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Abstract: Zinc is common metal used for steel protection from corrosion. The addition of further element, such as Ni, can modify 
the corrosion rate and maintain sacrificial protection. The anodic dissolution behavior of Zn, Ni and Zn−Ni alloys with different Ni 
contents (from 0.5% to 10%, mass fraction) in 3.5% NaCl solution was investigated using potentiodynamic, potentiostatic and 
galvanostatic techniques. The composition and microstructure of the corrosion layer on Zn, Ni and Zn−Ni alloys were characterized 
by energy-dispersive X-ray spectroscopy analysis (EDX) and scanning electron microscopy (SEM). The galvanostatic curves show 
that the anodic behavior of all investigated electrodes exhibits active/passive transition and the tendency of the alloys to passivity 
decreases with the increase in Ni content, except for 99.5Zn−0.5Ni alloy. While the potentiodynamic curves exhibit active passive 
transition only for pure Zn. Surface analysis reveals the presence of oxides, chlorides and metal hydroxide chloride in corrosion 
products, and very small cracks are observed for 90Zn−10Ni alloy compared with that of Zn. 
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1 Introduction 
 

In general, zinc and zinc alloys electrodeposited on 
steel are of interest due to the improved corrosion 
protection [1]. However, Zn−Ni and Zn−Co coatings 
have received more attention than Zn coatings because of 
their higher degree of corrosion resistance to NaCl in the 
atmospheric environments [2−5]. Furthermore, 
BALDWIN et al [6], LIN et al [7] and HEYDARZADEH 
and JALALI [8] noted that Zn−Ni alloy electrodeposits 
have better corrosion resistance to NaCl in the 
atmospheric environment. In addition, RAMANUSKAS 
et al [9] found that, the mass losses for pure Zn coatings 
and Zn−Ni coatings were 9 and 5 g/(m2·year), 
respectively, whereas in another test site, they were  
found to be 12 and 6 g/(m2·year), respectively. 

Electrodeposited Zn−Ni alloy coatings are mainly 
utilized to improve the corrosion resistance of 
automobile steel bodies [10−13]. However, they also 
have been used in the applications such as 
electrocatalytic water electrolysis and electronic 
industries. In addition, due to their better mechanical 

properties, they are considered for plating aircraft 
components [14−16]. 

MOUNGA et al [17] characterized the corrosion 
layer formed on zinc exposed to NaCl media. They 
observed that, this layer was composed of ZnO,  
Zn(OH)2 and zinc hydroxide chloride or simonkolleite, 
Zn5(OH)8Cl2·2H2O. The zinc hydroxide chloride and 
zinc oxide are the dominant corrosion products [1]. 
While, KALINASUSKAS et al [16] noticed the  
presence of zinc hydroxide carbonate or hydrozincite 
(Zn5(OH)6(CO3)2·H2O) during the exposure in NaCl. 
However, the hydrozincite layer can be considered as 
porous layer, accordingly, the passive region is not 
observed during anodic polarization experiments 
conducted in an aerated NaCl solution [7]. 

In spite of the presence of so many publications on 
the conversion behavior of Zn−Ni alloy  electro- 
deposition in aqueous solutions, there is no work on the 
corrosion behavior of synthetic Zn−Ni alloys by fusion. 
Therefore, this work is aimed to show the difference 
between the electrochemical and corrosion behavior of 
previous electrodeposited Zn−Ni alloys and those     
of synthetic alloys by fusion in 3.5% NaCl solution. The  
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effect of Ni content on the anodic polarization of Zn−Ni 
alloys in 3.5% NaCl solution at different temperatures 
using potentiodynamic, potentiostatic and galvanostatic 
techniques was studied. The corrosion layers formed  
on both Zn and its alloy surfaces under different   
anodic polarization potentials in the examined solution 
were characterized using energy-dispersive X-ray 
spectroscopy analysis (EDX) and scanning electron 
microscope (SEM). 
 
2 Experimental 
 
2.1 Materials and solutions 

The solution (3.5% NaCl) was prepared using 
chemical grade sodium chloride and bidistilled water. 
The alloys used in this work were prepared by fusion 
metallurgy at 1000 °C for 24 h. The melts were shaken 
every 6 h to ensure the homogeneity of melting alloys 
and finally quenched in ice as previously discussed [18]. 
Four Zn−Ni alloys were prepared with the compositions 
of 99.5Zn−0.5Ni (Alloy I), 98Zn−2Ni (Alloy II), 
95Zn−5Ni (Alloy III) and 90Zn−10Ni (Alloy IV). The 
microstructure and composition of the investigated alloys 
have been mentioned in our previous works [19,20]. 
 
2.2 Electrochemical measurements 

The measurements were performed on planar disk 
electrode embedded in an Araldite holder. Before each 
experiment, the surfaces of the working electrodes were 
polished using polishing cloth (polishing machine; 
Buehler, Lake Bluff, Illinois, USA), until their surfaces 
became smooth and mirror like bright, then degreased in 
pure ethanol and washed in running bidistilled water 
before being inserted in the polarization cell. The 
reference electrode is a saturated calomel electrode  
(SCE) to which all potentials are referred. 

The cell description is given elsewhere [21]. To 
remove any surface contamination and air formed oxide, 
the working electrode was kept at −1.50 V (vs SCE) for  
5 min in the tested solution, disconnected, shaken free of 
adsorbed hydrogen bubbles and anodic polarization was 
recorded. Potentiostat/galvanostat (EG&G Model 273) 
connected with a personal computer (IBM Model 30) 
was used for the measurements. 
2.2.1 Potentiodynamic technique 

The potentiodynamic polarization studies were 
carried out with electrodes having a surface area of  
0.196 cm2. The potential was altered automatically from 
the steady state open circuit potential (φcorr) up to −0.775, 
+1.775 and 0 V (vs SCE) in the case of Zn, Ni and 
Zn−Ni alloys, respectively and at a scan rate of 1 mV/s 
using software version 342C supplied from EG&G 
Princeton Applied Research. 

2.2.2 Potentiostatic technique 
The anodic potential was fixed at a required 

constant value and the variation of current density was 
recorded as a function of time (current density−time 
transients). 
2.2.3 Galvanostatic technique 

In this series of experiments, the required anodic 
current density was imposed on Zn, Ni and Zn−Ni alloys 
and the variation in anodic potential was measured as a 
function of time. The current density was measured using 
the apparent surface area of anode. 
 
2.3 Surface characterization 

The composition and morphology of corrosion 
products formed on the surfaces of the electrodes were 
examined using energy-dispersive X-ray spectroscopy 
analysis (EDX) conducted with scanning electron 
microscope (SEM, JEOL, model 5300). 

Each experiment was performed with freshly 
prepared solutions and clean set of electrodes. Measure- 
ments were conducted at 25, 35, 45 and 55 °C for each 
investigated electrode. For this purpose, ultrathermostat 
model Frigiter 6000 382 (SELECTA) was used. 
 
3 Results and discussion 
 
3.1 Potentiodynamic polarization measurements 

Figure 1 shows the potentiodynamic polarization 
curves for zinc anode in 3.5% NaCl solution at different 
temperatures (25−55 °C) in the potential range from 
−1200 to −750 mV (vs SCE) at a scan rate 1 mV/s. Each 
anodic curve exihibits two dissolution peaks and a 
permanent passive region prior to oxygen evolution. 
 

 
Fig. 1 Potentiodynamic polarization curves for pure Zn in 3.5% 
NaCl solution at different temperatures 
 

The small peak AI is defined at about −1.156 V (vs 
SCE) which can be associated with the active dissolution 
of Zn to Zn(II) species as previously reported [19,22]. 
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Since the solubility product Ksp of zinc hydroxide is 
markedly low, 3×10−17 [23], zinc hydroxide precipitates 
on the surface of zinc substrate and changes gradually to 
zinc oxide (peak AII),  
Zn2++2OH−→Zn(OH)2                        (1) 
 
Zn(OH)2→ZnO+H2O                         (2) 
 

Consequently, a passive film is formed to prevent 
zinc corrosion [24]. When chloride ion in the solution 
reacts with the hydroxide to form soluble Zn2+−Cl−− 
OH− complex [25], the passive film can be broken down 
and accelerate local dissolution of zinc, resulting in 
pitting corrosion [26,27]. However, a protective layer of 
Zn(OH)2, acting as a barrier to oxygen diffusion, reduces 
the probability of pitting corrosion. 

The anodic current of peak AII is indicative of two 
processes, the dissolution of the metal and formation of 
unstable Zn(OH)2 hydroxide converted to ZnO solid 
phase on the electrode surface. When the electrode 
surface is completely covered with ZnO film, the 
dissolution current density falls to a small passive current 
density (Jpass), indicating the onset of passivation. 
However, when the anodic potential exceeds a certain 
value, the current rises suddenly to a very high value, 
suggesting breakdown of the passive oxide film. The 
potential at which the sudden rise takes place is known 
as the breakdown potential (φb). Crack attack was 
observed under the scanning electron microscope at 
−0.789 V (vs SCE). 

The passivity breakdown of ZnO film could be 
ascribed to the ability of Cl− anions to adsorb on the 
passive film. The adsorbed anions create an electric field 
across the film/electrolyte interface [28]. When the field 
reaches a certain value, the adsorbed anions succeed to 
incorporate and penetrate the oxide film at local defect 
points. Thus, the kinetics of the reaction is controlled by 
diffusion of Cl− ions toward the reaction sites, and the 
oxidation products away from the reaction sites through 
cracks in the passive film [29]. Consequently, when the 
penetrated Cl− ions reach the metal substrate, they 
promote local anodic dissolution, involving the 
formation of soluble ZnCl2 and the cracks. This indicates 
the migration of Cl− ions to anodic sites, where zinc 
hydroxide chloride is formed according to [29,30]: 
 
5Zn(OH)2+2Cl−+H2O→Zn5(OH)8Cl2·H2O+2OH−   (3) 
 

Also, the formation of zinc hydroxide and zinc 
chloride on the electrode surface may be reacted together 
to form zinc hydroxychloride as follows: 
 
4Zn(OH)2+ZnCl2→Zn5(OH)8Cl2                   (4) 
 

The adsorption and incorporation of Cl− ions into 
the passive oxide film were supported by the EDX 
examination of the electrode surface. 

It is obvious from Fig. 1 that an increase in 
temperature increases the anodic peak height (Jp) and 
shifts its peak potential (φp) towards more negative 
values. These results demonstrate that the temperature 
increase promotes both the active anodic dissolution and 
local corrosion of Zn in chloride solution. Figure 2 
illustrates the linear relationship between φb and 
temperature, with a temperature coefficient of 
approximately −0.0008 V/K. The promoting effect of 
temperature on the local corrosion of Zn may be 
concerned with two effects: 1) an acceleration in the 
rates of migration and diffusion of the reactant and 
product species into and from active sites on the surface 
and 2) an enhancement in the solubility of ZnO passive 
film [28]. 
 

 
Fig. 2 Dependence of breakdown potential (φb) on temperature 
for pure Zn in 3.5% NaCl solution 
 

Figure 3 shows the potentiodynamic anodic 
polarization curves of the Ni electrode in 3.5% NaCl 
solution at different temperatures (25−55 °C). The 
polarization curves were swept from steady state of open 
circuit potential (φcorr) up to 2.0 V (vs SCE). The data 
reveal that the anodic polarization curves exhibit active 
dissolution. It is seen that Ni has virtually no passive 
range. The active dissolution extends to 0.1 V, and no 
passivation of Ni is observed. It is initiated at −0.3 V 
where a transition region, before the active metal 
dissolution, is recorded. This region is probably due to 
the formation of adsorbed species such as Ni(H2O)ads 
and/or NiClOHads

− on the electrode surface via the 
following reactions [31,32]: 
 
Ni+H2O→Ni(H2O)ads                          (5) 
 
Ni+H2O+Cl−→NiClOHads

−+H++e               (6) 
 

In the active region, the anodic current density 
increases with increasing potential due to the dissolution 
of the adsorbed species according to the following 
reactions: 
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Fig. 3 Potentiodynamic polarization curves for pure Ni in 
 3.5% NaCl solution at different temperatures 
 
Ni(H2O)ads+2Cl−→NiCl2+H2O+2e               (7) 
 
NiClOHads

−+Cl−→NiCl2+OH−+e                (8) 
 

The dissolution of the intermediate species produces 
new active sites on the electrode surface, and the 
formation of the passive film is hindered, leading to 
localized corrosion [33]. Equations (7) and (8) indicate 
that, the presence of Cl− increases the solubility of Ni 
through the probable formation of species such as NiCl2 

and/or NiClOHads
−. The effect of temperature on the 

anodic polarization of Ni in 3.5% NaCl solutions was 
further investigated. The anodic polarization curves are 
shifted into the more active direction with increasing the 
temperature. This indicates that the rise in temperature 
enhances the anodic dissolution of the nickel. 

Figure 4 shows the potentiodynamic J−φ curves of 
Zn−Ni Alloy IV (as a representative alloy) in 3.5% NaCl 
solution at different temperatures and a scan rate 1 mV/s. 
The curves were swept from φcorr up to positive potential 
(+200 mV (vs SCE)). The data showed that, the active 
dissolution was initiated at −1.2 V. It is observed that, the 
curve has two regions. The first one is active dissolution 
region (from point A to point B) of 90Zn−10Ni alloy, and 
dissolution continues with the shift potential to more 
positive direction until a corrosion layer forms and 
covers the surface. In this region, zinc in the alloy firstly 
dissolves as [Zn(OH)4]2− ions as follows: 
 
Zn+4OH−→[Zn(OH)4]2−+2e                   (9) 
 

From the point B to point C (second stage), the  
alloy dissolution continues gradually, leading to the 
formation of Zn(OH)2 and/or ZnO at the same time. 
During the positive polarization of alloy in NaCl  
solution, the formation of NiCl2 and/or NiClOHads

− 

occurs, corresponding to the reactions in Eqs. (5)−(8), 
respectively. It is evident that in this electrolyte, a 
passive layer does not form, but a pseudo-passive layer 

forms. In addition, the alloy surface is gradually covered 
by the corrosion layer and at point C, the corrosion layer 
confirms the hypothesis of a continuous dissolution of 
alloy in NaCl solution. According to these results, the 
layer which is formed on the 90Zn−10Ni alloy surface in 
a 3.5% NaCl solution is not passive even composed of a 
mixture of several salts. This layer is porous and much 
hydrated, it is a pseudo-passive layer. 
 

 
Fig. 4 Potentiodynamic polarization curves for Alloy IV in 
3.5% NaCl solution at different temperatures 
 

According to our previous work [19], it is assumed 
that the addition of Ni to Zn as alloying element 
decreases the active sites on the alloy surface compared 
with that of zinc, and the amount of these active sites 
decreases with increasing Ni content. This behavior can 
be interpreted on the bases that the increasing γ-Zn3Ni 
phase (Alloys I and II) or γ-Zn3Ni phase with γ-ZnNi 
(Alloys III and IV) leads to an increase in the corrosion 
resistance, consequently, and the dissolution rate on the 
alloy surface decreases. This indicates that the presence 
of Ni in the alloy plays an important role in significantly 
reducing the corrosion rate of Zn by increasing the 
corrosion resistance for the alloy compared to the base 
metal. 

By comparison between the anodic behavior of Zn 
and that of the investigated alloys, it is observed that the 
cracks seem to not be formed on the surface of alloy and 
the current in the pseudo-passive range for Zn−Ni alloys 
is significantly lower than that of Zn. This behavior can 
be attributed to the presence of Ni in the alloy 
composition which can prevent Zn(OH)2 from changing 
into ZnO. As the Ni content increases, Ni segregates 
Zn(OH)2 barrier layer via solid-state reaction and 
incorporates into the cation vacancies. This incorporation 
competes with the injection of host Zn cations into the 
corrosion layer and modifies its cracking resistance, 
leading to a decrease in the corrosion rate of alloys [34]. 
Accordingly, the rate of corrosion is delayed and the 
corrosion resistance of the alloy is increased. In addition, 
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Ni alloying with Zn plays an important role in 
stabilization of Zn(OH)2 on the alloy surface. Therefore, 
it slows down the corrosion rate of Zn−Ni alloy in Cl− 
ion solution; hence, the increase of Ni content improves 
the corrosion resistance of these investigated alloys. 
 
3.2 Galvanostatic measurements 

Galvanostatic measurement at an anodic constant 
current density was utilized to get more information 
about the anodic behavior of Zn, Ni and their 
investigated alloys in chloride solution. The 
galvanostatic anodic polarization of the Zn, Ni and 
Zn−Ni alloys electrodes in 3.5% NaCl solution at 25 °C 
using various current densities was studied. Figure 5 
shows the anodic potential/time curves recorded in 3.5% 
NaCl solution for Zn electrode. From the variation of the 
potential of the Zn anode with time, it can be seen that 
there is a rapid and almost linear change of potential 
(Region A) due to both the decay of hydrogen over 
potential and the subsequent charging of the electrical 
double layer at the metal/solution interface [35−37]. This 
process occurred over a potential range depending upon 
the magnitude of the polarization current and solution 
concentration [36]. When this process comes to an end, 
the potential of the Zn anode changes more slowly with 
time, giving rise to a distinct arrest (Region B). The 
arrest in potential, φar, may correspond to the formation 
of [Zn(OH)4]2−. The formation of [Zn(OH)4]2− may be 
considered the starting point for the dissolution process. 
Since the potential at this arrest seems to be constant for 
a certain time, it is assumed that the dissolution rate of 
Zn in the form of [Zn(OH)4]2− continues at a rate equal to 
the rate of oxide film formation (oxidation of Zn to 
Zn(OH)2 and/or ZnO). This process continues until the 
active dissolution of Zn is mainly suppressed. The 
duration of the passivation time, t (the time from the  
start of the anodic polarization until the oxygen 
evolution), was found to depend on the imposed  
current densities, J. As can be seen from Fig. 5, at the 
same NaCl concentration, the duration of the passivation 
time, t, decreases with increasing the imposed current 
densities. 

After the passivation time has elapsed, the anodic 
potential begins to increase in a linear fashion with time 
(Region C in Fig. 5). At this stage, sufficient oxide has 
accumulated on the electrode surface and, therefore, the 
rate of oxide film formation was higher than that of the 
rate of oxide dissolution [38]. According to AMMAR  
et al [39], the growth of the oxide continues by ionic 
conduction. The steady state of potential rise at constant 
current density, i.e., (dφ/dt)i, was previously ascribed to 
the formation of an amorphous oxide known as the 
barrier oxide layer under galvanostatic anodic 
polarization. (dφ/dt)i values were related to the polarizing 

 

 
Fig. 5 Anodic potential vs time curves for Zn electrode at 
different current densities in 3.5% NaCl solution at 25 °C (a) 
and relation between lg oxide formation rate and lg J in same 
solution (b) 
 
current density, J, by the empirical equation [40]: 
 
lg(dE/dt)i=lg a+blg J                         (10) 
 
where a and b are constants characteristics of the 
metal/solution system [36]. According to Eq. (10), the 
plot of (dE/dt)i vs lg J gives a straight-line relations   
(Fig. 5(b)). According to AMMAR et al [39], the value of 
the constant b should be 1.0 if the whole applied current 
density is consumed in oxide formation. The fact that b 
has a value higher than 1.0 indicates that the efficiency 
of ionic process is slightly lower than 100%. Therefore, a 
part of ionic current density is consumed in the 
dissolution process. It is clear from Fig. 5(a) that the rate 
of oxide film formation increases with increasing 
imposed current density, i. Finally, the polarization 
curves of Fig. 5 (Region D) deviate from linearity to a 
reach steady state potential value, φst, which depends 
upon the concentration of electrolyte and the imposed 
current density. The potential deviation indicated a 
decrease in the oxide growth efficiency [36], since at this 
stage, both oxygen evolution and transformation of 
Zn(OH)2 to ZnO occurred. 
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The galvanostatic potential−time curves for Ni 
electrode in 3.5% NaCl at different current densities 
ranging from 2 to 5 mA/cm2 are given in Fig. 6. Careful 
inspection of these curves indicates that at the beginning 
of polarization, the anode remains active for a period of 
time. By tracing the active region, it is noticed that the 
anode potential rises with time due to oxide growth, and 
charging curves show two distinct linear regions (BC and 
CD). The transition between these two regions, which is 
accompanied by the appearance of a number of small 
oxygen bubbles on the surface, is also attributed to 
structural changes in the anode film. In the active region 
of Ni, the anode dissolves continuously according to the 
reaction in Eqs. (5)−(8). The formation of NiClOHads

− 
may be considered as the starting point for the 
dissolution process. Since the potential along this arrest 
(AB) remains constant for a certain time, it is assumed 
here that the dissolution rate of Ni in the form of 
NiClOHads

− continues at a rate equal to the rate of oxide 
film formation (oxidation of Ni to NiCl2 and/or 
NiClOHads

−). This process continues until the active 
dissolution of Ni is mainly suppressed. 
 

 
Fig. 6 Anodic potential vs time curves for Ni electrode at 
different current densities in 3.5% NaCl solution 
 

After the anodic arrest (Region AB), the anodic 
potential begins to increase very rapidly (BC region). At 
this stage, the rate of NiCl2 formation (Reactions (6) and 
(7)) is higher than the rate of oxide dissolution. Finally, 
the polarization curves of Fig. 6 (CD region) are not 
deviated from linearity to reach steady state potential 
value, indicating that the NiCl2 film is more stable on Ni 
surface. At this stage, both oxygen evolution and 
transformation of NiClOHads

− to NiCl2 occur. This 
behavior is in agreement with the potentiodynamic 
measurements. 

Figure 7 shows the galvanostatic potential−time 
curves for Zn and Zn−Ni alloys in 3.5% NaCl solution at 
2 mA/cm2. From comparison between these curves, it is 
observed that the anodic passivation potential of Zn is 

high compared with that of its investigated alloys under 
the same conditions. This indicates that, with increasing 
the percentage of Ni content in the Zn−Ni alloy, the 
anodic passivation potential values decrease. This 
behavior confirms that the tendency of the alloy towards 
passivity decreases as a result of Ni alloying with     
Zn [37]. This behavior may be due to the stability of the 
oxide film formed on the alloy surface and higher 
corrosion resistance. The lower passivation potential of 
the investigated alloys compared with that of pure Zn can 
be interpreted on the basis of the competition between 
the processes occurring on Zn and Ni particles in the 
alloy. In addition, it may be the presence of Ni with Zn 
that leads to inhibitive action of Zn oxides on the alloy 
surface. It is evident that an increase in Ni content in the 
alloy increases the time needed to achieve passivation 
(tpass). This indicates that the tendency of alloys to 
passivity decreases with the increase in Ni content. This 
behavior can be attributed to the presence of Ni which 
delays the formation of Zn(OH)2 and/or ZnO on the alloy 
surface (Zn oxide is formed on the alloy surface before 
the Ni oxide). 
 

 
Fig. 7 Comparison between anodic potential vs time curves for 
pure Zn and Zn−Ni alloys at current density of 2 mA/cm2 in 
3.5% NaCl solution 
 

An increase in the imposed current density, J, 
causes a shift in the starting potential of the arrest, φar, 
into more positive direction according to the following 
relation [38,40]: 
 
φar=φi=0+ZJ                                 (11) 
 
where φar is the measured electrode potential at the start 
of the arrest, φi=0 is the potential corresponding to i=0 
and Z is a constant. Plots of φar vs J in Fig. 8, give a 
straight line in accordance with Eq. (11). The statistical 
analysis of the data of Eq. (11) gives a strong correlation 
coefficient, R2>0.995 for all investigated electrodes. It is 
noteworthy to see that, the intersection of these lines 
with the potential axis gives the value of φi=0 equal to  



Hany M. ABD EL-LATEEF, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3152−3164 

 

3158 

 

 
Fig. 8 Variation of starting potential of arrest, φar, with current 
density for pure Zn (a), pure Ni (b) and Alloy IV (c) in    
3.5% NaCl solution 
 
−1.198, −0.31 and −1.06 V (vs SCE) for Zn, Ni and 
Alloy IV, respectively (Fig. 8). It is obvious that the 
measured arrest potential and the calculated ones for 
ZnO are nearly similar [41]. Therefore, it may be 
concluded that, ZnO is formed in this range of potential 
on the electrode surface and Zn oxide is formed on the 
alloy surface before the Ni oxide. 

The variation of the duration time with the current 
density on a logarithmic scale is shown in Fig. 9. The 
data reveal that, as the imposed current density increases, 
the duration time of the anodic arrest decreases. This 
behavior may be interpreted on the bases that, the length 
of the induction period time is limited by the diffusion of 
Cl− anions from the bulk of the solution [42]. Thus, at 
high current density, more Cl− anions are diffused 

towards the electrode surface. The variation of duration 
time of the anodic arrest with Ni content at different 
current densities is shown in Fig. 10. The data exhibit 
that, the duration time increases with increasing Ni 
content from 2% to 10% but decreases for Alloy I  
(0.5% Ni) and the time required to reach the electrode 
surface of passivation decreases in the order:         
Ni > Alloy IV > Alloy III > Alloy II > Zn> Alloy I. 

Accordingly, it can be clearly seen that the tendency 
of the alloys to passivity decreases with the increase in 
Ni content except for 0.5% Ni. The decrease in the 
passivation time of Alloy I compared with that of pure 
Zn may be due to the formation of ZnO and NiO on the 
alloy surface. So, the oxide blocks the dissolution of 
active sites and causes inactivation of a part of the 
surface towards corrosive medium [21]. However, the 
decrease in steady state of passivation potential of the 
mentioned alloy may be due to the breakdown of the 
oxides by Cl− ions. 
 
3.3 Potentiostatic measurements 

The potential range selected for the potentiostatic 
transients started from −1.075 to +1.0 V (vs SCE), which 
includes the active and passive zones of the potentio- 
dynamic curves. Figure 11 shows the current density− 
time transient curves of Zn electrode in 3.5% NaCl 
solution at different applied anodic potentials and 25 °C. 
It is observed that, the current density decreases rapidly 
with prolonging time to attain a steady state current value. 
If we neglect the contribution of the double layer charge, 
the decrease in the transient current may be related to a 
film growth on the electrode surface. The film growth 
kinetic fits the model proposed by CHEN et al [43] and 
MACDONALD and URQUIDI-MACDONALD [44], 
which is given by 
 
J=At–n                                      (12) 
 
and/or 
 
lg J=lg A−nlg t                              (13) 
 
where A and n are constants depending on the potential 
limit φ and the electrolyte concentration. The value of n 
represents the ZnO growth rate [45] and is given by the 
slope of the descending part of the lg J vs lg t. The data 
show that, the values of n decrease from 0.349 to 0.121 
with increasing applied potential. The values of n show 
that, the passivation rate increases with the shift of 
electrode potential towards more positive values. At 
φapplied =−1.075 V (vs SCE), corresponding to peak AI 
(Fig. 1), the current density rapidly decreases and attains 
a steady state value as a result of formation of Zn(OH)2 
layer on the electrode surface. Moreover, potentiostatic 
current−time curves at +1000 mV in 3.5% NaCl solution 
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Fig. 9 Variation of duration time of anodic arrest with logarithm of current density for Zn, Ni and Zn−Ni alloys in 3.5% NaCl 
solution 
 

 
Fig. 10 Variation of duration time of anodic arrest with Ni 
content at different current densities in 3.5% NaCl solution 

 
Fig. 11 Potentiostatic transient current vs time curves for pure 
Zn in 3.5 % NaCl solution at different applied potentials 
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reveal that, the current density decreases rapidly with the 
increase of time to a minimum value (Jm). 

Figure 12 shows the typical changes of the current 
density with the increase of time obtained for Ni at 
various potentials in 3.5% NaCl solution. The current 
density was observed to decrease with time to attain a 
steady state current density in the investigated solution. 
This may be attributed to the formation of a thick barrier 
layer at more positive applied potential. Current−time 
transients recorded at different applied potentials for 
Zn−Ni alloys (Alloy IV as example) in 3.5% NaCl 
solutions are shown in Fig. 13. Here, it can be seen that, 
the anodic current density decays in a continuous manner, 
as the passive film is formed. The results clearly show 
that the current densities measured for the investigated 
electrodes in the examined solution at more positive 
potentials are significantly reduced in comparison with 
those obtained at more negative potentials. This behavior 
confirms that the tendency of the investigated electrodes 
towards passivity increases with shifting applied 
potential to more positive direction. 
 

 

Fig. 12 Potentiostatic transient current density vs time curves 
for pure Ni in 3.5% NaCl solution at different applied 
potentials 
 

 
Fig. 13 Potentiostatic transient current density vs time curves 
for Alloy IV in 3.5% NaCl solution at different applied 
potentials 

3.4 Surface characterization by EDX/SEM analysis 
EDX is analytical technique for the elemental 

analysis or chemical characterization of the corrosion 
product formed on the electrode surface [46]. EDX 
analysis revealed the formation of elements O, Na, Cl 
and Zn on the Zn surface in 3.5% NaCl solution     
(Fig. 14(a)). Normalized quantitative analysis by 
stoichiometry, showed that, the surface was covered by 
NaCl, ZnCl2 and ZnO. 
 

 
Fig. 14 EDX analysis of corrosion product on Zn electrode (a), 
Ni electrode (b) and alloy IV (c) surfaces formed anodically in 
3.5% NaCl solution 
 

Figure 14(b) shows EDX analysis of the corrosion 
product on Ni electrode surface formed anodically in 
3.5% NaCl solution. The data showed the presence of Ni, 
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Cl, O and Na. The quantitative analysis confirmed that, 
the Ni surface was covered with NiCl2 and NiO.   
Figure 14(c) shows EDX analysis of the corrosion 
product on Alloy IV surface formed anodically in 3.5% 
NaCl solution. Analysis of all elements showed the 
presence of elements Na, Cl, Ni, Zn and O. Analyzed 
elements combined with Cl and O revealed that the 
surface of alloy was covered with ZnCl2, NiCl2 and NiO, 
ZnO2. This indicated that the pseudo-passivation can be 
due to the precipitation of the mentioned salts and oxides 

and/or NiClOHads
− on the surface. 

Figures 15 shows the micrographs of the anodic 
corrosion film formed anodically on surface of Zn in 
3.5% NaCl solution at applied potentials of −1.156 (peak 
AI), −1.062 (peak AII), −0.843 and −0.789 V (vs SCE) 
(dissolution of oxide film). It may appear from Fig. 15(a) 
that the surface was partially covered by the corrosion 
product (ZnO) and the electrode surface may be seen. 
The patches of the corrosion layer exhibited the same 
shapes. The patches of this layer were not compact, i.e., 
there were vacancies between them. However, the 
photograph of Zn treated anodically at −1.062 V (vs SCE) 
(peak AII), recognized that, the surface was covered by 
corrosion layer (ZnO and ZnO2) and the particles were 
smaller and the amount was greater than that at more 

negative potential (peak AI). The patches of this layer 
were more compact. Figure 15(c) shows the SEM 
photograph of Zn treated at −0.843 V (vs SCE). It is 
shown that the surface was almost completely covered 
by the corrosion layer and the surface contained some 
cracks. Therefore, SEM results support the 
potentiodynamic measurements that high current density 
in the passive region is due to some cracks on the surface. 
For the electrode surface treated anodically at −0.789 V 
(vs SCE) (more positive potential, as shown in Fig. 15(d), 
more cracks appeared in the electrode surface and the 
amount of corrosion product was decreased compared 
with that in Fig. 15(c). 

Figures 16 shows the micrographs of the corroded 
surface formed anodically on surface of Alloy IV in 3.5% 
NaCl solution at applied potentials −0.899 and −0.40 V 
(vs SCE). It was recognized from Fig. 16(a) that the 
treated surface at −0.899 V (vs SCE) was partially 
covered by the corrosion product, so that the electrode 
surface can be seen. One layer was observed on the 
electrode surface, and its corrosion product exhibited 
different shapes compared with that of pure zinc     
(Fig. 15(c)) and the cracks are not observed. This 
indicates that the presence of Ni in the alloy as alloying 
element retarded the anodic dissolution process on the 

 

 
Fig. 15 SEM images of corroded surface of pure Zn formed anodically in 3.5% NaCl solution at −1.156 V (peak AI) (a), −1.062 V 
(peak AII ) (b), −0.843 V (c) and −0.789 V (cracking) (d)  
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Fig. 16 SEM images of corroded surface of Alloy IV formed anodically in 3.5% NaCl solution at −0.899 V (a) and −0.40 V (b) 
 
alloy surface, and the layer may be related to Zn(OH)2. 
Figure 16(b) shows SEM photograph of the same alloy 
treated at −0.40 V (vs SCE). It is found that the surface 
was covered by adhered thin layer of corrosion product 
and very small cracks were observed. This result 
confirms that, the corrosion resistance at more anodic 
potential of the Zn−Ni alloy was higher than that of Zn. 
 
4 Conclusions 
 

1) Galvanostatic curves show that the anodic 
behavior of all investigated electrodes exhibits active/ 
passive transition. While the potentiodynamic curves 
exhibit active/passive transition only in the case of pure 
Zn. The active dissolution and passive currents increase 
with increasing temperature. 

2) Galvanostatic measurements exhibit that, the 
passivation time increases with increasing Ni content 
from 2% to 10%, but decreases for Alloy I (0.5% Ni) and 
the time required to reach the electrode surface of 
passivation decreases in the order: Ni > Alloy IV >  
Alloy III > Alloy II > Zn> Alloy I 

3) Potentiostatic measurements reveal that, the 
current density decreases with the increase of time in the 
investigated solution. This may be attributed to the 
formation of a thick barrier layer at more positive applied 
potential. 

4) EDX results indicate that, the passivation can be 
due to the precipitation of ZnO/ZnO2 and ZnCl2 on the 
Zn surface, NiCl2 and NiO on the Ni surface and ZnCl2, 
NiCl2 and NiO, ZnO2 on the alloy surface. 

5) SEM images exhibit that, the amount of 
corrosion product increases with shifting the potential to 
more positive direction, and the cracks are largely 
observed at more positive potential on Zn surface. 
However, thin layer of corrosion product with very small 
cracks is observed for Alloy IV compared with those of 

Zn under the same conditions. This indicates that, Zn−Ni 
alloys are more resistive to Cl− ions attack compared 
with pure Zn. 
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Ni 合金化对 Zn 在 3.5%NaCl 溶液中 
阳极溶解行为的影响(II): 动电位、恒电位和恒电流研究 
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摘  要：Zn 是钢防腐常用的金属。进一步添加其他元素，如 Ni，可以降低其腐蚀速率，保持其牺牲性保护作用。

采用动电位、恒电位和恒电流技术研究 Zn、Ni 和不同 Ni 含量(0.5%~10%)的 Zn−Ni 合金在 3.5%NaCl 溶液中的阳

极溶解行为。利用 EDX 和 SEM 对 Zn，Ni 和 Zn−Ni 合金腐蚀层的成分和显微组织进行表征。恒电位曲线表明，

所有研究电极的阳极行为都呈现活化/钝化转变，而且除 99.5Zn−0.5Ni 合金外，随着 Ni 含量的增加，合金的钝化

趋势减弱。而动电位曲线表明，只有 Zn 表现出活化/钝化转变。表面分析表明，腐蚀产物主要为氧化物、氯化物

和氢氧氯化物。与 Zn 相比，90Zn−10Ni 合金中可观察到细微的裂纹。 

关键词：腐蚀；NaCl 溶液；Ni 含量；Zn−Ni 合金；阳极行为 
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