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Corrosion behavior of hot-dipped zinc-based coatings (pure zinc, Zn–0.25%Al and Zn–5%Al) was 

studied through potentiodynamic polarization test and electrochemical impedance spectroscopy in 

3.5% NaCl solution. Corrosion products were analysed by means of SEM, EDS and XRD. The results 

reveal that Zn–5%Al coating exhibited the highest corrosion resistance. The corrosion product layer 

formed on Zn–5%Al coating is more compact than the other two coatings. The β phase has two 

different influences on the corrosion behavior: the β phase can act as a galvanic cathode to accelerate 

corrosion and act as a corrosion barrier to hinder corrosion.  
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1. INTRODUCTION 

The usage of zinc-based coatings for the corrosion protection of steel substrates is very 

widespread [1]. Firstly, the coating protects the substrate against wet corrosion by providing a layer 

between the steel and the corrosive elements of the environment. Secondly, the coating reacts with 

corrosive medium, forming a dense and adherent corrosion products film which isolates the coating 

from the aggressive environment. Additionally, zinc is anodic to steel on the galvanic series, as a 

result, zinc becomes the anode, while the steel substrate becomes the cathode and does not corrode [2-

3]. 

Zinc coatings can be deposited by several methods, the most common of which is hot-dip 

galvanizing [4-6]. Hot-dipping lends itself to high-volume, continuous production. Hot-dip galvanized 

coatings are used on different kinds of products from small parts, such as nuts, bolts, and nails, to very 

large structural shapes such as vehicle bodies. Hot-dip zinc-based coatings comprise essentially pure 
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zinc and a certain amounts of aluminium or other element for improving paintability and the capacity 

to supply galvanic protection to the steel [7].  

Long term atmosphere exposures or accelerated corrosion tests are widespread used to assess 

the corrosion resistance of zinc coatings [8-10]. Compared with accelerated corrosion tests, long term 

atmosphere exposures are time consuming and region dependent, which is unfavorable for the 

application and promotion of new coatings. Electrochemical methods, and in particular the 

electrochemical impedance spectroscopy (EIS) technique, is an efficient and convincing tool for 

analyzing the corrosion behavior of metals [11-14]. Electrochemical methods can simulate the progress 

of corrosion, with instantaneous corrosion rate measurements. Furthermore, electrochemical methods 

can provide information on the reactions and mechanisms of electrochemical deterioration.  

Up to now, a comprehensive study on corrosion behavior of zinc-based coating has been done 

by electrochemical methods [7, 15, 16, 19]. However, there are little studies on exploring mechanisms 

of electrochemical deterioration by structural characterization in scientific literature. So it is of vital 

importance to understand the structure evolution of corrosion products for the determination of the 

corrosion progress, which directly affect the electrochemical corrosion properties of zinc-based 

coating. 

The aim of this work was to study the corrosion behavior of three zinc-based coatings in 3.5% 

NaCl solution, without stirring and in contact with the air. The effect of immersion time and Al 

concentration on corrosion resistance was monitored by potentiodynamic polarization test and 

electrochemical impedance spectroscopy. Furthermore, the surface and cross-section morphological 

characteristic of zinc-based coatings after immersion tests were investigated by scanning electron 

microscopy (SEM). The corrosion products of different zinc-based coatings were characterized by X-

ray diffraction (XRD) and energy dispersive spectroscopy (EDS). 

 

 

2. EXPERIMENTAL  

2.1. Sample preparation and coatings 

Mild steel specimens containing 0.11% C, 0.012% Si, 0.45% Mn, 0.016% P have been 

galvanized in a graphite crucible inside a laboratory electric furnace. The temperature of the 

galvanizing bath was set at 460±5 ℃ while the dipping time was set at 90s. Before their dipping in the 

galvanizing bath, the specimens of dimension 100×50×3mm were degreased in an aqueous solution 

containing 5% NaOH, the solution temperature was at 50 ℃, and then etched in 12% HCl solution for 

20 min at room temperature. The specimens were then dipped in an aqueous solution containing 50% 

ZnCl2·2NH4Cl. Three types of zinc-based coating (pure zinc coating, Zn–0.25%Al coating and Zn–

5%Al coating) were investigated in this study. 

 

2.2. Corrosion tests and experimental set-up 

Samples were cut from zinc-based coatings and most of the surface was protected with an 

adhesive film to leave 1 cm
2
 area in contact with the test solution. The electrochemical experimental 
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set-up was composed of a classic three electrode system. A platinum sheet as counter electrode was 

positioned parallel to the coated steel as working electrode surface, and a saturated calomel electrode 

(SCE) was employed as reference electrode. The medium selected for the corrosion tests was 3.5 % 

NaCl solution (20±1℃) in direct contact with the laboratory atmosphere.  

The measurements were conducted on a ZAHNER Im6ex electrochemical workstation 

(Germany). The tests were normally repeated two or three times. The polarization curves were 

acquired in potentiodynamic regime, with a potential scanning rate of 1.5 mV/s. The measurements 

were carried out ranging from −500 to +700mV versus to the open-circuit potential (OCP). In order to 

investigate the corrosion performance of the three coatings, electrochemical impedance spectroscopy 

(EIS) data for various immersion times in 3.5 % NaCl solution have been obtained. All impedance data 

were obtained at open circuit potential (OCP) in the frequency range from 100 kHz down to 50 mHz 

with signal amplitude of 10 mV. The equivalent circuit simulation program (ZView2) was used for 

data analysis and synthesis of the equivalent circuit. 

 

2.3. Coating microstructure analysis 

Before the electrochemical tests, the microstructural characterization of the coatings was 

carried out by means of FEI Quanta 200 Environmental Scanning Electron Microscope (SEM) after 

polishing. The surface and cross-section morphological of the coatings after immersion tests was also 

observed using SEM. The chemical composition of the corrosion products was determined by energy 

dispersive spectroscopy (EDS). The phase composition of the corrosion products was analyzed using 

SIMENSD 500 type analyzer (XRD) operated at 40kV and 45mA. Characteristic XRD patterns were 

obtained within a range of diffraction angle (2θ) from 10° to 80°. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Microstructure analysis 

Zinc-based coatings are multi-phase and their corrosion performance is influenced by the 

amount and distribution of the different phases. The microstructure of the samples was analysed prior 

to the electrochemical tests. Fig. 1 shows the scanning electron micrograph for pure zinc, Zn–0.25%Al 

and Zn–5%Al coatings after polishing. As shown from Fig. 1a, the microstructure of pure zinc has 

some micro-porosity. As shown from Fig. 1b, the microstructure of Zn–0.25%Al coating has typically 

a primary η-Zn phase and a eutectic β phase distributed along the η phase grain boundaries. The α 

phase is supersaturated with Al and can transform by discontinuous precipitation of the β phase during 

non-equilibrium solidification, to form a fine lamellar arrangement of α + η. A higher resolution image 

of the eutectic phase shows that the α-Al appears as dark points surrounded by the η-Zn. As shown 

from Fig. 1c, the matrix of Zn–5%Al coating is mainly composed of laminar and fiber eutectic 

structures. Literature reports that the microstructure of the Zn–5%Al was characterized by white 
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dendritic (Zn) primary crystals in a fine pearlitic eutectic matrix[15-16]. The different morphology is 

probably a consequence of different cooling rate after melting.  

 

  

 
  

Figure 1. SEM micrographs of zinc-based coatings: (a) pure zinc coating; (b) Zn-0.25%Al coating; (c) 

Zn-5%Al coating. 

 

3.2. Potentiodynamic polarization tests 

Fig. 2 illustrates the polarization curves obtained from potentiodynamic polarization tests in 

3.5% NaCl solution for pure zinc, Zn–0.25%Al and Zn–5%Al coatings. The polarisation data are 

converted into instantaneous corrosion rate values (icorr) by means of the well known Stern–Geary 

equation [17], according to Eq.(1) 

pca
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where Rp is the polarisation resistance, which is defined by Eq.(2) 
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ba and bc are the Tafel slopes for the partial anodic and cathodic processes, respectively.  

From the polarisation data, the corresponding Tafel slopes have been obtained by the use of a 

numerical calculation program. 

 

 
 

Figure 2. Potentiodynamic polarization curves for pure zinc, Zn-0.25%Al and Zn-5%Al coatings 

measured in 3.5% NaCl solution. 

  

Table 1. Open circuit potential (OCP) and corrosion current density (icorr) values. 

 

Coating 

specimen 

OCP (V vs. 

SCE) 

icorr (μA/cm
2
) 

Pure zinc -1.050 8.75 

Zn-0.25%Al -1.035 6.42 

Zn-5%Al -1.008 2.61 

 

Table 1 displays the average values of these determinations. It is exhibited that the addition of 

Al has a remarkable influence on the electrochemical properties of pure zinc coating. The corrosion 

potentials measured with pure zinc and Zn–0.25%Al coatings in 3.5% NaCl solution are -1.050 and - 

1.035 V (SCE), respectively. On the other hand, the corrosion potential of Zn–5%Al coating, with 

values of -1.008 V, (SCE), is much nobler than that of pure zinc coating. Furthermore, the Zn–5%Al 

coating shows a relatively low corrosion current density (icorr=2.61 μA/cm
2
) compared to that of pure 

zinc (icorr=8.75 μA/cm
2
) and Zn–0.25%Al coatings (icorr=6.42 μA/cm

2
), which indicates a relatively 

low dissolution rate under the conditions investigated. 

Fig. 3 illustrates the SEM morphologies of Zn–5%Al coating after potentiodynamic 

polarization tests in 3.5% NaCl solution. The η-zinc phase corrodes with no significant corrosion of 
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adjacent lamellar β phase. The EDS elemental analysis of different zone is shown in Table 2. The 

result indicates that zone 1# has a higher Al content and a lower Zn content than zone 2#, which is 

consistent with the selective η-Zn dissolution observed in Fig. 3.  

 

 
 

Figure 3. SEM morphologies of Zn–5%Al coating after potentiodynamic polarization tests. 

 

The free corrosion potential of the β-Al phase is more positive than the free corrosion potential 

of the η-Zn in sodium chloride solutions [1]. The η-Zn phase corrodes due to its lower negative free 

corrosion potential, and as a result the corrosion rate of η-zinc phase accelerates by micro-galvanic 

coupling between the η phase and the β phase.  

 

Table 2. EDS elemental analysis of surface in Fig. 3. (wt %) 

 

Zone Zn Al O 

1 15.16 76.61 8.23 

2 78.37 20.55 1.08 

 

In contrast, the β phase which has a relatively lower corrosion rate, is a more efficient site for 

the cathodic reaction and may act as a barrier against corrosion propagation. Thus, the β phase has two 

different influences on the corrosion behavior, i.e. the β phase can act as a galvanic cathode to 

accelerate corrosion and the β phase can act as a corrosion barrier to hinder corrosion. Moreover, the 

corroded areas between β laminar can storage the corrosion products, and thus delay the corrosion 

process of underlying zinc-based coating. 

 

3.3. EIS evaluation for long time immersion 

The results of the polarisation curves cannot predict the long-term corrosion behaviors of the 

zinc-based coatings. Fortunately, EIS technique has been used extensively to study the corrosion 

1 

2 
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behavior of surface coatings in a semi-quantitative way [18-20]. In this study, the impedance 

characteristic for different immersion time has been obtained to illustrate the corrosion behavior of the 

zinc-based coatings in 3.5% NaCl corrosion solution.  

 

 

 

 
Figure 4. Experimental Nyquist diagrams and phase angle plots for various immersion times to the 

3.5% NaCl solution: (a), (b) pure zinc coating; (c), (d) Zn-0.25%Al coating; (e), (f) Zn-5%Al 

coating. 

 

Fig. 4 shows Nyquist and phase angle plots of the three zinc-based coatings measured for 

various immersion times. No marked differences have been observed in the general shape of the 

impedance diagrams corresponding to the three types of coatings, though differences are presented in 
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the values of charge transfer resistance. After immersion of 2 days for pure zinc coating and 4 days for 

Zn-0.25%Al and Zn-5%Al coating, the Nyquist plot shows two semicircle curves, an arc appears at 

high frequency range, followed by an ill-defined tail at low frequency range. Meanwhile the phase 

angle plot exhibits two time constants. It is likely that a complex mass transport mechanism intervenes 

in the system formed by the corrosive medium/corrosion products/metal. The first arc at high 

frequency range is attributed to charge transfer, associated with the effect of electric double layer 

capacitance of the corrosive medium/corrosion products surface interface, while the second one at low 

frequency range may indicate a finite thickness layer diffusion process, related mainly with fact that 

compact corrosion products of zinc formed and blocked the micro-defects of the outer coarse layer, 

which shows a shielding effect on mass transport of reactants and products [12]. As the immersion 

time increases (e.g. after 2-4 days), the diagrams differ from the above and they apparently present one 

single arc. The second arc shrinks in the corresponding Nyquist diagram, possibly resulting from the 

complete blockage of the pores in the outer coarse layer by the accumulation of corrosion products. In 

addition, the maximum phase angle at high frequency range increases as the immersion time increases, 

meaning that the corrosion product layer becomes more compact. 

 

 
 

Figure 5. Equivalent circuit models used to fit EIS diagrams. 

 

Fig. 5 represents an equivalent circuit that is widely used in electrochemical studies of 

corrosive medium/corrosion products/metal systems. The electrical equivalent elements used in the 

models are the solution resistance (Rs), the charge transfer resistance (Rct) and the corrosive 

medium/corrosion products interface capacitor (CPEdl), the resistance of corrosion products (Rpr) in 

parallel with CPEpr. The charge transfer resistance (Rct) is an important parameter, and is inversely 

proportional to the corrosion rate for each type of coating [21]. 

Fig. 6 represents the change of fitting values (Rct) of the circuit elements with immersion time. 

As seen from Fig. 6, the Rct values of the three zinc-based coatings keep increasing as the immersion 

time increases. At the initial stage of immersion, the corrosion rate of the coatings is very high due to 

the direct contact between zinc-based coatings and corrosion medium. With prolonging immersion 

time, the increase rate of Rct values has a decreasing trend during the immersion in the 3.5% NaCl 

solution. Fig. 6 also shows that the Rct values increase with the increasing in Al addition after 
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immersion in 3.5% NaCl solution for the same time, which indicating that Zn-5%Al coating has the 

highest corrosion resistance.  

 

 
 

Figure 6. The fitting values (Rct) of the circuit elements as a function of immersion time. 

 

3.4. Corrosion product characterization 

Actually, the corrosion damage is due to the attack of aggressive electrolyte, whereas the 

protection occurs at the same time on the surface of the coatings due to the formation of the corrosion 

products. Fig. 7 shows the cross section morphologies of Zn-0.25%Al coating at various immersion 

times. The attack begins at the surface defects and a small quantity of corrosion products form after 1 

day of immersion.  

 

  

Resin  Coating   Substrate    

(a) (b) 

Corrosion 

 products  
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Figure 7. Cross section morphologies of Zn-0.25%Al coating after immersion in 3.5% NaCl solution 

for: (a) 1 day；(b) 4 days；(c) 8 days；(d) 16 days. 

 

  

 
 

Figure 8. SEM micrographs of corrosion layers after immersion in 3.5% NaCl solution for 8 days: (a) 

pure zinc coating; (b) Zn-0.25%Al coating; (c) Zn-5%Al coating. 
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The coating thickness is about 120μm, as shown in Fig.7a. As immersion kept on, the corrosive 

medium is in a constant penetration, diffusion and invasion into the internal coating, resulting in the 

increasing of the corrosion products and reducing of the thickness of coating (80-90μm), as shown in 

Fig.7b-c. However, the corrosion product layer is not compact and appears porous. After 16 days of 

immersion, no obvious change is observed in the coating thickness. The corrosion product layer 

accumulates and becomes thicker and more compact. As shown in Fig.7d, a corrosion product layer 

about 20 μm can be observed in the cross section morphology. It can be concluded that the lower 

corrosion rate during long-term immersion is mainly due to the corrosion product layer, which blocked 

the transfer of corrosive electrolyte between the coating and solution. As a result, the corrosion process 

of underlying zinc-based coating was delayed. 

Fig. 8 shows SEM morphologies of corrosion layer on the three different zinc-based coatings 

after immersion for 8 days. It can be observed that the surface is covered with porous corrosion 

products in pure zinc and Zn-0.25%Al coatings (Fig.8a-b). The existing pores on the corrosion layer 

are the main causes of the lower values of Rct, which is associated with the dissolution of zinc-rich 

phases. It is also noticed that the corrosion layer of Zn-5%Al coating is covered with a layer of 

uniform and dense corrosion products that can stop the invasion of corrosive medium effectively 

(Fig.8c). In this case, higher Rct values are observed compared with pure zinc and Zn-0.25%Al coatings 

after immersion for the same time. These results clearly show that the corrosion resistance of these 

coatings is predominantly dependent on the percentage of Al present in their chemical compositions. 

The relative grading of these coatings on the basis of their corrosion resistance is: Zn–5%Al coating > 

Zn–0.25%Al coating > pure zinc coating. 

 

Table 3. Average composition of the EDS microanalysis in Fig.7 (wt %). 

 

Zone Zn Al Cl C O 

A 63.25 --- 1.81 0.58 34.36 

B 79.73 0.21 2.32 0.34 17.10 

C 60.82 7.08 9.83 0.62 21.65 

D 70.16 2.67 11.82 0.70 14.65 

 

The composition of each corrosion product is determined using EDS and is listed in Table 3. 

The results indicate the presence of zinc, aluminum, chlorine, carbon and oxygen within the corrosion 

layer. From these data, it can be clearly seen that the corrosion products of A and B is mainly 

composed of zinc and oxygen and A has the highest oxygen of all corrosion products. As for Zn-5%Al 

coating, the corrosion products of C and D has a higher content of aluminum and chlorine, which 

indicates the formation of aluminum hydroxide chloride(Al2(OH)5Cl·2H2O) or zinc hydroxide chloride 

(Zn5(OH)6Cl2·H2O) after immersion in 3.5% NaCl solution for 8 days. 

Fig. 9 shows the X-ray diffractogram of the three different zinc-based coatings after 8 days of 

immersion in 3.5% NaCl solution. As seen from Fig. 9a-b, there were diffraction peaks of zinc oxide 

(ZnO), zinc hydroxide (Zn(OH)2), zinc chloride (ZnCl2), zinc hydroxide chloride (Zn5(OH)6Cl2·H2O) 
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and zinc hydroxide carbonate (Zn5(OH)6(CO3)2) on the corrosion layer of pure Zinc and Zn-0.25%Al 

coating. As seen from Fig. 9c, the diffraction peak of aluminum hydroxide chloride 

(Al2(OH)5Cl·2H2O) was observed on Zn-5%Al coating.  

 

 

 

 
 

Figure 9. XRD diffractograms of the three different zinc-based coatings after 8 days of 
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When Zinc-based coating is corroded, zinc begins to dissolve preferentially according to Eqs. 

(3) - (5) [22].  

Zn(s)→Zn
2+

+ 2e
-
                       (3) 

O2(d)+2H2O+4 e
-
→4OH

-
(aq)                    (4) 

Zn
2+

+2OH
-
→Zn(OH)2(s)→ZnO(s)+H2O               (5) 

Chloride ions migrate to anodic sites in the presence of sodium chloride, which resulting in the 

formation of zinc hydroxide chloride (Zn5(OH)6Cl2·2H2O) according to Eq. (6) [23-24].  

5Zn(OH)2+H2O+2Cl
-
→Zn5(OH)8Cl2·H2O(s)+2OH

-
          (6) 

Zinc hydroxide carbonate was detected by XRD after 8 days of immersion (Fig. 8a). Its 

formation depends on the absorption of atmospheric carbon dioxide into the surface electrolyte and the 

formation of carbonate and bicarbonate, according to Eqs. (7) - (9) 

CO2+2OH
-
→CO3

2-
 +H2O                   (7) 

CO2+ CO3
2-

+H2O→2HCO3
2-

                   (8) 

5Zn(OH)2(s)+2HCO3
2-

+2H
+
→Zn5(OH)6(CO3)2+4H2O          (9) 

All of these compounds (Zn5(OH)8Cl2·H2O, Zn5(OH)6(CO3)2) consist of Zn(OH)2 sheet 

structure with different species (HCO3
2-

, Cl
-
). These species are not always strongly bonded to 

Zn(OH)2 due to the ion-exchange mechanisms between the sheets structure [25]. 

The dissolution of Al (in Zn matrix) occurs according to Eqs. (10) - (11) 

Al(s)→Al
3+ 

+ 3e
-
                         (10) 

2Al
3+ 

+ 3H2O→Al2O3(s)
 
+ 6H

+
                   (11) 

The Al2O3 film is not stable in water. It is commonly transformed into AlOOH or Al(OH)3 

which has higher stability than Al2O3 film, as shown in Fig. 9c. The growth of the film in water occurs 

in two stages by hydration reaction according to Eqs. (12) - (13). A pseudoboehmite film (AlOOH) is 

produced initially and then covered by a layer of nordstrandite (Al(OH)3) at intermediate to high pH 

values.  

Al2O3 + H2O→2AlOOH                       (12) 

AlOOH + H2O→Al(OH)3                     (13) 

In the presence of sodium chloride, Al(OH)3 will transform to aluminum hydroxide chloride 

(Al2(OH)5Cl·2H2O) according to Eq. (14) 

2Al(OH)3+2H2O+Cl
-
→Al2(OH)5Cl·2H2O(s)+OH

-
          (14) 

As for Zn-5%Al coating, the η-Zn phase corrodes first because β-Al phase has corrosion 

potential more positive than that of the η-Zn phase. On one hand, the β-Al phase may act as a galvanic 

cathode to accelerate corrosion. When the active zinc dissolution begins, the surface will be covered 

with zinc based compounds (Zn5(OH)8Cl2·H2O, Zn5(OH)6(CO3)2) and a porous film of corrosion 

products will be formed. These compounds of Zn(OH)2 sheet structure could not protect the underlying 

coating well due to its porous structure. On the other hand, the β-Al phase may act as a barrier against 

corrosion propagation. When Al begins to dissolve, the corrosion products of Al2(OH)5Cl·2H2O are 

denser and finer than Zn(OH)2 sheet structure and provide excellent protection against further 

corrosion [26]. Moreover, the corroded areas between β-Al laminar (Fig. 1c) will be a more efficient 

site for storing the corrosion products, and thus delay the corrosion process of underlying zinc-based 

coating. The mechanism of inhibition may also be due to a buffering effect of the interfacial pH as a 
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result of the solubility of the precipitated zinc oxides. It is reported that zinc oxide hydroxide 

precipitation occurs when the interfacial pH is at about 10[27]. This lower pH will of course lead to a 

decreased solubility of the Al passive film and a decreased dissolution rate.  

 

 

 

4. CONCLUSIONS 

The corrosion behavior of three different zinc-based coatings (pure Zn, Zn–0.25%Al and Zn–

5%Al) has been studied through potentiodynamic polarization curves and the modelling of EIS spectra 

at different days of immersion in 3.5% NaCl solution. The obtained parameters for circuit elements 

were interpreted. The main conclusions of this study can be summarized as follows. 

1. The microstructure of Zn–0.25%Al coating has typically a primary η-Zn phase and a 

eutectic β phase distributed along the η phase grain boundaries. The microstructure of Zn–5%Al 

coating is mainly composed of laminar and fiber eutectic structures (β+η). 

2. The Zn-5%Al coating has better corrosion resistance than the pure zinc coating such as 

the corrosion potential (Ecorr) have increased by a value about 42 mV, and the corrosion current density 

(icorr) had decreased approximately three times in 3.5% NaCl solution. 

3. The results of this investigation show an appreciable increase in Rct values of the three 

different coatings as the immersion time increases. It can be seen that the compact corrosion products 

play a significant role in the protective efficiency of the system. 

4. The relatively low Rct values of pure Zn and Zn–0.25%Al coatings which are deduced 

from the high frequency arc suggest a very porous corrosion film, which leave a considerable fraction 

of substrate exposed to the corrosive medium. By comparing the corrosion behavior of the three 

different zinc-based coatings, the corrosion layer formed on Zn–5%Al coating is more compact than 

the other two coating after immersing in 3.5%NaCl solution for the same time. 

5. As for Zn–5%Al coating, the β phase has double effects on the corrosion behavior: (a) 

the β-Al phase may act as a galvanic cathode to accelerate corrosion; (b) the β-Al phase may act as a 

barrier against corrosion propagation. 

6. SEM micrographs and XRD analysis shows that zinc oxide (ZnO), zinc hydroxide 

chloride (Zn5(OH)6Cl2·H2O), zinc hydroxide carbonate (Zn5(OH)6(CO3)2) and aluminum hydroxide 

chloride (Al2(OH)5Cl·2H2O) are the dominant corrosion products of zinc-based coatings.  
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