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Abstract: The corrosion behavior of 907 steel under thin electrolyte layer (TEL) has been investigated by means of cathodic 
polarization curve measurement, electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM). The 
results show that the cathodic diffusion current density presents the variation trend of initial increase and subsequent decrease with 
the decrease of TEL thickness, and the maximum deposits at 58 μm. The cotangent-hyperbolic impedance (O) is rationally first 
introduced to study the diffusion process of the reactants through the corrosion products layer with many permeable holes. The initial 
corrosion rate of 907 steel under different TEL thickness increases with the decrease of TEL thickness except that of 104 μm, 
whereas the corrosion rate after long time corrosion can be ranked as 104 μm﹥402 μm﹥198 μm﹥301 μm﹥bulk solution. 
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1 Introduction 
 

Atmospheric corrosion (AC) occurs on the metal 
surface under thin electrolyte layers (TEL) or even 
adsorbed films [1−4], which has been widely accepted as 
an electrochemical process in nature, and has been 
investigated by field exposed tests [5−6], simulated 
corrosion tests in lab [1−2], electrochemical tests [3−4] 
and so on. In the early studies on AC processes [7−8], 
electrochemical method was applied. However, the 
application of the electrochemical measurement is 
limited mostly because of the errors caused by the ohmic 
drop between the reference and working electrodes and 
the uneven current distribution on the working electrode. 
To solve these problems, Kelvin probe was adopted in 
the studies of AC processes by STRATMANN et al 
[9−11]. But the Volta potential measured by the Kelvin 
probe was not entirely identical to the corrosion potential 
under all conditions and the oscillations required by the 
Kelvin probe measurement can cause significant 
convective effect in the thin electrolyte layers on the 
substrate, accelerating the transport of O2 across the thin 
electrolyte film [12]. Thus, the conventional 
electrochemical methods have regained their interest to 

probe into the AC processes. 
The thickness of the TEL plays an important role in 

the AC process. A change of the TEL thickness affects 
numbers of corrosion steps, such as the mass transport of 
the dissolved oxygen and the accumulation of the 
corrosion products. The former controls the cathodic 
reaction rate of AC process in a neutral or an alkaline 
solution, while the later affects the rate of the anodic 
process [13]. As reported by FRANKEL et al [14], TEL 
thickness is closely related to the limiting current density 
associated with oxygen reduction for 304L stainless steel. 
In our previous work [15−17], the oxygen reduction 
current is inversely proportional to the layer thickness for 
copper and aluminum alloys 2024-T3 (in the range of 
200−100 μm), while the cathodic reduction is inhibited 
by the decrease of TEL thickness for AM60 magnesium 
alloys. In other studies [18−20], the researchers also 
mentioned the importance of TEL thickness for AC 
corrosion of many metals or alloys. 

It is acknowledged that steel is widely applied as  
the fundamental material of architectures, vehicles, 
machineries and so on. Unfortunately, as a great variety 
of structures and metallic equipments are exposed to the 
atmosphere, the steel corrosion is very serious which 
accounts for half of the total corrosion loss. Therefore,  

                       
Foundation item: Projects(21073162, 21273199) supported by the National Natural Science Foundation of China; Project(GCTKF2012013) supported by 

the Science and Technology Bureau of Jiaxing Municipality and the State Key Laboratory Breeding Base of Green Chemistry-Synthesis 
Technology, China 

Received date: 2013−12−09; Accepted date: 2014−03−15 
Corresponding author: ZHANG Zhao, Professor, PhD; Tel: +86−571−85615190; E-mail: eaglezzy@zjuem.zju.edu.cn 



J. Cent. South Univ. (2015) 22: 806−814 

 

807

 

the study of the steel corrosion in atmosphere has been 
popular for decades. Much field exposed tests have been 
performed to investigate the AC corrosion of different 
steels in different exposure environments. Among these 
studies, chloride ion and SO2 are investigated as the main 
influencing factors because chloride ion is an important 
natural contaminant to enhance metal corrosion, while 
SO2 is an extremely industrial corrosive gas due to its 
high solubility in water and acidization effect [21]. 
SINGH et al [22] found that the presence of SO2 and 
salinity in the environment changed the structure and 
protective properties of the rusts formed on the steel 
surface. According to MA et al [23], chloride ion 
influences the corrosion rate, the morphology and the 
composition of the rust layer as well. AC corrosion of 
carbon steel in different marine sites tested by 
CASTAÑO et al [24] and SYED [25] indicated that the 
major constituents of the rusts were lepidocrocite and 
goethite when chloride ion and SO2 were taken into 
account as the contaminants. A new study by WANG et 
al [26] showed that the influence of environment 
conditions is greater compared to the steel composition. 

To acquire the details of the steel corrosion behavior 
within a short time, the simulated corrosion test in lab is 
widely applied [27−32]. Compared with the real marine 
atmospheric environment, electrolyte comprising 
chloride or/and sulphate ions in these researches is too 
simple. Consequently, these tests cannot simulate the real 
AC corrosion of steels accurately. In the present work, 
artificial seawater, which is more representative of the 
marine environment, is applied to solve this problem. 

The 907 steel is a kind of typical marine materials, 
which is widely used as the components of many 
watercrafts, and suffers from severe AC corrosion during 
its long-term exposure in marine atmosphere. However, 
according to our knowledge, there is less literature 
reporting the AC corrosion behavior of 907 steel. The 
goal of this work is to gain some insight into the AC 
corrosion behavior of 907 steel using cathodic 
polarization curves, EIS and SEM techniques. 
 
2 Experimental 
 
2.1 Materials 

The artificial seawater was prepared from analytical 
grade reagent and double-distilled water. The basic 
composition of this electrolyte is given in Table 1. And 
the pH is found to be about 7.0. 

 
Table 1 Chemical compositions of artificial seawater used 

(mg/L) 

Cl− Br− 2
3CO  2

4SO  Na+ K+ Mg2+ Ca2+

20237.2 72.9 1066.3 3237.2 11131.5 423 1366.6 650.4

The 907 steel embedded in nylon holder with an 
exposing area of 0.126 cm2 was used as the working 
electrode. A circle type Pt wire (0.3 mm in diameter) and 
a saturated calomel electrode (SCE) served as the 
counter electrode and the reference electrode, 
respectively. Prior to each experiment, the working 
surface was polished with different grits of emery paper 
and alumina powder, then thoroughly rinsed with 
double-distilled water, degreased with acetone, and dried 
in cool flowing air. 
 

2.2 TEL set-up 
The experimental arrangement used in this work is 

the same as reported in our previous study [15], except 
that the SCE is not inserted in the bulk solution directly 
but through a salt bridge (KCl) to reduce the permeation 
of KCl from SCE to the bulk solution. 
 
2.3 Electrochemical measurements 

Electrochemical measurements including cathodic 
polarization curves and electrochemical impedance 
spectroscopy (EIS) were conducted using an 
electrochemical measurement unit (PARSTAT 2273, 
Advanced Electrochemical System), and all the 
potentials not otherwise specified in this work were 
referred to SCE. As described in Refs. [15, 21, 29], 
anodic polarization curves under TEL were greatly 
influenced by the uneven distribution of the current 
density which was concentrated on the brim of the 
electrodes. Nevertheless, in the case of cathodic 
polarization, the cathodic current was mainly caused by 
the reduction of oxygen and/or corrosion products, and 
the current density distributed more uniformly on the 
whole electrode surface [33]. Therefore, only cathodic 
polarization was carried out in this work. The cathodic 
polarization curves were performed from the open circuit 
potential (OCP) to −1.4 V with a sweep rate of 0.5 mV/s 
after immersion for 30 min. EIS tests were conducted 
over the frequency range from 100 kHz to 10 mHz at the 
OCP with a sinusoidal potential perturbation of 5 mV. 
ZSimpWin software was used to analyze the EIS data. 
For better reproducibility, the electrochemical 
measurements were repeated at least two times. And all 
electrochemical measurements were carried out at 15 ºC. 
 
2.4 SEM 

After corrosion, the working electrode surface was 
rinsed with double-distilled water, dried in cool flowing 
air, and then characterized using scanning electron 
microscope (SEM, Hitachi SU70). Before SEM 
observation, the surface of specimen was sputtered with 
gold powder. 
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3 Results and discussion 
 
3.1 Cathodic polarization curves 

Figure 1 presents the cathodic polarization plots of 
907 steel under different TEL thickness. It is apparent 
that these curves can be divided into three segments: 
Region I in the vicinity of the OCP represents the weak 
polarization, Region II characterizes the diffusion- 
controlled process where both oxygen and corrosion 
products can be reduced at more negative potentials [21, 
33], and Region III mainly corresponds to the hydrogen 
evolution reaction. 
 

 
Fig. 1 Cathodic polarization curves of 907 steel under TEL 

with different thickness 

 
In Region II, there exists a current platform for the 

TEL thickness of 46, 58 and 101 μm, which indicates 
that the cathodic reactions for the TEL thickness are 
completely diffusion-controlled. While the current 
density increases with potential for other TEL thickness, 
which indicates that the cathodic reactions for these TEL 
thickness are mainly diffusion-controlled, and potential 
dependent somewhat. The influencing extent of the 
potential on the current density increases from 201 μm, 
through 302, 404, 1002 and finally to 4000 μm (Fig. 1). 
When comparing the current densities under different 
TEL thickness in Region II, it can be seen that the 
current density under different TEL thickness is larger 
than that in bulk solution (>1000 μm). 

The current densities taken at the midpoint potential 
of each straight line in Region II (Fig. 1) are adopted to 
present the relationship of the thickness and current 
density (Fig. 2) intuitively. From Fig. 2, it can be clearly 
seen that the current density shows the variation trend of 
initial increase and subsequent decrease with the increase 
of TEL thickness, and the maximum value deposits at  
58 μm. 

The overall current measured in Fig. 1 mainly 
originates from the cathodic current of the electrode 
because in the cathodic polarization process, the anodic 
reactions (including the metal dissolution and the  

 

 
Fig. 2 Cathodic polarization current densities taken at midpoint 

potential of each straight lines in Region II 

 
diffusion of metal ions) are inhibited, and therefore the 
anodic current can be negligible. When the cathodic 
diffusion process is mainly considered, the cathodic 
current for the corroded electrode can be expressed by 
the following equation [15−16, 34]:  
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where Jc is the cathodic current density, Jcorr is the 
corrosion current density at OCP, ΔE is the overpotential, 
βc is the cathodic Tafel slope, and Jlim is the diffusion 
limiting current density. It can be seen that Jc is 
determined by Jlim if other parameters are constant, and 
the greater the value of Jlim, the larger the value of Jc. 

The theoretical Jlim for the one-dimensional 
diffusion can be calculated according to the Nernst-Fick 
equation [15−16, 34]: 

 
  /O2Olim 2

nFDJ                            (2) 
 
where 

2OD  and [O2] are the diffusion coefficient and 
the concentration of the dissolved oxygen in the 
electrolyte, respectively, n is the number of the electrons 
involved in the oxygen reduction reaction, F is the 
Faraday constant, and δ is the thickness of the diffusion 
layer. As reported in Ref. [35], δ is in the range of 
10−4−10−5 m. According to Eq. (2), Jlim is determined by 
δ, and the smaller the δ, the greater the Jlim. 

For thick electrolyte layer (from 1002 to 4000 μm), 
it consists of two parts: a diffusion layer (inner layer) and 
a convection layer. In this case, the change of the TEL 
thickness affects mainly the convection layer and δ can 
be regarded as a constant. Therefore, according to Eq. (2) 
and when considering that both 

2OD in diffusion layer 
and [O2] in convection layer are constant, Jlim can also be 
regarded as a constant, which makes TEL thickness have 
negligible influence on the cathodic limiting current 
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density (Fig. 2). 
In the thickness range of 58−1002 μm, especially 

from 58 to 404 μm, Jlim increases rapidly with the 
decrease of the TEL thickness, implying that the TEL 
thickness is in the range of diffusion layer and the 
cathodic reactions are mainly diffusion-controlled. The 
thinning of the electrolyte layer means the decrease of δ 
and thus the increase of the diffusion limiting current 
density. With further thinning of the layer thickness and 
when the thickness is less than 58 μm, the current density 
decreases sharply. Two reasons might be responsible for 
this phenomenon. As a consequence of the O2 reduction, 
high alkaline conditions will prevail in the thin 
electrolyte and therefore allow the surface to be 
passivated easily. In addition, the metal ions generated 
by the dissolution will precipitate immediately at the 

interface metal/electrolyte because the limit of its 
solubility is reached. As the consequence of the 
precipitation, large parts of the surface are blocked and 
the anodic metal dissolution is retarded [10]. 

As previously reported in Refs. [21, 33], in the 
oxygen diffusion controlling range, both oxygen and 
corrosion products can be reduced. Obviously in Fig. 1, 
there is a current peak in the vicinity of −1.05 V when 
the electrolyte layer is thick. This may be ascribed to the 
reduction of O2 and the corrosion products formed 
during the stabilization of the OCP. 
 
3.2 EIS measurements 

The Nyquist diagrams and Bode plots for 907 steel 
under different TEL thickness during different 
immersion time are shown in Figs. 3 and 4, respectively.  

 

 

Fig. 3 Nyquist diagrams of 907 steel 
under different thickness during 432 h 
of immersion: (a) 104 μm; (b) 198 μm; 
(c) 301 μm; (d) 402 μm; (e) Bulk 
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The time-constant numbers of EIS plots have been 
determined through both the features of the EIS diagrams 
(such as the number of the phase angle peak in Bode plot, 
the number of the slopes in Bode plot and the number of 
the capacitance in Nyquist plot), and the method 
developed by CAMPESTRINI et al [36] simultaneously. 
The analyzed results show that, each of the EIS plots 
contains two time constants corresponding to two 
capacitive arcs at high and intermediate frequencies, 
respectively. Due to the overlap of the two capacitive 
arcs, the two time constants are not identified easily. 

Two different electrochemical equivalent circuit 
(EEC) models are proposed, as shown in Fig. 5, in which 
Rs is the solution resistance, Rf is the film resistance and 

CPE1 is the film capacitance, Rct and CPE2 represent the 
charge transfer resistance and double-layer capacitance, 
respectively, and “O” is the cotangent-hyperbolic 
diffusion impedance introduced to study the diffusion 
process of the reactants through permeable defects (e.g. 
pores) [37]. In the Nyquist diagrams, part of the 
capacitive loop appears in the high-frequency with the 
proceeding of the corrosion, which may be caused by the 
relaxation process of the solution resistance and 
capacitance in the etch pit [38]. 

Figures 6 and 7 show typical Nyquist diagrams and 
Bode plots for two given TEL thicknesses of 104 μm and   
301 μm, respectively. It can be seen that the experimental 
data and the fitted data match well, inferring that the  

Fig. 4 Bode plots of 907 steel under 
different thickness during 432 h of 
immersion: (a) 104 μm; (b) 198 μm; 
(c) 301 μm; (d) 402 μm; (e) Bulk 
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Fig. 5 EEC models proposed for fitting EIS data of 907 steel under different TEL thickness: (a) 104 μm (after 60 h); (b) Other cases 

 

 
Fig. 6 Nyquist diagrams of 907 steel under two given TEL thickness at immersion time of 144 h: (a) 104 μm; (b) 301μm 

 

 
Fig. 7 Bode plots of 907 steel under two given TEL thickness at immersion time of 144 h: (a) 104 μm; (b) 301μm 

 
applied equivalent circuits are reliable. Then, there exists 
a problem: why the cotangent- hyperbolic diffusion 
impedance (O) in Fig. 5(a) (for 104 μm) should be 
introduced? In order to elucidate this question, the 
surface morphologies of some typical corroding 
electrodes after long time corrosion (432 h) are analyzed 
using SEM technique (Fig. 8). It can be seen that, in the 
case of 104 μm, the corrosion product layer possesses 
numerous holes of different sizes and shapes (Fig. 8(a)) 
and may act as the porous coatings [37]. The holes 
provide plentiful tunnels for corrosive species such as 
chloride ions to penetrate into the substrate, which results 
in the presence of the cotangent-hyperbolic diffusion 
element (O) in Fig. 5(a). 

Generally, the reciprocal of the polarization 
resistance (Rp) is used to evaluate the corrosion rate [13, 
30, 39]. However, erroneous corrosion rate will be 

resulted when more than one state variable affects EIS 
apart from potential, and thus, Rct is taken to calculate the 
corrosion rate because of its close correlation with the 
corrosion rate [40]. Owing to the overlap of the two time 
constants at high and low frequency and the mathematics 
process executed in fitting process, the fitted results of Rf 
and Rct are not well distinguished. Furthermore, surface 
film protects steel substrate to some extent. Therefore, 
the sum of Rf and Rct is applied to characterize corrosion 
resistance, and the larger the sum value, the less the 
corrosion rate. The reciprocal of the sum of Rf and Rct as 
a function of the immersion time is shown in Fig. 9. It 
can be seen that the corrosion rate of 907 steel under 
different TEL thickness is always higher than that in the 
bulk solution, which agrees well with the results obtained 
from polarization tests. 

In the first 2 h of immersion (Fig. 10), all corrosion 
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Fig. 8 SEM micrographs of outer rust layer (a−c) and inner rust layer (a′−c′) after 432 h immersion: (a, a′) 104 μm; (b, b′) 301 μm;  

(c, c′) Bulk solution 

 

 
Fig. 9 Variation of corrosion rates for 907 steel with immersion 

time (0−480 h) under different electrolyte layer thickness 

 
Fig. 10 Variation of corrosion rates for 907 steel with 

immersion time (0−48 h) under different electrolyte layer 

thickness 
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rates decrease, which may be originated from the 
formation of corrosion products such as iron hydroxyl 
compounds. By comparing the corrosion rates at the 
same immersion time under different TEL thickness in 
the first 5 h, the corrosion rate increases with the 
decrease of TEL thickness except the abnormality of 104 
μm, which is different from the polarization results, 
probably due to the large cathodic overpotential forced 
on the electrode by the latter technique. On the other 
hand, the above difference between EIS and polarization 
results may also be attributed to the facts that the 
cathodic reactions for the TEL thickness of 104 μm are 
completely diffusion-controlled (Fig. 1), while those for 
other TEL thickness are somewhat potential-dependent 
as elucidated above. 

After long immersion time (>216 h), the corrosion 
rate can be ranked as 104 μm > 402 μm>198 μm >     
301 μm > bulk solution, which differs from the corrosion 
regulation in the initial short time (Fig. 9). This 
phenomenon may be resulted from many factors, such as 
the change of the O2 transfer rate, the different structures 
of the corrosion product layers (including the outer and 
the inner rust layer) formed on the electrode surface after 
long time immersion, the accumulation and peeling off 
of the corrosion product layer. 

 
4 Conclusions 
 

1) The cathodic diffusion current density of 907 
steel under different TEL thickness increases with the 
decrease of TEL thickness until 58 μm due to the easier 
transfer of oxygen through the electrolyte layer. With 
further reduction of TEL thickness from 58 μm to 38 μm, 
the diffusion current density decreases probably due to 
the passivation of the substrate surface caused by O2 

reduction. 
2) The cotangent-hyperbolic impedance (O) is 

rationally first introduced to fit the EIS data of 104 μm 
because of the existence of corrosion product layer with 
many permeable holes. The initial corrosion rate of 907 
steel under different TEL thickness increases with the 
decrease of TEL thickness except that of 104 μm. After 
long time corrosion, the order of the corrosion rate 
changes as 104 μm > 402 μm > 198 μm > 301 μm > bulk 
solution. 
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