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The issue of corrosion is a major problem on equipments failure and damage in industrial that would 

affect the safety and efficiency of the equipments. This study is focused on the corrosion of Nickel-

Aluminiu-Bronze (NAB) alloy in aerated 0.1 M sodium chloride solution under hydrodynamic 

condition at 30
o
C. Hydrodynamic conditions are simulated by using rotating cylinder electrode (RCE) 

with five sets rotational speed which are 400, 800, 1200, 1600 and 2000 rpm. Electrochemical 

measurements such as open circuit potential, electrochemical impedance spectroscopy and 

potentiodynamic were used to study the corrosion mechanism and corrosion rate of NAB alloy. Results 

revealed that the formation of oxide layer and the corrosion rate were influenced by rotational speed. 

The value of open circuit potential is found to be shifted to more negative direction, the corrosion 

current density is increased while the charge transfer resistance decreased with rotational speed. 
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1. INTRODUCTION 

The Aluminium-Bronze alloys are a family of copper-base alloys containing approximately 5% 

to 11% aluminium, some having additions of iron, nickel, manganese or silicon. They include alloys 

suitable for sand casting, gravity diecasting and for the production of forgings, plate, sheet, tube, strip, 

wire and extruded rods and sections. Compared with other copper alloys, the higher strength of the 

aluminium bronzes is combined with excellent corrosion resistance under a wide range of service 
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conditions. Nickel–Aluminum Bronze (NAB) alloys offer high strength, high corrosion resistance and 

are available in a number of different forms. Steady state corrosion rates for NAB alloys are in the 

order of 0.025 mmy in seawater conditions [1]. Aluminium bronzes are the most tarnish-resistant 

copper alloys and show no serious deterioration in appearance and no significant loss of mechanical 

properties on exposure to most atmospheric conditions [2-5]. Their resistance to atmospheric corrosion 

combined with high strength is exploited, for example, in their use for bearing bushes in aircraft 

frames [6-13]. Aluminium bronzes also show low rates of oxidation at high temperatures and excellent 

resistance to sulphuric acid, sulphur dioxide and other combustion products and are, therefore, used for 

the construction of items exposed to either or both these conditions. For example, aluminium bronzes 

are used very successfully for inert gas fans in oil tankers [14-19]. These operate under highly stressed 

conditions in a variable but very corrosive atmosphere containing salt-laden water vapour, sulphurous 

gases and carbon. The microstructure of the alloy consists of a Cu-rich solid solution known as α-

phase and β′-phase or martensitic β-phase, surrounded by lamellar eutectoid phase and a series of 

intermatallic k phases [20,21]. No engineering alloy is immune to corrosion. Corrosion resistance 

depends upon the formation of a thin protective film or layer of corrosion products which prevents or 

substantially slows down the rate of attack. The aluminium content of aluminium bronzes imparts the 

ability to form, very rapidly, an alumina-rich protective film which is highly protective and is not 

susceptible to localised breakdown and consequent pitting in the presence of chlorides. Aluminium 

bronzes are, therefore, very resistant to corrosion by sea water and probably find more use in sea water 

service than in any other environment. Virtually all metals and alloys in common use are susceptible to 

some extent to crevice corrosion, i.e. accelerated attack within or just at the edge of areas shielded by 

close proximity to other components or by deposits on the surface.  

The aim of this study is to investigate the corrosion behavior of the NAB alloy in simulated 

seawater under flow condition using open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS) and potentiodynamic polarization. 

 

 

2. EXPEREMENTALS 

2.1. Metal samples 

Metal samples used in the study is that NAB alloy cylindrical shape with a diameter of 1.2 cm 

and a height value 0.78 cm and the active surface area of 2.94 cm
2
 to fit into a rotating cylinder 

electrode.   

Through testing of X-ray fluorescence (XRF) found that the chemical composition of the NAB 

alloy is 10 wt% Cl, 1.0 wt% Mn, 3.14 wt% Fe, 5:02 wt% Ni, 80.1 wt% Cu, 0.1 wt% Sr and 0.4wt% 

Yb.  

The standard method ASTM G1-03 [22] for prepare, purify, and assess the corrosion tests on 

metal samples followed by providing a metal sample for testing, corrosion products after testing and 

evaluating the corrosion damage that has occurred.  
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2.2. Electrochemical measurement 

All measurements were performed in triplicate, and average values are reported. 

Electrochemical measurements of steady state open circuit potentials (OCP) were conducted with 

Gamry water-jacketed glass cell. The cell contained three electrodes, the working, counter and 

reference electrodes, comprised of NAB alloy, a graphite bar and a calomel electrode (SCE), 

respectively. Measurements were performed using a Gamry Instrument Potentiostat/Galvanostat/ZRA 

model Ref 600. DC105 and EIS300 softwares by Gamry were used for potentiodynamic scans and 

electrochemical impedance spectroscopy (EIS). The potentiodynamic current-potential curves were 

swept from -0.25 to +0.25 VSCE at a scan rate of 0.5 mVs
-1

. Impedance measurements were carried out 

using AC signals of 5mV peak to peak amplitude at the open circuit potential in the frequency range 

100 kHz‒0.1 Hz. All impedance date were fitted to appropriate equivalent circuits (EC) using Gamry 

Echem Analyst software. Experiments for electrochemical measurements were initiated about 30 min 

after the working electrode was immersed in the solution to stabilize the steady state potential. The 

experiment started with the preparation of samples and the preparation of metal NAB alloy 0.1 M 

solution of sodium chloride and inflation for 20 minutes so that the solution becomes saturated. The 

solution temperature was maintained at 30
o
C while rotating cylinder electrode rotation speed of 400 

rpm pix, 800 rpm, 1200 rpm, 1600 rpm and 2000 rpm.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Open circuit potential (OCP) 

 

 
Figure 1. Changes in the value of the open circuit potential at different  electrode rotation speed 
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NAB alloys are copper based alloys most resistant to the flow which causes corrosion. 

However, when the NAB alloy in aerated 0.1 M NaCl solution under hydrodynamic conditions at high 

speed or high turbulence levels, damage can occur to the protective oxide layer and the exposed metal 

[23-25]. Corrosion rate increases with flow as the dissolved oxygen began to come into contact with 

the metal. Metals generally have existing corrosion resistance there while the protective layer is 

formed on the metal surface of the corrosion process. 

Open circuit potential is a parameter which indicates the tendency thermodynamic oxidative 

electrochemical materials in corrosive medium. OCP for NAB alloy was monitored over 60 minutes 

once soaked in aerated 0.1 M NaCl solution at 30 
o
C. This potential may vary with time due to changes 

in the nature of the electrode surface such as the formation of oxidation, the passive or immunity.  

Figure 1 shows the behavior of NAB alloy immersed in aerated 0.1 M NaCl solution at a 

temperature of 30
o
C with an electrode rotation speed of 400 rpm to 2000 rpm. According to Figure 1, 

the values of the open circuit potential of the NAB alloy shifted to a more negative potential with 

increasing rotational speed of the electrode reflects instability of the oxide layer on the alloy surface. 

This decline seems to be related to the formation and thinning of the oxide layer on the lower surface 

of the NAB alloy corrosion protection ability. With increased speed electrode, protective oxide layer 

on the alloy is not stable NAB and it is soluble in a solution of fast flowing.  

Relatively, little work has been directed to study the electrochemical behavior of Cu–Al. A 

study of pure Cu and the three tested Cu alloys in the as-prepared 1 M NaCl solution (pH 6.5) for time 

duration of 1 h. The EOCP curves for Cu and Cu–Ni decreased upon specimen immersion before 

reaching the steady state value. A sharp decrease in EOCP was initially evident in the case of Cu–Al 

followed by an increase in EOCP to a value similar to that for pure Cu. [26]. 

 

3.2. Electrochemical impedance spectroscopy (EIS)  

Electrochemical methods based on alternating currents can be used to obtain insights into 

corrosion mechanisms and to establish the effectiveness of corrosion control methods, such as 

inhibition and coatings. In an alternating - current circuit, impedance determines the amplitude of 

current for a given voltage. Impedance is the proportionality factor between voltage and current. In 

electrochemical impedance spectroscopy (EIS), the response of an electrode to alternating potential 

signals of varying frequency is interpreted on the basis of circuit models of the electrode/electrolyte 

interface [27]. 

Impedance measurements provide information on both the resistive and capacitive behavior of 

the interface, evaluation on the performance of studied compounds as possible corrosion inhibitor, and 

investigation of the corrosion inhibition processes. 

EIS spectrum of the raw data at NAB alloy electrode for five different electrode rotation speed 

in aerated 0.1 M NaCl solution at a temperature of 30
o
C was recorded in the form of Nyquist plots in 

Figure 2 to determine the influence of turbulent flow effects on corrosion behavior of NAB alloy. In 

addition, Figure 3 shows the Nyquist plots of the raw data adjustment using Gamry software analysis 

Echem through adaptive simplex method to obtain a more complete EIS spectrum. Referring to Figure 
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3, the Nyquist plot consists of semi-circular shaped capacitive loop related to charge transfer processes 

that occur during the dissolution and breakdown of the oxide layer on the alloy surface NAV. Nyquist 

plot showing corrosion resistance decreases with increasing rotational speed NAB alloy electrodes. 

The highest corrosion resistance 
221077.7 cm  is the rotational speed of 400 rpm. 

 

 

 

Figure 2. Nyquist plot of the for NAB alloy in 0.1 M aerated NaCl at 30 
o
C with different rotational 

speeds 

 

 

 
Figure 3. Nyquist plot of the simplex method using the analysis of adaptation 

Echem Gamry software for NAB alloys in aerated 0.1 M NaCl solution at 30
o
C with different 

rotational speeds. 
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Similar results have been reported in the literature for the corrosion of aluminum [28-30].  

Figure 4 shows the equivalent circuit model used to fit the impedance data for NAB alloys in 

aerated 0.1 M NaCl solution at a temperature of 30
o
C which consist of solution resistance (Rs) series 

with the charge transfer resistance (Rct) then in parallel with the same phase element (CPE). Impedance 

and phase data in the form of Bode plots are illustrated in Figure 5 for the rotational speed of 400 rpm 

NAB alloy electrode in aerated 0.1 M NaCl solution at 30
o
C and shows the line fit (fitted line) using 

the circuit in Figure 4. 

 

Figure 4. The equivalent circuit model used to fit the impedance data for 

NAB alloys in aerated 0.1 M NaCl solution at a temperature of 30 
o
C 

 

 
 

Figure 5. Bode plot of impedance and phase data for the rotational speed of 400 rpm 

NAB alloys in aerated 0.1 M NaCl solution at 30
o
C and shows the line fit (-) using the circuit 

in Figure 4. 

 

Parameter values from EIS measurements were collected and tabulated in Table 1, including 

the charge transfer resistance, Rct, solution resistance, Rs, same phase element, CPE, alpha, α and 

double layer capacitance, CDL. CDL value can be obtained through the following equation, 

 
 11

ctodl )Ry(C



                     1
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From EIS data found that RCT was decreased with increasing the rotational speed of the 

electrode alloy NAV. This shows that the corrosion rate will increase with high flow velocity the 

charge transfer resistance decreases. 

 

Table 1. Data EIS for NAB alloys in aerated 0.1 M NaCl solution at a temperature 

30 
o
C with different electrode rotational speed 

 

Rotation Speed 

(rpm) 

Rct  

(kohms cm
2
) 

Ru  

(ohms cm
2
) 

CPE (Yo)  

( x10
-6

)  

(Ss
a
/cm

2
) 

Alpha  

(α) 

Cdl  

(mF/cm
2
) 

400 2.479 31.44 266.4 0.6680 216.76 

800 2.433 30.29 454.3 0.6594 478.41 

1200 2.232 12.90 248.4 0.6997 192.85 

1600 1.847 27.38 394.5 0.6831 340.62 

2000 1.782 13.89 326.3 0.6813 253.20 

 

3.3. Polarization Potentiodynamic 

Polarization curves obtained from various rotational speeds NAB alloy electrode in aerated 0.1 

M NaCl solution at a temperature of 30
o
C is shown in Figure 6. In addition, Figure 7 shows the 

polarization curve of adaptation Tafel method using Echem Gamry software analysis to obtain more 

perfect curves and clear.  

 

 
Figure 6. Polarization curves of the raw data for the alloy electrode NAV in 

aerated 0.1 M NaCl solution at 30
o
C 
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Figure 7. Curves Tafel polarization of adaptive methods toGamry software analysis Echem NAB alloy 

electrode in aerated 0.1 M NaCl solution at 30 
o
C. 

 

In Figure 7, cathodic current density increases with the rotational speed of the electrodes that 

can be explained by the increase in the supply of oxygen to the surface of the alloy and the anodic 

current density does not have a clear trend because there is an error in the course of the corrosion 

experiments. In general, the anodic current density increases with the rotational speed of the electrode, 

which means dissolution of anodic alloy increases with the rotational speed of the electrode. Rotational 

speed of the electrode causes displacement of the corrosion potential, Ecorr towards positive values, 

therefore, the anodic and cathodic current density increased. Through the polarization curves, it was 

found that when the electrode rotation speed increases, the polarization curves are shifted to higher 

corrosion current density. 

 

 

 
 

Figure 8. Cathodic polarization curves for NAB alloy in aerated solution 

of 0.1 M NaCl at different rotational speeds 
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Limiting current, iL can be obtained from polarization curves in the cathodic electrode with 

different rotational speeds in Figure 8. Cathodic reaction seems to be controlled by diffusion. From 

polarization curves obtained at different electrode rotation speed increases the limiting current 

observed with increasing rotational speed of the electrode, which may be caused by the increase in 

oxygen diffusivity even decrease concentration of oxygen mass transfer benefit. 

At more negative potentials, there is mixed(charg e transfer and mass transport control) of the 

reaction rate androtat ion speed has an increasing effect as the potential is made more negative. 

Eventually, the potential is sufficiently negative for mass transport control of the reaction rate anda 

limiting current region is observed. At very negative potentials, the current again rises due to hydrogen 

evolution as a side reaction [31]. 

In aerated 0.1 M NaCl solution, involving the passage of anodic corrosion of copper ions from 

the surface of the alloy into the solution while the cathodic process involves the release of chloride 

ions. NAB alloy anodic dissolution is shown by the dissolution of most of the copper, Cu shown in 

equation 2. Electrochemical reaction to NAB alloys in aerated 0.1 M NaCl solution can be described 

by the following equation: 

 

Anodic reaction:                2eCuCu 2                    2 

 
  eCuCl2ClCu 2                  3 

 

Cathodic reaction:       eCuClClCu                                      4 

 

OHHCl2e3HCl 2                   5 

 

                                   O2H4e4HO 22                               6 

 

In addition, the precipitation of copper chloride, CuCl on the surface of the alloy occurs 

because it has a low degree of solubility. Merurut to equation 3, this compound is stable in an inert 

atmosphere while in normal conditions as the absorption machine. Thus, after the formation of CuCl, 

copper anodic dissolution appear to be governed by CuCl2 complex mass-transport from the surface 

into the solution through a layer of an alloy of CuCl. However, CuCl layer is characterized as weak 

and total precipitation of CuCl on the surface of the alloy is small because the flow of fluid out of the 

surface of the alloy layer of protection will be reduced and the corrosion rate increases with the 

rotational speed of the electrode. In addition, the cathodic reaction can also produce hydrogen chloride 

and water in small quantities. 

Parameter values are available from potentiodynamic polarization measurement using Tafel fit 

routine calculations found in Gamry Echem. Analyst software such as corrosion current density, icorr, 

corrosion potential, Ecorr, Tafel coefficient of the anode, βa, cathodic Tafel coefficient, βc, the 

limiting current, iL and the corrosion rate with different electrode rotation speed at a temperature of 

30
o
C has been shown in Table 2 Linear velocity at the outer surface of the rotating cylinder electrode 

is calculated using the following equation 
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60

Fd
rU


                      7 

 

Where, U = linear velocity in units of cm / s 

ω = angular rotation rate in units of rad / s 

F = angular rotation rate in rpm unit 

d = diameter of rotating cylinder electrode in units of cm 

In addition, the equation for the Reynolds number is shown as follows,   

 



dU
Re                  8 

 

Where, U = linear velocity in units of cm / s,  

d = diameter of rotating cylinder electrode in units of cm. 

ρ = density of the solution in g/cm3 units 

μ = absolute viscosity of the solution in g / cm.s 

 

In general, the Reynolds number for rotating cylinder electrode more than 200, the flow is 

turbulent flow. The corrosion rate can be calculated using the following equation in millimeters per 

year  

 

 tonsketumpa

 weightequivalent
ratecorrosion 


 corriK

   9

 

 

Where, K is a constant that defines the worth 3272 unit rate of corrosion is the corrosion 

current density, icorr in A cm
-2

 and the density in g cm
-3

. 

Refers to data that has been collected, the value of the corrosion potential, Ecorr shifted 

towards more positive while the value of the corrosion current density, icorr increases with the 

rotational speed of the NAB alloy  electrode corrosion rate will increase. 

 

Table 2. Data polarization potentiodynamic for NAB alloy in 0.1 M 

NaCl for different electrode rotation speed 

 

speed 

rotation (rpm) 

velocity 

linear,U (cm/s) 

Reynold number 

(Re) 

βa 

(V/dec) 

βc 

(V/dec) 

icorr  

(µA/cm2) 

Ecorr 

 (mV) 

iL 

 (mV) 

The 

corrosion 

rate 

(mm/y) 

400 25.13 7250.08 0.1387 0.1234 42.6 -256 -832.30 1.08 

800 50.27 14500.17 0.5138 0.4811 56.3 -256 -846.75 1.42 

1200 75.40 21750.25 0.1900 0.1282 61.5 -255 -816.45 1.56 

1600 100.53 29000.34 0.0831 0.1214 69.8 -220 -817.35 1.77 

2000 125.66 36250.42 0.1244 0.1065 72.5 -242 -817.80 1.84 
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 Several workers [32–34] previously studied the polarization behavior of Cu in chloride 

solutions and showed that the Tafel region is not activation-controlled but a mass transport-kinetics 

process, whereby dissolution is controlled by the rate of diffusion of CuCl2  species from the electrode 

surface across a diffusion layer whose concentration gradient is determined by the electrode potential. 

Mathematical analysis of such behavior showed that the apparent Tafel slope should be 59 mV/decade 

at room temperature, consistent with experimental data. Dhar [35] found the average anodic Tafel 

slopes of 70Cu–30Ni to be 60 mV/decade in 0.5 M NaCl, in good agreement with that of Cu. As E was 

further increased, the anodic Cu curve produced a small peak consistent with formation of a CuCl film 

[32,33] at a potential of __0.092VSCE. Beyond the peak, limiting-current behavior was obtained 

where the rate of anodic reaction was controlled by the formation and dissolution of a CuCl film [36]. 

 

 

 

4. CONCLUSION 

Corrosion behavior of NAB alloy was studied under different flow speed. It was found that the 

corrosion rate increased with flow.   
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