHCO3 solution changed from Fe(OH)2 to FeO(OH) (Pérez 
et al. 2010). The α-FeO(OH) with a porous structure form-
ing a relatively stable block structure affected the activity 
of corrosive medium under the porous film. For another 
aspect, γ-FeO(OH) with a higher cathode reactivity pro-
moted the cathodic reaction process to accelerate the alka-
linization under the porous film, facilitating the formation 
of Fe3O4. Therefore, at i = 70A/m2, a dense layer of Fe3O4 
under FeO(OH) layer was gradually formed. By this time, 
the double-layer structure has been come into being, even 
though the Fe3O4 layer was not sufficient to cover the entire 
steel surface due to the lower anodic current. At i = 100A/
m2, the inner Fe3O4 layer completely covered electrode sur-
face, which can be proved by Fig. 5 with an obvious anode 
passivation area. Meanwhile, it can be found from the 

Nyquist plots of i = 70 A/m2 and i = 100 A/m2 that incom-
plete characteristics of “finite-layer diffusion” appeared in 
the tail of the reactance arc, which were also caused by the 
adsorption of the dense corrosion product Fe3O4 and its con-
ductivity (Stratmann et al. 1987). Therefore, the EECs were 
Rs(Qdl(RctO)) (Zhu et al. 2011): O as finite-layer diffusion 
resistance.

As anodic current continually increased to 150 A/m2, the 
electric field force between the working electrode and the 
auxiliary electrode was strong enough to compel the Fe3O4 
layer damaged, leading to the occurrence of local defect of 
dense inner layer, which will accelerate the corrosion pro-
cess of metallic matrix, making the concentration of ion near 
the steel larger than that in solution; therefore, the Warburg 
resistance was chosen to describe the EEC of Rs(Qdl(RctW)). 
However, at i = 200 A/m2, directional movement velocity of 
corrosion product or Fe2+ from the surface of WE to solution 
was accelerated under the lager electric field force, causing 
little products lying on the surface. Therefore, the Nyquist 
plot showed a complete capacitive arc resistance and the 
EEC was Rs(QdlRct).

Moreover, the fitted data shown in Table 2 extracted 
from the EECs under different conditions of i-ACD 
showed that the charge transfer resistance of Rct was in a 
slight difference at i = 50–200 A/m2. In general, a lower Rct 
illustrated a better resistance for corrosion, for example, 
Rct = 5661 Ω·cm2 at i = 0, which meant a lower reaction rate 
of Fe → Fe2++2e− compared with the others at i = 50 ~ 200 
A/m2. However, under this circumstance, the composition 
of passivation film was Fe3O4, showing a better electri-
cal conductivity than the other Fe compound. As a conse-
quence, a dense and integrated Fe3O4 layer had formed at 
i = 100 A/m2, with a smallest charge transfer resistance of 
Rct = 5.86 Ω·cm2.

The other parameter reflecting the surface state was 
capacitance (Q), which represented mostly the same value. 
Based on the equation of Q = ε0εA/l, the thickness of corro-
sion products at i = 50–200 A/m2 can be regarded as keeping 

Table 2   Fitted parameters of EIS curves at different anodic current densities

i-ACD parameter 0 50 A/m2 70 A/m2 100 A/m2 150 A/m2 200 A/m2

Rs, Ω·cm2 59.01 ± 1.19 7.66 ± 0.12 7.91 ± 0.09 8.66 ± 0.03 9.24 ± 0.07 9.73 ± 0.10
Qdl, 10−3 F/cm2 5.60 ± 0.29 × 10−2 1.73 ± 0.42 1.32 ± 0.24 2.75 ± 0.31 1.70 ± 0.20 1.92 ± 0.28
n 0.79 ± 0.01 0.71 ± 0.04 0.73 ± 0.03 0.69 ± 0.02 0.78 ± 0.02 0.78 ± 0.03
Rct, Ω·cm2 5661 ± 222 16.73 ± 0.54 7.17 ± 0.18 5.86 ± 0.10 8.35 ± 0.16 8.83 ± 0.18
W, Ω·cm2 2.27 ± 0.29 × 10−3 – – – 5.41 ± 1.99 –
L, H·cm2 – 2.22 ± 0.93 – – – –
R0, Ω·cm2 – 45.80 ± 10.23 – – – –
O, F/cm2 – – 4.93 ± 1.24 5.33 ± 0.91 – –
B – – 3.17 ± 0.53 7.29 ± 1.64 – –
Error, 10−4 1.03 9.88 4.25 7.68 5.14 8.67
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unchanged. (Q was the capacitance of the entire electrode 
system, including metal matrix and corrosion product; ε0 
and ε was permittivity of vacuum and product film, respec-
tively; A was the surface area of X80 steel and l was the total 
thickness of the corrosion product layer.)

Therefore, the position of activated ion in product film 
can be acquired by the definition of cathodic- and anodic-
Tafel slop in analysis on polarization curves:

where βa and βc is the anodic- and cathodic-Tafel slope, 
respectively; R is the gas constant; T is temperature; nF is 
the charge of the activated ion; α is the reaction position of 
the activated ions (Fe2+) in the double electric layer/corro-
sion product layer, and when α → 0, the activated ions are 
located on the surface of the metal matrix.

(1)�a =
RT

�nF
, �c =

RT

(1 − �)nF

Combine r = βa/βc:

According to fitting data of the Tafel slope in Table 2, 
αi=100 = 0.70 and αi=200 = 0.08, while α = 0.40 ~ 0.45 at i = 50, 
70 and 150 A/m2. It can be seen from the above analysis that at 
i = 50, 70 and 150 A/m2, the reaction position of activated ions 
remained basically unchanged when the inner membrane was in 
the process of formation or destruction. While at i = 100 A/m2, 
the reaction position was close to the solution, and at i = 200A/
m2, the activated ion was nearly located on the surface of the 
electrode. This was consistent with the analysis of Nyquist plots.

Figure  7 shows the relationship of frequency-phase 
angle and frequency impedance. Under different anodic 
current conditions, the peak of phase angle (φ) occurred 

(2)� =
1

1 + r
=

1

1 + �a∕�c

10-3 10-2 10-1 100 101 102 103 104 105

0

200

400

600

800

1000

1200

log f, Hz

(a) i = 0

(b) i = 50~200 A/m2

Ω ,|Z| gol

0

20

40

60

10-3 10-2 10-1 100 101 102 103 104 105 106 10-3 10-2 10-1 100 101 102 103 104 105 106

0

5

10

15

20

72.8 Hz

19.9°

5.2°

12.5°

log f, Hz log f, Hz

1

2

3

4

5

6

50 70 100 150 200

3

4

5

6
105 Hz

10-2 Hz

72.8 Hz
7.88 Hz

10-2 Hz 105 Hz

Ω ,|Z| gol

Ω ,|Z|

i, A/m2

P
ha

se
 a

ng
le

, d
eg

|Z|
Phase angle

ged ,elgna esah
P

50
70
100
150
200

50
70
100
150
200

Fig. 7   Diagrams of f-φ and logf-|Z| of X80 steel at i = 0–200 A/m2



Petroleum Science	

1 3

at f = 72.8 Hz. Generally speaking, the ideal phase angle 
for a passivation system was − 90°, suggesting a pure non-
conductive capacitor (Oliveira and Ferreira 2003). However, 
because the corrosion products of X80 steel had good elec-
trical conductivity, the phase angle was far smaller than -90°, 
which can be identified as the characteristic of “resistance.”

The change of maximal phase angle was consistent with 
variation in charge transfer resistance extracted from Nyquist 
plots. At i = 50 A/m2, φ = 19.9°, and as i-ACD increased, the 
phase angle firstly decreased and then increased, indicating 
the minimum of φ = 5.2° at i = 100 A/m2. This was due to a 
better electric conductivity of Fe3O4, so as to closer to the 
resistance characteristics with a smallest phase angle.

As can be seen from the logf-log|Z| diagrams of the 
electrode system, it can be divided into three stages: 
f = 10−2~7.88 Hz, f = 7.88 ~ 72.8 Hz and f = 72.8 ~ 105 Hz. 
The whole test system was presented as RC circuit with only 
one time constant, which was the same as the result of analy-
sis on EECs. It can be seen that the mass transfer impedance 
at low frequency remained basically unchanged, while the 
charge transfer impedance at high frequency decreased with 
the increase of i-ACD. At the same time, there was only a 
small range representing the capacitor of corrosion prod-
uct layer of f = 7.88 ~ 72.8 Hz, and the maximal phase angle 
appeared at f = 72.8 Hz, not moving to low frequency region 
with the change of i-ACD.

Therefore, the anodic current mainly affected the charge 
transfer process, while the entire electrode system was 
mainly characterized by resistance. Both the mass- and the 
charge-transfer resistance reached the maximum at i = 100 
A/m2, reflecting the formation of dense corrosion product 
layer of Fe3O4.

4 � Conclusion

This paper focuses on the product and formation process 
of passivation film. The anodic passivation of X80 steel in 
3 wt% NaHCO3 solution occurred at i = 100 A/m2 with two 
following conclusions:

(1)	 A dense and complete passivation film formed after 
1 h at i = 100 A/m2, in which there was a double-layer 
structure with FeO(OH) in outer and Fe3O4 in inner.

(2)	 The formation mechanism of Fe3O4 can be divided into 
two steps, which can be demonstrated by 2Fe2++O2 +  
2H2O → 2FeO(OH) + 2H+ in − 45.7 ~ 27.8 mV and FeO
(OH) + Fe2++2OH−→Fe3O4 + 2H2O in 27.8 ~ 75.8 mV.
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