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Abstract: Al−Zn−Si−RE coating with high Al content was deposited on mild steel by arc spraying. The electrochemical behavior of 
Al−Zn−Si−RE coating in 3.5 % NaCl solution was systematically studied by potentiodynamic polarization, corrosion potential (φcorr) 
and electrochemical impedance spectroscopy techniques (EIS). The impedance data were fitted to appropriate equivalent circuits to 
explain the different electrochemical processes occurring at the electrode-electrolyte interface. The results indicate that 
Al−Zn−Si−RE coating reveals the similar polarization behavior as Zn−15Al coating. The coating has no passive region in the anodic 
polarization, but far lower corrosion current and much higher corrosion potential. Al−Zn−Si−RE coating provides effective sacrificial 
protection for steel substrate and the sacrificial anodic protection plays dominant role during the immersion process. In addition, the 
φcorr evolution and EIS plots indicate that the corrosion process can be divided into five stages: pitting−dissolution−redeposition, 
activation corrosion, cathodic protection, physical barriers and the coating failure. 
Key words: Al−Zn−Si−RE coating; corrosion potential; corrosion behavior; polarization plots; electrochemical impedance 
spectroscopy 
                                                                                                             
 
 
1 Introduction 
 

Zn−Al sacrificial coatings by flame and wire-arc 
spray have been widely used for the long-term corrosion 
protection of steel by combining the great galvanic 
protection of Zn with the satisfactory erosion resistance 
of Al [1−4]. In these coatings, the presence of micro 
porosity and/or oxide content is no longer be a problem, 
since the coating acts as sacrificial anode with respect to 
the substrate and protects the latter at its own expense by 
itself corroding or dissolving preferentially. ORLANDO 
et al [2,5] found that the thermally sprayed Zn−Al 
coating exhibited excellent corrosion resistance, even 
without the use of sealant, providing excellent galvanic 
protection to the substrate. Therefore, there has been 
recently growing interest in exploring the corrosion 
behavior of Zn−Al coating, which offers valuable 
insights into the improvement of corrosion resistance. 

Several studies showed that the addition of micro 

alloying elements such as Si, Mg, Mn and rare earth 
(RE) elements into Zn−Al alloy can produce substantial 
improvements in corrosion resistance and abrasion 
resistance [6−9]. RE elements, primarily La and Ce, can 
also improve the wettability and fluidity of molten melts, 
purify melts and refine the cast microstructure of metals 
which will not appreciably affect their resistance to 
corrosion [9−11]. In addition, precious researchers 
[12−15] found that the corrosion resistance of Zn−Al 
alloy coating could be dramatically improved by 
increasing the Al content. Therefore, the research on 
multicomponent Zn−Al-based alloy wires with high Al 
content has evoked great interest during the last few 
years. FENG et al [16] developed series of 
Al−Zn−Si−RE alloy solid wires. However, there was no 
systematic studies on the corrosion behavior and 
mechanism of Al−Zn−Si−RE coating. 

The corrosion behavior of thermally sprayed Zn and 
Zn-based coatings has been studied and reported [12,17], 
however, little research has been conducted on the  
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corrosion mechanism of the Al−Zn-based coatings with 
high Al content up to 50%. Electrochemical evaluation 
techniques, such as potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS), have 
been shown in corrosion research to be efficient and 
convincing tools for analyzing the corrosion behavior of 
metals [18,19]. In this study, potentiodynamic 
polarization, open circuit potential (OCP) and 
electrochemical impedance spectroscopy (EIS) 
techniques were carried out to study the corrosion 
behavior of the Al−Zn−Si−RE coating with high Al 
content systematically in quiescent 3.5% NaCl solution. 
 
2 Experimental 
 
2.1 Coating material 

Zn−15Al and Al−Zn−Si−RE alloy wires (2 mm in 
diameter), were used as wire materials, and their 
compositions are listed in Table 1. Cold-rolled Q235 
steel plate with dimensions of 5 cm × 7 cm × 0.3 cm was 
used as substrate. The substrates were degreased 
ultrasonically in acetone and grit blasted with corundum 
at the pressure of about 550 Pa just prior to spraying, to 
remove any contamination from the surface and generate 
roughened surface that promotes coating adhesion. 
Compressed air was used to remove any residue from the 
grit blasting. The coatings were deposited with HAS-02 
high velocity arc spraying gun and system CDM AS3000 
at normal temperature. Spray conditions are summarized 
as follows: spraying voltage of 30−32 V, spraying 
current of 120−140 A, air pressure of 0.65 MPa and 
spraying distance of 60−120 mm. The samples were cut 
into small sections (2 cm × 2 cm) in order to allow 
corrosion tests whose cut edges were sealed by epoxy. 
 
Table 1 Elements content of alloy wires (mass fraction, %) 

Alloy Al Si RE Zn 

Al−Zn−Si−RE 50−55 0.2−3 0.02−2 Bal. 

Zn−15Al 10−15 − − 85−90
At least two rare-earth elements selected from the group consisting of La, 
Ce, Pr and Nd 
 
2.2 Corrosion tests 

In order to have better understanding of the 
corrosion behavior of the coatings, the corrosion 
potential (φcorr) evolution curves, potentiodynamic 
polarization curves and electrochemical impedance 
spectroscopy (EIS) were carried out using CHI660d 
electrochemical working station. All tests were 
conducted in naturally aerated 3.5% NaCl (mass fraction) 
solution at room temperature. These experiments were 
carried out several times and were reproducible. 
Traditional three-electrode cell was used, with 4 cm2 
platinum sheet as counter electrode, saturated calomel 

electrode (SCE) immersed in saturated KCl solution as 
the reference electrode and test specimen with exposed 
area of 1.0 cm2 as the working electrode. The coating 
thickness was around 60 µm. 

All potentials in this study were reported with 
respect to saturated calomel reference electrode (SCE). 
Potentiodynamic polarization studies were carried out in 
the potential range from −0.30 V to 0.60 V versus 
corrosion potential at sweep rate of 2 mV/s. All 
potentiodynamic polarization experiments were 
conducted after stabilization of free corrosion potentials. 
The EIS measurements were measured at φcorr over a 
frequency range from 10 mHz to 100 kHz. The EIS data 
were analyzed and fitted to appropriate equivalent 
circuits using the ZSimpWin software. The quality of 
fitting to equivalent circuit was judged firstly by the 
Chi-square value (χ2, i.e., the sum of the square of the 
differences between theoretical and experimental points) 
and secondly by limiting the relative error in the value of 
each element in the equivalent circuit to 5% [20,21]. The 
equivalent circuits were chosen based on the number of 
time constants and the quality of fits [22,23]. 
 
3 Results 
 
3.1 Potentiodynamic polarization 

Figure 1 shows the potentiodynamic polarization 
curves of Al−Zn−Si−RE coating, Zn−15Al coating and 
bare steel in 3.5% NaCl solution during initial stage of 
immersion. The electrochemical parameters such as 
corrosion potential (φcorr), corrosion current density (Jcorr), 
polarization resistance (Rp), anodic Tafel slope (βa) and 
cathodic Tafel (βc) are listed in Table 2. 

According to Fig. 1, the Al−Zn−Si−RE coating and 
Zn−15Al coating show φcorr values of −0.965 V and 
−1.112 V, respectively. These values are approximately 
300 mV more negative than that of steel substrate 
(−0.643 V), which indicates that both the coatings can 

 

 
Fig. 1 Potentiodynamic polarization curves of Al−Zn−Si−RE 
coating, Zn−15Al coating and bare steel in 3.5% NaCl solution 
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Table 2 Electrochemical parameters obtained from polarization curves during initial stage of immersion 

System φcorr(vs SCE)/V Rp/(Ω·cm2) Jcorr/(μA·cm−2) βc/(mV·dec−1) βα/(mV·dec−1) 

Steel substrate −0.643 1446.5 28.14 102.5 1080 

Al−Zn−Si−RE coating −0.965 1218.5 36.54 287.8 159.3 

Zn−15Al coating −1.112 464.4 40.41 168.9 58.0 

 
provide sufficient driving force for cathodic protection to 
substrate [24,25]. In addition, polarization curve of 
Al−Zn−Si−RE coating appears obvious activation 
platform above the φcorr, at which the current density 
increases sharply, indicating the initiation of pitting 
corrosion [26]. Therefore, Al−Zn−Si−RE coating shows 
good surface activation as the sacrificial anode materials 
[8,27]. As can be seen from Table 2, Al−Zn−Si−RE 
coatings exhibit cathodic Tafel slopes significantly 
higher than anodic Tafel slopes, which indicates that the 
electrochemical corrosion behaviors of the coating are 
dominated by the cathode reaction [28]. It is not 
beneficial to forming stable anode passivation layers on 
the surface, so the Al−Zn−Si−RE coating exhibits active 
dissolution characteristics [29]. It is well known that the 
corrosion current is an important parameter commonly 
used to assess the kinetics of corrosion reactions, and it is 
almost directly proportional to the corrosion rate [30,31]. 
Al−Zn−Si−RE coating shows very similar polarization 
behavior as that of Zn−15Al coating, and has no passive 
region in the anodic polarization region. A less negative 
value of φcorr and lower value of Jcorr for Al−Zn−Si−RE 
coating clearly confirm the better corrosion resistance 
than Zn−15Al coating. These findings agree well with 
the other published results [9,32] that the increase of Al 
content and the addition of Si can improve the corrosion 
resistance of the Zn−Al coating in NaCl solution. 
 
3.2 Measurements of φcorr 

Corrosion potential is referred to as mixed potential 
that reflects combined outcome of all electrochemical 
reactions occurring at the electrode-solution interface 
[33,34]. The variation of the corrosion potential with the 
immersion time can be employed to study the 
electrochemical corrosion processes, qualitatively 
evaluate the corrosion protection performance of 
coatings and judge coating failure. The φcorr evolution 
with time allows to follow the electrochemical activity of 
the Zn and Zn−Al coatings, and the electrochemical 
processes proceeding in such systems are usually 
assumed to be the oxidation of zinc or aluminum 
particles (Zn→Zn2++2e or Al→Al3++3e) and the 
reduction of dissolved oxygen (O2+2H2O+4e→4OH−) 
in electrolyte [35,36]. It was reported that the evolution 
of φcorr was closely related to the variation of the ratio of 
electroactive areas (Zn−Al alloy/steel) [35,37]. 

It is believed that the cathodic protection (CP) 
duration by Zn or Zn−Al coatings to substrate steel can 
be defined as the duration period when the φcorr value of 
the coating/substrate system remains lower than −0.85 V 
[35,36,38]. Figure 2 shows the variation of corrosion 
potential with respect to testing time for Al−Zn−Si−RE 
coating in 3.5% NaCl solution, indicating that the 
corrosion process goes through five stages as follows. 
 

 

Fig. 2 Evolution of corrosion potential φcorr with immersion 
time for Al−Zn−Si−RE coating 
 

Period I: At the beginning of immersion, the φcorr 
shifts quickly toward noble potential values. 

Periods II and III: A long-term relative stabilization 
is observed, indicating that sacrificial anodic action plays 
the dominant position during the whole immersion 
process with long CP durations. The potential continues 
to shift positively at much slower rate with immersion 
time. This phenomenon is similar to that reported in Refs. 
[35−38]. 

In the former three stages, the active region 
decreases and the protection provided by the corrosion 
products layer is enhanced progressively with increasing 
immersion time. As a result, the dynamic equilibrium 
between the dissolution of metal particles and the 
formation of corrosion products is established and then 
the potential remains relatively constant. According to 
Refs. [35,37], the positive shift in the values of φcorr is 
generally ascribed to the reduction of the electroactive 
surface area of Al−Zn particles, which also means a 
decrease in the intensity of cathodic protection. 
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Period IV: After 175 d immersion, φcorr suddenly 
increases, and it continually rises to maximum value of 
−0.20 V after 185 d immersion. This phenomenon is 
generally associated with the coverage isolation of 
internal active Al−Zn−Si−RE particles by the zinc 
aluminum corrosion products in coating [35,37]. At this 
stage, the barrier properties caused by compact corrosion 
product layer hold the dominant position, but they have 
very short duration. Later the potential value quickly 
shifts negatively. 

Period V: At the end of immersion, corrosion 
potential tends to become constant and approaches −0.64 
V, which is the corrosion potential of the un-coated mild 
carbon steel in 3.5% NaCl solution. The corrosion scale 
is destroyed, the corrosion media comes into direct 
contact with substrate and the substrate is corroded [38]. 
 
3.3 EIS characteristics 

The Nyquist and Bode plots corresponding to the 
Al−Zn−Si−RE coating at different immersion time 
exposed in 3.5% NaCl solution are shown in Fig. 3. The 
measured EIS spectra are generally the average 
impedance of coating-substrate system. According to Fig. 
3, the Nyquist diagrams exhibit multi-time constants 
during periods of immersion, and even new time constant 
corresponding to diffusive resistance occurs in the latter 
stage. It is clearly observed that the shape of Nyquist 
plots changes greatly in the low frequency ranges. The 
reason is that the low-frequency region in EIS plots 
usually conveys important information on the 
electrode-controlled process in conjunction with the 
contribution from localized defects to the overall 
impedance [33,34,39−41]. The electrochemical corrosion 
processes of Al−Zn−Si−RE coating with time can be 
clearly divided into six stages based on the shape of the 
impedance curve. 

During the initial stage of immersion, Nyquist plots 
were characterized by three time constants, namely, 
small capacitive loop at high frequencies, big capacitive 
loop at medium frequencies and inductive loop at low 
frequencies (see Fig. 3(a)). The high-frequency behavior 
can be ascribed to electrolyte penetration including water 
uptake and salt intrusion [34]. The medium-frequency 
semicircle is typical associated with the charge 
transfer of the corrosion process and the double layer 
behavior at the coating-electrolyte interface [42,43]. The 
presence of low-frequency inductive loop may be 
attributed to the relaxation processes obtained by 
adsorbed species (such as chloride and the intermediate 
products formed during the pitting process) [26,44−46]. 
The moderate pitting is favorable factor for the activation 
alloys [26]. Polarization resistance drops dramatically as 
soon as pit nucleation occurs on the electrode surface, 
and accordingly the low frequency inductive behavior 

appears [47]. 
The diameter of the capacitive loops in the Nyquist 

plane represents the polarization resistance of the test 
specimens, and the larger capacitive loop means the 
lower corrosion rate [48,49]. As seen in Figs. 3(a) and 
(b), the magnitude of the capacitive loop represented by 
the semicircle diameter increased with time indicating 
substantial decrease in the corrosion rate. This behavior 
is attributed to the deposition of corrosion products in the 
defects, which deters the adsorption of chloride and the 
redeposition of Zn2+ and Al3+ ions onto the coating 
surface [27]. 

As shown in Figs. 3(c) and (d), the Nyquist plots of 
EIS data during the second stage are very similar in 
shape. The Nyquist plots present two capacitive loops, 
and the inductance behavior has disappeared. The small 
high-frequency capacitive loop is correlated with the 
contact resistance between the alloy particles in the 
coating, and the large capacitive loop in low frequency 
region is attributed to the electrochemical behavior of the 
activation area on the electrode surface. Regarding the 
immersion time, it seems that the diameter of the 
semicircles later is smaller than the former, indicating the 
increase of rates of electrochemical reactions. This may 
be because more and more metal particles participate in 
the dissolution reaction due to the electrolyte uptake by 
the coating with the immersion time. At this stage, the 
aggressive species (such as O, Cl− and H2O) diffuse 
progressively through the defects and permeate onto the 
surface of metal particles, which contributes to the 
activation corrosion. The Al−Zn−Si−RE coating still 
exhibits good barrier property against corrosion media, 
because the corrosion products deposited in the defects 
provides favorable self-healing behavior. This indicates 
that the corrosion process is still controlled by uniform 
activation corrosion, and the electron transfer can 
become the rate-controlling step of the electrochemical 
process [50]. 

The EIS spectra in the third corrosion period (see 
Figs. 3(e) and (f)) present similar characteristics, except 
that the radius of capacitive loop at low frequency 
decreases with time. Compared to the former stage, the 
high-frequency semicircle becomes more apparent. The 
corrosion products gradually clog the pores between the 
metal particles with time, and thereupon result in the 
increase of the coating resistance. 

The evolution of EIS diagrams at the fourth stage is 
shown in Figs. 3(g) and (h). It can be seen that the 
Nyquist diagram consists of two depressed semicircles. 
The evolution of time exhibits no significant change in 
the diameter of the high-frequency semicircle associated 
with the impedance of the coating itself, but a 
progressive increase in the diameter of the low-frequency 
semicircle attributes to the electrochemical reactions at 
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Fig. 3 Nyquist plots and corresponding Bode plots of Al−Zn−Si−Si coating for different immersion time in 3.5% NaCl solution:   
(a, b) Initial stage; (c,d) Second stage; (e,f) Third stage; (g, h) Fourth stage; (i, j) Fifth stage; (k, l) Sixth stage 
 
the coating/substrate interface. On the one hand, the 
corrosion products accumulate inside the defects 
between the alloy particles and hinder further penetration 
of the electrolyte, which results in an increase of the 
coating resistance. On the other hand, the corrosion 
product layer formed on the surface of metal particles 
covers the surface electroactive area of internal alloy 
particles [51], and the number of metal particles 
participating in the reaction are greatly decreased. These 
factors decrease the dissolution of alloy particles in the 
coating and contribute to the cathodic protection 
durability. 

At the fifth stage of immersion, as shown in    
Figs. 3(i) and (j), the capacitive loops at low frequencies 
are all incomplete, and the dimensions of the depressed 
semicircles increase with immersion time. The presence 
of large capacitive loop at the low frequencies may 
denote the formation of protective corrosion scale on the 

substrate surface [52]. After 185 d of immersion, the 
Nyquist plot shows a high frequency semicircle and a tail 
at the medium and low frequencies with slope of 
inclination of nearly 1. The Bode plot shows limited 
capacitive characteristic but frequency-independent 
impedance in the low-frequency range [53]. This type of 
characteristics provides evidence that the diffusion 
controlled process with mass transfer occurs along the 
corrosion product layer [54,55]. At this time, the 
corrosion products accumulate within the coating and act 
as barrier, and thus the mass transfer becomes the major 
rate-controlling step in this process [56,57]. 

At the sixth stage (Figs. 3(k) and (l)), the shape of 
spectra with respect to time is similar, and there is a 
substantial decrease in the diameter of the low-frequency 
semicircle. Corrosion potential at this time is gradually 
close to the bare steel potential. At this stage, the coating 
presents poor barrier against the diffusion of species. 
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Therefore, the coating exhibits rather poor resistance to 
Cl− attack and corrosion occurs on the substrate surface, 
which is consistent with Period V of the φcorr−t curve. 

According to Fig. 3, the impedance value of the low 
frequency varies with immersion time. Since the 
information from low frequency in Bode diagram mainly 
reflects the impedance of the coating (combination of 
capacitive and resistive behaviors), the impedance at the 
lowest frequency, |Z|f→0, can be used to evaluate 
the corrosion protection abilities of the coating systems 
to some extent [58]. The higher value of |Z|f→0 implies 
lower corrosion rate of the materials [59]. The modulus 
at 0.01 Hz, |Z|0.01Hz, is also shown as a function of 
immersion time in Fig. 4. 

 

 

Fig. 4 Evolution of low frequency modulus |Z|0.01Hz with 
immersion time for Al−Zn−Si−RE coating 
 

As can be seen in Fig. 4, the value of |Z|0.01Hz has a 
sudden decrease in the beginning due to the occurrence 
of pitting corrosion and then a sharp increase due to the 
deposition of corrosion products. There is a decrease in 
the value of |Z|0.01Hz after 5 d of immersion which can be 
adequately explained by the activation of the alloy 
particles and the progression of the electrolyte into the 
coating [35]. The |Z|0.01Hz value gradually increases with 
time after 120 d immersion because of the isolation of 
the alloy particles by the corrosion products in the 
coating [35,37]. After immersion for 185 d, the corrosion 
resistance of the coating is greatly improved by 
enhancing the value of |Z|0.01Hz by one order of 
magnitude. However, this process exhibits extremely 
short duration. After 195 d immersion, a significant 
decrease in the value of |Z|0.01Hz is observed, revealing 
that the corrosion resistance of coating decreases with 
immersion time. 
 
4 Discussion 
 

The impedance data of Al−Zn−Si−RE coating was 
fitted with suitable equivalent circuit models to explain 

the different electrochemical processes occurring at the 
electrode-electrolyte interface. Nyquist plots and the 
fitting results of the experimental data by the proposed 
electrical circuits (EC) are shown in Fig. 5 by real lines. 
It can be seen that the model results are significantly 
close to the experimental data. 

Equivalent circuits proposed for fitting of EIS plots 
are given in the insert diagram according to various 
periods of corrosion process. Where Rs is the electrolyte 
resistance; Qc is the constant phase element (CPE, 
denoted as Q in the equivalent circuit) related to coating 
capacitance. The CPE is introduced instead of pure 
capacitance in the simulations to obtain good agreement 
between the simulated and experimental data. The CPE 
impedance can be defined as nYZ −− ⋅= )j(1

0CPE ω  
[60−62], where Y0 is the CPE-constant; j is the imaginary 
unit (j2 =−1); ω is the angular frequency (ω=2πf, f is the 
frequency) and n is the exponent of the constant phase 
element. The CPE depends on both the parameter Y0 and 
the exponent n. Generally, 0<n<1; when n=1, the CPE 
behaves like ideal capacitor corresponding to the 
conventional double layer capacitance; and when n=0, 
resistor is represented [61,63]. 

An electrical circuit (EC), Rs(Qc(Rpo(QdlRct(RLL)))) 
[33,34] was used to fit the typical EIS data during the 
initial stage(in Fig. 5(a)), where the Rpo is the pore 
resistance due to penetration of electrolyte, and Qdl is 
attributed to the double layer capacitance in the 
vulnerable regions exposed to the bottom of electrolyte 
penetration paths. The charge transfer resistance Rct, in 
parallel with Qdl, is ascribed to the electrochemical 
reaction in the same region. The inductive element L in 
series to RL refers to the inductance phenomenon caused 
by pitting corrosion. The initial corrosion stage is the 
pitting−dissolution−redeposition period, which is 
consistent with Period I of the φcorr(t) curves. 

In the second stage, the coating behaves like EC (2) 
(in Fig. 5(b)) [64]. In the EC (2), Rc represents contact 
resistances between the particles; Cp−Rp is related to the 
activation corrosion of alloy particles in the coating; CPE 
assigned to the layer Qf, in parallel to the film resistance 
Rf, is attributed to the behavior of corrosion films on the 
surface of alloy particle. Usually, the obvious changes in 
the shape of impedance curves (Nyquist, Bode- 
magnitude or phase angle plots) could be used as the 
judgment for variations of EC [64,65]. However, the 
shape changes of the impedance diagram are usually not 
clearly observed even after the long-time soaking in 
corrosion media, and shape variation does not 
necessarily mean EC must change [64]. As a 
consequence, to obtain more accurate simulation, the 
continuous simulations with different time should be 
carried out using several possible EC. Figure 5(c) shows 
the simulation of Nyquist plots to two possible EC. It can 
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Fig. 5 EIS plots and fitting results of Al−Zn−Si−RE coatings with different immersion time in 3.5% NaCl solution (Inserts display 
proposed equivalent circuits according to various periods of corrosion process: EC (1) pitting−dissolution−redeposition stage; EC (2) 
active dissolution stage; EC (3) cathodic protection stage; EC (4) physical barriers of corrosion products; and EC (5) coating failure 
stage): (a) 5 d; (b) 15 d; (c) 55 d; (d) 110 d; (e) 185 d; (f) 200 d 
 
be seen that the experimental data in the third stage 
cannot be well fitted to the EC (3) while the EC (2) can 
give satisfactory simulation result. This result indicates 
that both the corrosion stages show similar corrosion 
behavior. Therefore, the two stages can be merged into 
one state called “activation corrosion period”. 

The typical EIS data obtained in the third stage is 
fitted to EC (3), as shown in Fig. 5(d). The equivalent 

circuit is composed of the solution resistance Rs, the pore 
resistance Rpo due to the formation of ion conducting 
paths across the coating, the coating capacitance Qc, 
double-layer capacitance Qdl and charge transfer 
resistance Rct. Qdl in parallel with Rct corresponds to 
electrochemical reaction at the coating/substrate interface, 
which reveals the initial attack to the substrate by the 
penetration of electrolyte [64]. It can be inferred that the 
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aggressive species have reached the substrate by 
diffusion through the small defects or pores in the 
coatings, resulting in galvanic corrosion between the 
alloy coating and the steel substrate. In this stage, the 
main protection mechanism of the coating/steel system is 
sacrificial anode cathodic protection. 

The simulation and the corresponding EC (4), 
Rs(Qc(Rc(Cdl(RctW)))) [55−66] of typical Nyquist plots 
obtained in the fourth stage are shown in Fig. 5(e). The 
diffusion resistance W corresponding to the insulation of 
corrosion products occurs because the corrosion products 
cut off contact between the metal particles and the 
substrate [67]. Warburg impedance is usually also CPE 
which is defined by 

1
2[ ] (1 j)W σω −= −  [68], where j is 

the imaginary number, σ is the Warburg coefficient, 
ω=2πf is the angular frequency, and f is the frequency. 
EC (4), Rs(Qc(Rc(Cdl(RctW)))), is the so-called Randles 
circuit, which is used when the corrosion is controlled by 
diffusion process with diffusion of reactant and/or 
products to the interface [68]. Usually, the values of α in 
W for different immersion time calculated from the EC 
(4) are deviated from the Warburg impedance, which is 
probably connected to “finite-layer diffusion” or the 
tangential penetration of electrolyte at the coating/ 
substrate interface or by heterogeneous penetration of the 
electrolyte [48,64,69,70]. This corrosion stage is 
consistent with the Period IV in φcorr−t results. 

The fitting results of EIS data after 200 d immersion 
and the corresponding EC (5) are shown in Fig. 5(f). EC 
(5) consists of the capacitance of corrosion products (Qcp) 
in parallel to the resistance (Rcp ) and the electric double 
layer capacitor on the steel surface (Cdl,Fe) in parallel to 
the resistance of corrosion reaction (Rct,Fe). 

Based on the analysis above, the electrochemical 
process occurring at the coating/electrolyte interface 
comprises five stages such as pitting-dissolution- 
redeposition on the coating surface, activation corrosion 
of alloy particles in the coating, cathodic protection after 
corrosion media reach the steel substrate, diffusion 
impedance responses caused by insoluble corrosion 
products and the impedance associated with coating 
failure and substrate corrosion. 
 
5 Conclusions 

 
1) Al−Zn−Si−RE coating shows very similar 

polarization behavior as Zn−15Al coating. The coating 
has no passive region in the anodic polarization region, 
but far lower corrosion current and much higher 
corrosion potential. Sacrificial anodic protection plays 
dominant role during immersion in 3.5% NaCl solution. 

 2) The φcorr−t curves and EIS results indicate that 
the corrosion process of Al−Zn−Si−RE coating in 
NaCl-containing environment has five distinct stages, i.e. 

pitting−dissolution−redeposition, activation corrosion, 
cathodic protection, physical barriers formed by 
corrosion products and the coating failure. 
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摘  要：采用电弧喷涂方法在低碳钢表面获得高铝含量的 Al−Zn−Si−RE 涂层。通过测量 Al−Zn−Si−RE 涂层在

3.5%NaCl 溶液中的动电位极化曲线，腐蚀电位−时间曲线和电化学阻抗谱，系统地研究涂层的电化学腐蚀行为。

通过将测量电化学阻抗谱拟合成等效电路图，研究涂层在 3.5%NaCl 溶液中浸泡不同时间的阻抗行为。结果表明：

Al−Zn−Si−RE 涂层与 Zn−15Al 涂层具有相似的极化行为，阳极极化曲线均无钝化特征，仅呈现出活性溶解，但其

腐蚀性能优于 Zn−15Al 涂层。Al−Zn−Si−RE 涂层可以给钢基体提供有效的牺牲阳极保护作用，且牺牲阳极保护作

用在涂层腐蚀过程中占主导地位。此外，腐蚀电位−时间曲线和电化学阻抗谱结果表明：在浸泡过程中存在点蚀−

溶解−再沉积、活化溶解、阴极保护、腐蚀产物引起的物理屏蔽和涂层失效五个腐蚀阶段。 

关键词：Al−Zn−Si−RE 涂层；腐蚀电位；腐蚀行为；极化曲线；电化学阻抗谱 
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