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Abstract 

 

The present work focuses on the effect of Ni content (0, 5, 10, and 30 %) on the corrosion behavior of Cu-10Al-xNi ternary 

alloys in Na2SO4 solutions. The electrochemical properties were investigated in Na2SO4 solutions by polarization 

measurements, cyclic voltammetry and electrochemical impedance spectroscopy, EIS, techniques. Surface examination and 

morphological studies were employed. The results show that the addition of Ni to Cu-Al alloys increases the corrosion 

resistance. Also, the increase in the Ni content improves the corrosion resistance of the Cu-Al-Ni ternary alloys due to 

formation of a stable passive film. The mechanism of the corrosion process and the barrier film formation was discussed. The 

experimental EIS data were fitted to the theoretical data according to the suggested model. The incorporation of Ni in the 

cuprous oxide (Cu2O) barrier film leads to its stabilization. An equivalent circuit model for the electrode/electrolyte interface 

under different conditions was proposed. For industrial applications, the results lead to the recommendation of the Cu-10Al-

30Ni alloy for applications in the production of Na2SO4. 

Keywords: Cu-Al-Ni alloy; Corrosion; Cyclic voltammetry; Impedance; Passivation 

 

1. Introduction 

Copper and its alloys have many industrial 

applications because of their good physical 

properties, excellent machinability, high thermal and 

electrical conductivity, and good corrosion resistance 

properties [1-3]. The addition of Al to Cu-based 

alloys increases its corrosion resistance while the 

presence of Ni is essential in the passivation of Cu-Ni 

alloys because of its incorporation in the Cu2O film, 

which is formed on the corroded surface of the alloy. 

There is a wide range of materials which exhibit the 

shape memory effect, but only those alloys are 

commercially attractive which show a substantial 

amount of strain recovery and generate significant 

force due to shape change [4]. The electrochemical 

corrosion of Cu-Ni alloys has been extensively 

examined under different experimental conditions 

using various techniques [5–9]. It was found that the 
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increase of Ni-content improves the stability of the 

Cu-Ni alloy at high NaCl concentrations (> 0.5M) 

[10]. The corrosion behavior of Cu-Al-Ni alloy in 

Na2SO4 solutions was found to be due to the 

dissolution of Cu to Cu
2+

 and the passivity was due to 

the formation of a Ni(OH)2 layer [11, 12]. In alkaline 

Na2SO4 solutions, the corrosion resistance of the Cu-

Ni alloys increases with the increase of the nickel 

content. A critical SO4
--
 ions concentration was 

reported, below which the stability decreases and 

protective film breakdown takes place [9, 13-15]. In 

this paper, focus has been made on the role of Ni 

content on the corrosion resistance of the Cu-10Al-

xNi ternary alloys with constant Al ratio of 10% in 

neutral Na2SO4 solutions, aiming at the categorization 

of these alloys according to their stability in this 

simulated marine solution and to recommend the use 

of the alloys in such medium, especially for the 

industrial production of Na2SO4. In this respect, 

different electrochemical techniques, e.g., 

polarization techniques and EIS were used. The 

presence of Ni and Al in the protective film structure 

and surface composition was investigated by EDX 

analysis and the surface morphology was examined 

by SEM. 

2. Experimental details 

 

The mass spectrometric analysis of the electrodes 

used in this work is presented in Table 1. The 

investigated electrodes were made from commercial 

grade Cu-Al-Ni rods, mounted into glass tubes by 

two-component epoxy resin leaving a surface area of 

0.2 cm2 to contact the corrosive solution. The 

electrochemical measurements and corrosion 

behavior tests were carried out in a standard 

conversional three-electrode all-glass cell with 

saturated calomel electrode, SCE, and Pt foil serving 

as the reference and counter electrodes respectively. 

At the beginning of the tests, the open circuit 

potential was measured. Before each experiment, the 

working electrode was polished mechanically using 

successive grades emery papers up to 2000 grit. The 

electrochemical measurements were carried out in a 

naturally aerated Na2SO4 solution of pH 7. The 

polarization experiments and electrochemical 

impedance spectroscopic investigations, EIS, were 

performed using a Voltalab PGZ 100 “All-in-one” 

potentiostate/Galvanostate system. All The 

polarization experiments were carried out using a 

scan rate of 10 mV s-1. Prior to the potentiodynamic 

polarization, the working electrodes were immersed 

in the solutions for 1 hr for stabilization of the OCP. 

All cyclic voltammetry measurements were carried 

out using a scan rate of 10 mV s−1. The total 

impedance, Z, and phase shift, θ, were recorded in the 

frequency domain 0.1 to 105 Hz. The superimposed 

ac-signal was 10 mV peak to peak amplitude. The 

surface morphology and the passive film analysis 

were performed by SEM/EDAX (model ISPECT S 

2006, FEI Company, Holland). To achieve 

reproducibility, each experiment was carried out at 

least twice. Details of experimental procedures are as 

described elsewhere [15-17]. 

 

Table 1:   

Mass spectrometric analysis for the different electrode materials in 

mass% 

 

 

 

 

 

 

 

 

 

3. Results and discussion 
 

3.1. Open-circuit potential measurements, OCP. 

 
OCP of Cu, Ni and Cu-Al-Ni ternary alloys with 

different Ni contents (0, 5, 10 and 30 mass% Ni) 

were traced over 1h in the 0.2 M SO4
2-

 solution. 

Results of OCP were measured against a SCE are 

shown in Fig. 1a. The OCP of Cu-Al-Ni alloys with 

different Ni content (0-30%) shift towards positive 

values and lie in the range of Cu. The steady-state 

potential, Ess, for all investigated electrodes was 

reached within 30 min from electrode immersion in 

the test electrolyte and varied in narrow range. Fig. 

1b shows the variations of the OCP with time for Cu-

10Al-30Ni alloy in neutral solution containing 

different SO4
2- 

ions concentrations. As can be seen 

the OCP gradually shifts towards less negative values 

until it reaches a relatively steady value, Ess, after 
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about 40 min from immersion in Na2SO4 solution. 

This behavior indicates that a passivation process 

occurs at the electrode/electrolyte interface. Visual 

observation of the surface of the electrode during 

immersion tests reveals continuous decrease in the 

rate of H2 gas evolution on Cu-Al-Ni surface with 

immersion time, suggesting a decrease in its rate of 

corrosion. This is likely attributed to deposition of 

corrosion products on the alloy surface as a result of 

interaction between the metal surface and SO4
2- 

anions in solution. As the SO4
2-

 ions concentration 

increases the Ess for Cu-10Al-30Ni alloy shifts 

towards more positive values up to 0.2 M then gets 

more negative shift, which was attributed to the 

selective leaching of the active components from the 

alloy surface [18]. This behavior indicates that the 

corrosion process of Cu-Al-30Ni alloy in Na2SO4 

solution depend on the properties of the corrosion 

film formed on the alloy surface as a function of the 

SO4
2-

 ion concentration. 

 

3.2. Cyclic voltammetric investigations, CV. 

CVs for Cu, Ni, and different Cu-Al-Ni alloys were 

recorded at a scan rate of 10 mV s
-1

 in 0.2 M Na2SO4 

solution of pH 7. The CV of Ni in Na2SO4 solution at 

25 
o
C is shown in Fig. 2a. The potential scan was 

started at -800 mV, where a significant cathodic 

current is observed due to the generation of H2 gas. 

The cathodic current density rapidly diminishes as 

the E is made less negative. There is then an unclear 

active region for dissolution of Ni, in which the 

current density increases slightly with increasing the 

potential. On the anodic part, oxidation started at 

about -420 mV followed by a small anodic 

dissolution current. It was reported that the 

predominant soluble Ni species in neutral solutions 

were either Ni(OH)
+

(aq)  or Ni
2+

(aq)  ions [19,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1- (a) Variation of the OCP of Cu, Ni and Cu-Al-Ni alloys in 

0.2 M Na2SO4. (b) Variation of the OCP of Cu-10Al-30Ni alloy 

with time in neutral Na2SO4 solution of different concentrations. 

 

 

 

20]. The Ni dissolution has been reported to be 

dependent on the solution pH, which suggests a 

contribution of OH
-
 to the active metal dissolution 

process [20-22]. The dissolution reactions of Ni can 

be represented as the following [20, 21]: Ni + OH- = 

Ni(OH)ads   + e
-
, Ni + H2O = Ni(OH)ads   + H

+
 + e

-
, 

Ni(OH)ads = Ni(OH)
+

aq + e
-
, Ni + SO4

-2
 = NiSO4 + 2e

-

. It is a reasonable assumption to hold the same 

primary step (Ni + OH
-
 = Ni(OH)ads   + e

-
 and Ni + 

H2O = Ni(OH)ads   + H+ + e-) responsible for 

passivation: Ni(OH)ads   + OH
-
 = Ni(OH)2 + e

-
 , 

Ni(OH)ads   + H2O = Ni(OH)2 + H
+
 + e

- 
and Ni(OH)2 

= NiO + H2O. The reverse potential scan does not 

show a cathodic peak corresponding to the reduction 

of the passive film. This can be attributed to either 

the high stability of the passive film or the overlap of 
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the reduction of dissolved oxygen and passive film 

just preceding the potential range of the H2 

generation reaction [23]. The CV for Cu in 0.2 M 

Na2SO4 solution is presented in Fig. 2b. The cathodic 

current density decreases as the potential is made less 

negative. There is then a transition region before the 

active dissolution of Cu commences. In this region, 

the current density stabilizes with increasing 

potential. This plateau is most probably due to the 

formation of Cu(SO4)
2-

ads, and/or Cu(OH)-
ads 

adsorbed species at the metal surface [24, 25] 

according to the reactions:  Cu + SO4
-2

 = Cu(SO4
 
)

-

2
ads, Cu + OH

-
 = Cu(OH)

-
ads and Cu + H2O = Cu(OH)

-

ads + H
+
. Usually, the adsorption of anions (such as 

sulfate ions) on the metal surface may promote 

dissolution or passivation with increasing potential 

[26]. Several studies have confirmed the adsorption 

of SO4
-2 ions on Cu electrode in acid and neutral 

electrolytes [25, 27]. The Cu(SO4)
-2

ads and/or 

Cu(OH)
-
ads species represent an adsorbed 

intermediate for active metal dissolution. In the 

anodic region, Cu goes into solution as Cu
+
 ions [24, 

28], the current density is continuously increasing 

with potential. The increase in anodic current can be 

attributed to dissolution process of the adsorbed layer 

which can be described as follows: Cu(OH)-
ads + OH- 

= Cu(OH)2
-
(aq) + e

-
, 2 Cu(SO4

 
)

-2
ads = Cu2(SO4

 
)(aq) + 

SO4
-2

 + e
-
. The CVs for Cu-10Al, Cu-10Al-5Ni, Cu-

10Al-10Ni, and Cu-10Al-30Ni in 0.2 M Na2SO4 

solution are presented in Fig. 2(c-f). The shapes of 

the cyclic voltammograms of the alloys resemble that 

of pure Cu more than that of pure Ni. This means that 

the kinetic process is controlled by the Cu 

dissolution. This confirms the data obtained by OCP. 

Fig. 3 displays the influence of different SO4
-2

 ion 

concentrations on the CV of Cu-Al-5Ni alloy. It can 

be observed that the same behavior took place when 

the concentration of SO4
-2

 ions increases in case Cu-

Al, Cu-Al-10Ni and Cu-Al-30Ni alloys. The same 

peaks appeared in this range of SO4
-2 ion 

concentration and a limited change in the position of 

the peaks observed. This means that the mechanism 

of the corrosion process does not change.  
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Fig. 2- CVs of Ni (a), Cu (b) and Cu-Al-Ni alloys (c-f) in 

0.2 M Na2SO4
 solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3- CV of Cu-10Al-5Ni alloy in Na2SO4 solution of 

different concentrations. 

 

 

3.3 The corrosion rates of Cu-Al-Ni alloys 

        
The corrosion behavior of Cu-Al-Ni alloys with 

various Ni contents was investigated in Na2SO4 

solution. The potentiodynamic polarization curves of 

the different alloys after immersion in 0.2 M Na2SO4 

solution are presented in Fig. 4a. The values of the 

corrosion parameters, corrosion current density, icorr, 

Tafel slopes, βa & βc and corrosion potential, Ecorr, 

were calculated and presented in Table 2. The 

relation between the corrosion current density, icorr, 

and Ni content are presented in Fig 4b. It was found 

that, the corrosion rate decreases with addition of Ni 

to Cu-Al alloy, also decrease with the increasing Ni 

content in the Cu-Al-Ni alloys. This result can be 

explained on the basis of the dissolution of Ni with 

the formation of Ni
2+

 ions followed by the formation 

of a protective film of Ni(OH)2 or NiO. After 

reaching the steady state, the ability of the barrier 

film to impart passivity depends on the amount of 

NiO in the protective layer which in turn is dependent 

on the Ni content. The corrosion behavior of the Cu-

Al-Ni ternary alloys is controlled by the passivating 

properties of Ni and hence the corrosion current 

density decreases as the Ni content increases. The 

effect of SO4
-2

 ions concentration on the corrosion 

rates of Cu-Al-Ni ternary alloys was investigated 

using potentiodynamic polarization technique. The 

potentiodynamic polarization curves of Cu-10Al and 

Cu-10Al-30Ni alloys at different concentration of 

Na2SO4 are presented in Figs. 5a and b. The 

corrosion parameters values, icorr, βa & βc and Ecorr, 

were calculated and presented in Table 3. For 

different Cu-10Al-xNi alloys, the icorr decreases with 

the increase in Na2SO4 concentration as presented in 
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Fig. 5c. The corrosion resistance of the Cu-Al-Ni 

ternary alloys is attributed to a spontaneously formed 

protective film consisting mainly of barrier Cu2O 

layer, which is in a contact with the electrolyte 

through a porous outer layer of Cu(II) 

hydroxide/oxide [29, 30]. From the polarization 

measurements, the icorr values are generally decreased 

with increasing the Ni content which means that the 

composition of the barrier layer formed on Cu and 

Cu-Al-Ni ternary alloys is not identical. In the point 

defect model (PDM) [31] and the solute vacancy 

interaction model (SVIM) [32], the Cu2O film is 

regarded as a p-type  semiconductor, and therefore 

the mobile cation vacancies (VCu-(ox)red are the main 

charge carriers (CuCu(ox) → Cu
+
(aq) + VCu−(ox)). Ni 

from the Cu-Al-Ni alloy are incorporated into the 

crystal lattice of Cu2O layer, where Ni
2+

 cations 

interact with mobile negatively charged cation 

vacancies and form neutral complexes according to 

[33-35]: NiNi(m) + 2VCu−(oX) → [NiCu(VCu)2] + 2e-. 

The [NiCu(VCu)2] formation leads to a decrease in the 

ionic conductivity and increase of the electronic 

conductivity of the protective layer and the corrosion 

resistance thus increased [36, 37]. In the case of the 

protective film formed on Cu-Al-Ni ternary alloys, 

the Ni incorporation process from the metal/oxide 

interface plays an important role. It seems reasonable 

to assume that barrier Cu2O layer doped with Ni 

should exhibit a higher corrosion resistance compared 

to a simple Cu2O layer [38]. 

 

 
Table 2: Polarization parameters and rates of corrosion of 

the different Cu-Al-Ni alloys in 0.2 M Na2SO4, pH 7.0 after 

electrode immersion at 25 ◦C. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Fig. 4- (a) Potentiodynamic polarization curves for 

the Cu-Al-Ni alloys in 0.2M Na2SO4 solution. (b) 

The corrosion current density of the investigated 

alloys as a function of the Ni content.  
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Fig. 5- Potentiodynamic polarization curves for Cu-10Al 

(a) and Cu-10Al-30Ni (b) alloys in different concentration 

of SO4
-2 ions. (c) The corrosion current density of the 

different alloys as a function of SO4
-2 ions concentration.  

 

Table 3: Polarization parameters and rates of corrosion of 

the different Cu-Al-Ni alloys in different concentration of 

Na2SO4 solution of pH 7.0 after electrode immersion at 25 
◦C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.4 EIS measurements,  
 

The impedance spectra of Cu-10Al-30Ni alloy in 0.2 

M Na2SO4 solution after different immersion times 

are illustrated in Fig. 6. The Bode plot (cf. Fig. 6a) 

showed that the total impedance magnitudes of the 

alloy samples at the lowest frequency increased with 

immersion time, indicative of the increase in the 

corrosion resistance due to the formation of a 

protective oxide film on the alloy surface. From the 

respective phase angle Bode plots, two peak maxima 

were distinguished. The peak angles appearing in the 

low frequency range were attributed to the protective 

oxide film. The maximum peak angles at the high 

frequency range may derive from the electrical 

double layer. The experimental data fitted to the 

equivalent circuit model of Fig. 6a (inset). In the 

proposed equivalent circuit model, Rs and Rct 

represent the solution and the charge transfer 

resistances, respectively. Both resistances are in 

parallel to a capacitor that characterizes the double-

layer capacity, Cdl. Also, an additional resistor, Rf, 

and capacitor, Cf, were introduced to consider the 

formed surface film. The equivalent circuit 

parameters for the different Cu-Al-Ni alloys at 

different intervals of electrode immersion in Na2SO4 

solution are presented in Table 4. The increase of the 

impedance values is due to the progressive formation 

of the protective layer on the surface of alloys. The 

passive film resistance, Rpf, for the Cu-10Al-30Ni 

alloy increases with the increase in time of 

immersion, while the passive film thickness, 1/Cpf, 

increases up to 90 min then decrease (cf. Fig. 6b). 

The influence of Na2SO4 ion concentration on the 

corrosion process of the Cu-10Al-30Ni alloy was 

investigated using the EIS measurements. The 

experimental Bode plots obtained with the Cu-10Al-

30Ni alloy after 1h of electrode immersion in 

solutions with different concentrations of SO4
-2 ions 

(0.05-0.5 M) are presented in Fig. 7a. Using the 

equivalent circuit model shown in Fig. 6a (inset), the 

calculated parameters for Cu-10Al-30Ni alloy after 

electrode immersion in solutions with different 

concentration of SO4
-2

 ions are presented in Table 5. 

Fig. 7b shows the variations of the Rpf and the 1/Cpf 

with Na2SO4 concentration for Cu-10Al-30Ni alloy. It 

is clear that the addition of up to 0.1 M Na2SO4 leads 

to a decrease in Rpf and 1/Cpf due to dissolution of the 

adsorbed species and formation of the soluble 

Cu2SO4aq [13]. Above this concentration, Rpf and 

1/Cpf increase due to formation of adsorbed species 

{Cu(SO4)ads
-}. The accumulation of higher sulfate 

ions concentration leads to the stabilization of the 

adsorbed layer and then an increase in both Rpf and 

1/Cpf could be recorded. 

0.00 0.15 0.30 0.45 0.60
0

3

6

9

12
(c)

 

 

 Cu-10Al

 Cu-10Al-05Ni

 Cu-10Al-10Ni

 Cu-10Al-30Ni

i c
o

rr
 /

µA
 c

m
-2

C /M



 H. Nady et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 66, No. 7 (2023)  

 

 

414

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6- (a) Bode plots of Cu-10Al-30Ni alloy after different 

times of immersion in 0.2M SO4-2 solution. Fig. 6a inset 

(c) Experimental Nyquist plots recorded in 0.2 M SO4-2 

solutions for Cu-10Al-30Ni alloy. The solid lines represent 

the fitted data according to the equivalent circuit model of 

(d) inset. Fig. 6a inset (d) Equivalent circuit model used in 

the impedance data fitting ( Rs = solution resistance, Rp = 

charge-transfer resistance, Cdl = double layer capacitance, 

Rpf =passive film resistance, and Cpf =passive film 

capacitance). (b) The barrier film resistance, Rpf, and 

relative film thickness, 1/Cpf, formed on the Cu-Al-30Ni 

alloy surface in 0.2 M SO4-2 neutral solutions as a function 

of the time immersion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.7- (a) Bode plots of Cu-10Al-30Ni alloy after 

immersion in neutral solutions containing different SO4
-2 

ion concentrations. (b) Variation of passive film resistance, 

Rpf, and relative passive layer thickness, 1/Cpf of the Cu-

10Al-30Ni alloy as a function of SO4
-2  ions concentration. 

 

 

3.3.5. SEM/EDAX analysis 
 

The surface morphology of the different alloys after 

immersion in Na2SO4 solution was investigated by 

SEM. Figures 8 and 9 shows SEM/EDX images of 

the Cu-10Al (8a and 9a) and Cu-10Al-30Ni (8b and 

9b) alloys before and after immersion in Na2SO4 

solution, where the corrosion sites are clearly 

observed. Alloys with 30% Ni did not show any 

flawed regions, which means that the addition of Ni 

improves the stability of the alloy as was 

demonstrated by the polarization and EIS 

investigations (cf. Fig. 9b). The surface of the Cu-

10Al and Cu-10Al-30Ni alloy was subjected to 

EDAX analysis to record the different constituents of 

the barrier layer (cf.  Figs. 8 and 9).  It is clear that 

the constituent elements of the alloys are present in 

the passive film by almost the same ratio as the alloy 

itself. This means that the elements, Al, Cu, and Ni 

are participating in the passivation process.  
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Fig.8- SEM and EDAX analysis of (a) Cu-Al and (b) 

Cu-Al-30Ni alloy before electrochemical testing. 
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Fig. 9- SEM/EDX analysis of Cu-Al and Cu-10Al-

30Ni alloy after immersion in neutral solution 0.5 M 

SO4
-2

 solutions and 25 ◦C 

 

4.  Conclusion  

The stability of the Cu-10Al-xNi ternary alloys in 

SO4
2-

 solutions depends on the Ni content. The 

corrosion rate of Cu-Al-Ni alloys decrease with the 

increase in the concentration of sulfate ions. Alloys  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

with > 30% Ni show limited corrosion rate. The 

passive film that protects the alloys against corrosion 

is affected by the Na2SO4 concentration. The passive 

layer formed on the alloy surface consists of a 

continuous porous layer on the top of a thin barrier 

film.  
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