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THE INFLUENCE OF CHLORIDE ION CONCENTRATION ON THE CORROSION BEHAVIOR OF 
THE CuAlNi ALLOY 

Ladislav VRSALOVIĆ, Ivana IVANIĆ, Diana ČUDINA, Lea LOKAS, Stjepan KOŽUH, Mirko GOJIĆ 

Abstract: The influence of different chloride ion concentration (0.1 %, 0.5 %, 0.9 % and 1.5 % NaCl solution) on the electrochemical behaviour of the cast CuAlNi alloy was 
examined with electrochemical techniques (open circuit potential measurements, linear and potentiodynamic polarization measurements and electrochemical impedance 
spectroscopy (EIS)). After polarization measurements, electrode surfaces were examined with an optical microscope and the SEM/EDS analysis. Polarization measurements 
revealed that an increase in chloride ion concentration leads to an increase of the corrosion current density values and a decrease of the polarization resistance values, which 
indicated a higher corrosion attack on the alloy. The examination of alloy surfaces with an optical microscope and the SEM/EDS analysis has shown that there is no indication of 
pitting corrosion in the 0.1% NaCl solution, but pits were clearly visible on the samples which were examined in the higher chloride concentration solutions. The EDS analysis 
has shown the existence of copper oxide on the electrode surface and a presence of a small percentage of aluminium in the form of aluminium oxide. 
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1 INTRODUCTION 

Copper and copper alloys are widely used in the 

applications that require the mechanical strength associated 

with high thermal and electrical conductivity and good 

corrosion resistance [1]. The addition of aluminium to 

the Cu-based alloys increases its corrosion resistance due to 

the formation of the protective layer of alumina, which 

builds up quickly on the surface after the exposure to the 

corrosive environment. The presence of nickel is important 

in the passivation of Cu–Ni alloys because of its 

incorporation in the Cu(I) oxide which is formed on the 

corroded surface of the alloy and which reduces the number 

of cation vacancies that normally exist in the Cu(I) oxide [2-

5]. 

CuAlNi alloys are potentially very attractive materials 

because of their shape memory effect. The shape memory 

effect has been observed in the Cu alloys with aluminium 

content close to 14 wt. percent and with varying nickel 

content [6]. The shape memory alloy (SMA) is an alloy that 

remembers its original shape when returning to the pre-

deformed shape upon heating [7]. The shape memory effect 

is related to the solid state transformation of martensite to 

austenite and vice versa [8]. Nitinol (NiTi) is the most 

commonly used SMA due to its superior thermomechanical 

and thermoelectrical properties, combined with the high 

corrosion resistance and biocompatibility, but this alloy is 

very costly [9-11]. Cu-Al-Ni alloys have low production 

cost, better machinability, better work/cost ratio, they are 

easier to manufacture, and have a higher range of potential 

transformation temperatures [5, 11, 12].  

Copper based shape memory alloys have been 

intensively studied from the viewpoints of metallography, 

fracture behaviour, mechanical properties and activation 

energy of the precipitate grow process, but relatively little 

attention has been devoted to their electrochemical 

behaviour [6-8, 10, 12-15]. As the practical application of 

Cu-SMA is constantly increasing, these alloys are exposed 

to different corrosion media for a longer period of time and 

that could lead to the appearance of corrosion damage on 

their surface, jeopardise their structural integrity and cause 

immense consequences if the corrosion processes are not 

observed in time. Therefore it is important to evaluate the 

corrosion behaviour of Cu-based SMAs in different 

environments, and also to improve their corrosion resistance 

before their industrial applications. 

2 RESULTS AND DISCUSSION 

Fig. 1 presented the results of the open circuit potential 

(EOCP) measurements for the CuAlNi alloy in different 

chloride solutions.  

Figure 1 Open circuit potential vs. time curves for the CuAlNi alloy in chloride 
solutions 

The open circuit potential is the potential of the 

working electrode relative to the reference electrode when 

no potential or current is being applied to the cell. The way 

in which a metal changes its potential upon immersion in 
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the solutions indicates the nature of the reaction which is 

taking place at its surface. Whilst a shift in potential 

towards more positive values denotes film formation and 

thickening, a shift in the negative direction signifies film 

destruction and the exposure of more of the bare metal to 

the aggressive solution [16]. 

From the Fig. 1 small changes in the potential of the 

CuAlNi alloy in a 60 minute period of time can be seen. 

The open circuit potentials of the CuAlNi electrodes have a 

tendency to shift towards the more negative values with 

increasing sodium chloride concentrations, so the highest 

difference between the EOCP values for the CuAlNi alloy in 

the 0.1% NaCl solution and for the 1.5% NaCl solution was 

around 70 mV. 

The electrochemical impedance spectra were taken after 

the EOCP measurement and the results were shown in Fig.2 

in the Nyquist and Bode complex plane. 

Figure 2 Nyquist a) and Bode b) plot of impedance spectra for the CuAlNi alloy in  
the 0.1% (-), 0.5% (-), 0.9% (-) i 1.5% (-) NaCl solution 

The Nyquist plot, which represents the ratio of the 

imaginary (Zimag) and real (Zreal) components of the 

impedance of the examined samples, shows fragments of a 

large incomplete semicircle. This is a typical impedance 

response for tin surface films. The observed time constants 

are partially overlapping and in such a graphic 

representation it is difficult to gain a clear insight into the 

results. From the Nyquist plot it is clearly visible that an 

increase in chloride concentration leads to a significant 

decrease of the diameter of the semicircle which indicates a 

lower corrosion resistance. 

A more convenient method, which better shows the 

frequency dependence of the impedance data (and a clearer 

distinction between the individual time constants) is the so-

called Bode diagram, i.e. the plots of the logarithm of 

impedance, Z, and the phase angle, respectively, vs. the 

logarithm of frequency, f. In this diagram (Fig. 2b), it is 

possible to observe three characteristic regions: 

 In the high frequency region (f > 1 kHz), the log Z

values are low, tending towards the constant values,

while the phase angle values fall rapidly towards 0°.

This is a classic resistive response, corresponding to the

electrolyte resistance.

 In the medium frequency region (f < 10 kHz), the linear

log Z vs. the log f relationship with a slope close to −1

and a phase angle of  −70° mirror the capacitive

behaviour of the system.

 At the lowest frequencies (f < 1 kHz), the phase angle

of  −20° and the slope of the log Z vs. the log f close

to −0.5 point towards the presence of a slow diffusion

process.

The proposed equivalent circuit for the modelling of the 

impedance data is shown in Fig. 3. It consists of electrolyte 

resistance (Rel) connected with two time constants. The 

model is based on the circuits mostly used in literature for 

the simulation of the kinetics of the copper and copper alloy 

corrosion process and the protective properties of the 

surface corrosion product layer 3, 17-20.  

The first time constant, observed in the high frequency 

region, is the result of the fast charge transfer process in the 

alloy dissolution reaction. In this case, R1 represents the 

charge transfer resistance, and Q1 represents the constant 

phase element and replaces the capacitance of the 

electrochemical double layer.  

To account for the surface layer and the diffusion 

process in the low frequency range, additional equivalent 

circuit parameters were introduced, such as R2 for the 

surface layer resistance, Q2 for the constant phase element 

of the surface layer (Q2 replaces the capacitance of the 

surface layer) and Warburg impedance, W, for the diffusion 

process.  

Figure 3 Proposed equivalent circuit for the modelling of the impedance data 

The calculated equivalent circuit parameters for the 

CuAlNi alloy in a different chloride solution are presented 

in Tab. 1.  
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Table 1 Impedance parameters for the CuAlNi electrode in a different 
concentration of the NaCl solution 

NaCl 

(%) 

Rel

(Ω) 

Q1×103 

(F×sn−1) 

n1 R1

(Ω) 

Q2×103 

(F×sn−1) 

n2 R2 

(Ω) 

W 

(Ω−1s−1/2 ) 

0.1 197.5 137.20 0.69 15238 101.30 1 32869 24.73 

0.5 39.74 140.10 0.71 7293 301.30 0.99 13825 1491 

0.9 24.54 153.50 0.73 6368 181.30 0.39 6113 7783 

1.5 15.10 151.30 0.74 4653 431.60 0.50 1532 10339 

After the impedance measurements, the linear 

polarization measurements were performed in the potential 

region of ±20 mV around EOCP, and the results are shown in 

Fig. 4. 

Figure 4 Linear polarization curves for the CuAlNi alloy in NaCl solutions 

Polarization resistance (Rp) represents the resistance of 

metal to corrosion, and is defined by the slope of the 

polarization curve near the corrosion potential, by the Eq. 

(1): 

.
Δ

Δ
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The values of corrosion resistance for the CuAlNi 

samples were shown in Tab. 2. 

From Fig. 4 it can be seen that an increase in chloride 

concentration leads to a decrease of the slopes of the 

polarization curves, resulting in the lower values of Rp, 

which includes a lower resistance of the CuAlNi alloy to 

corrosion.  

After the linear polarization measurements, 

potentiodynamic measurements were carried out in a wide 

range of potentials starting at −0.250 V from an open circuit 

potential and finishing at 1.100 V (Fig. 5). 

The potentiodynamic polarization curve is composed of 

two branches: cathodic branch, which is the result of an 

occurring cathodic reaction and the anode part, which is the 

result of an occurring anodic reaction, in this case the alloy 

dissolution. The cathodic parts of polarization curves should 

reflect the hydrogen evolution reaction due to the deaeration 

of the solution with nitrogen, 20 minutes before the 

immersion of the electrode in electrolyte, as well as due to 

the slow deaeration during the examination. 

Figure 5 Potentiodynamic polarization curves for the CuAlNi alloy in NaCl solutions 

Changes in the cathodic part of the polarization curves 

for the CuAlNi alloy in the NaCl solutions probably 

indicate the existence of a small concentration of oxygen in 

the solution, and therefore both cathodic reactions are 

possible: the oxygen reduction and hydrogen evolution 

reaction. The anodic parts of the curve describe the 

corrosion of the CuAlNi alloy. The anodic part of the 

polarization curve for the CuAlNi alloy in the 0.1% NaCl 

solution differs from the anodic parts of the polarization 

curves obtained by the CuAlNi alloy examinations in the 

higher concentrations of the NaCl solutions. This is 

probably due to the low concentration of chloride ions, 

which is why the anodic current density is significantly 

lower, indicating a weaker dissolution of the CuAlNi alloy. 

The anodic part of the polarization curves for the CuAlNi 

alloy in the 0.5, 0.9 and 1.5% NaCl solutions have three 

distinctive visible areas: the active dissolution region 

(apparent Tafel region), the active-passive transition region, 

and the third region in which the current density rises again 

with the positive potential changes due to the formation of 

Cu(II) species [21-23]. It is also clear that the values of the 

anode currents increase with the increase of the chloride ion 

concentration. The largest width of the pseudo-passive area 

was observed for the examinations of the CuAlNi alloys in 

the 0.5% NaCl solution, and the lowest width of the pseudo-

passive area was noticed in the 1.5% NaCl solution. 

Moreover, after the dissolution of the corrosion products 

from the surface, the anodic current density increases in the 

following order: 0.5 % < 0.9 % < 1.5 % (area III in the 

anodic polarization curve). 

The corrosion parameters obtained from the 

polarization measurements were shown in Tab. 2. 

Table 2 Corrosion parameters obtained from the polarization measurements 

NaCl 
(%) 

Rp 
(kΩ cm2) 

icorr

(µA cm−2) 
Ecorr

(V) 

0.1 39.318 0.317 -0.220 

0.5 29.000 0.551 -0.242 

0.9 14.756 1.211 -0.259 

1.5 12.886 2.041 -0.283 
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The data from Tab. 2 shows that an increased 

concentration of chloride ions leads to an increase in the 

corrosion current densities and a decrease in polarization 

resistance which indicates a higher corrosion of the CuAlNi 

alloy. It is also worthwhile mentioning that the recorded 

corrosion potential also decreased with an increase in 

chloride concentration.  

After the polarization measurements, the corroded 

CuAlNi alloy surfaces were examined with an optical 

microscope with the magnification of 200 times. The results 

of the examinations were shown in Fig. 6 for the CuAlNi 

measurements in the 0.1, 0.9 and 1.5% NaCl solution.  

It is interesting to note that at the lowest concentration 

of the NaCl solution, the presence of the pitting corrosion 

on the surface of the electrode was not observed, while in 

the examinations at the 0.9% and 1.5% NaCl solution, the 

pits were clearly visible on the surface of the CuAlNi 

electrodes. After the potentiodynamic polarization 

measurement in the 0.9% NaCl solution, a large number of 

smaller pits (Fig. 6b) were observed on the CuAlNi alloy 

surface, while in the 1.5% solution, a lower number of pits 

with a much larger diameter were noticed (Fig. 6c). 

Figure 6 Optical micrographs of the CuAlNi alloy surfaces after the 
potentiodynamic polarization in the 0.1% a), 0.9% b) and 1.5% NaCl solution c) 

The morphology of the alloy surfaces was examined by 

the SEM and EDS analysis and the results were presented in 

Fig. 7 for the CuAlNi alloy after the polarization 

measurements in the 0.9% NaCl solution. 

The SEM/EDS surface analysis confirmed the 

observations obtained by examining the surface with an 

optical microscope. Pitting corrosion was not detected on 

the CuAlNi alloy surfaces which were examined in the 

0.1% NaCl solution, while polarization examination in the 

higher chloride concentration leads to a pitting corrosion on 

the CuAlNi alloy. 

In Fig.7 small pits are clearly visible, as is the rough surface 

of the corrosion products around them. The EDS analysis of 

the surface outside the pits revealed an elementary 

composition of the corrosion products on the surface of the 

CuAlNi electrodes. On the corrosion surface layer, the 

dominant elements were Cu and Cl, with small amounts of 

O, Al, and Ni, which confirms the observations of Benedetti 

and associates [21] on the formation of the aluminium oxide 

surface layer during the corrosion process of the Cu-Al 

alloys.

The analysis of the surface inside the pit showed a 

significantly higher percentage of chlorine relative to the 

surface around the pit, indicating that the corrosion inside 

the pits occurred by the formation of a soluble corrosive 

products of the copper chloride. 

Figure 7 SEM micrograph with a marked position for the EDS analysis outside the 
pit a), inside the pit b), EDS results outside the pit c) and inside the pit d) for the 

CuAlNi alloy after the polarization measurements in the 0.9% NaCl solution 

3 CONCLUSION 

The open circuit potential for the CuAlNi alloy shifts to 

a negative direction with an increase in the concentration of 

chloride ions in the solution. 

The results of the electrochemical impedance 

spectroscopy examinations showed that the overall 

a) b) 

c) 

b) 

c) 

d) 

a) 
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impedance of the system was reduced by increasing the 

chloride ion concentration. 

A higher concentration of chloride ions leads to a 

lowering polarization resistance values and an increase in 

the corrosion current values, which indicates a more intense 

corrosion process. 

The optical microscopy analysis of the electrode 

surfaces has shown the appearance of the pitting corrosion 

on the CuAlNi alloy after the polarization examinations in 

the 0.5%, 0.9% and 1.5% NaCl solutions.  

The morphology examination of the alloy surfaces with 

SEM has confirmed the observations obtained by examining 

the electrode surfaces with an optical microscope. The 

largest number of pits is visible on the CuAlNi alloy surface 

after the corrosion examination in a 0.9% NaCl solution, 

while the largest diameter pits were recorded after the 

polarization in the 1.5% NaCl solution  
The EDS surface analysis has shown the dominant 

percentage of copper and oxygen on the CuAlNi surface 

indicating the existence of copper oxide on the surface. The 

presence of a small percentage of aluminium indicates its 

distribution in the form of aluminium oxide on the surface 

layer. 
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