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Abstract 

 

It is well known that copper alloys are commonly used in heat exchangers and other marine industries. Although copper 

alloys (copper-nickel) have better properties than copper-zinc alloys in general, they are very expensive. The main alloy 

used in this research is the (copper-nickel) alloy used in the electric power plant (South Baghdad station). The current 

research aims to reduce the percentage of nickel in the base alloy and replace it with other alloying elements that give the 

manufactured alloy superior properties, in order to improve its performance and prolong its use in the most important 

parts of the heat exchangers (pipes). The nature of the oxides on the surface was also studied by scanning electron 

microscope(SEM), EDS and XRD. The results showed a significant increase in the corrosion resistance due to the 

significant improvement in the plasticity and adhesion of the oxide layer. 
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1.Introduction 

 

    Few of the metals of technological importance remain stable when exposed to ambient conditions, whether at high or low 

temperatures. As a result, most metals are subject to damage during use, either as a result of corrosion at normal temperatures or 

as a result of oxidation at high temperatures or due to exposure to wear or Corrosion is wear or as a result of the formation of gaps 

associated with turbulent flow. As for the amount of damage, it depends on the type of metal and the nature of the medium. 

    The resistance from the mineral to harmful media depends on the characteristics of the surface layer or layers [1] .The desire to 

reach high operating temperatures in power plants implies an increase in efficiency and a decrease in the spent fuel, although this 

is accompanied by a decrease in the resistance of the alloy and an increase in the rate of attack by hostile circles. 

    The corrosion of metals is considered a serious economic problem that causes heavy losses to industrial facilities. We have 

found that the heat exchangers and compressors used in power stations in Iraq also suffer from similar problems. As for the 

corrosion tests, they were carried out by three methods, namely simple immersion, corrosive wear and Tafel test. 

     Copper nickel alloys are very common in marine applications due to their high electrical and thermal conductivity, corrosion 

resistance and easy production[2]. The 90/10 nickel alloy is a favorite material for condensers, heat exchangers and desalination 

facilities [3, 4]. This alloy is ammonia and sulfide ion stress resistant and is resistant to biofouling through release of copper ion 

[5]. This alloy is also resistant to pitting and crevice corrosion in quiet seawater. The corrosion resistance of this alloy is linked to 

the performance of the passive foil, which is made mostly from Cu2O, after lengthy exposure, while the film also contains other 

copper compounds (II) such as atacamite and cupron oxide[6]. 

In the current research, the percentage of nickel in the alloy (90 Cu- 10Ni) was reduced and replaced by other alloying elements. 

As for the corrosion tests, they were carried out by three methods, namely simple immersion, corrosive wear and Tafel test. 

 

2. Preparation of Specimens  

       The casting system has been prepared so that the casting system ensures a quick and somewhat directional solidification in 

order to soften the granules and reduce the shrinkage pores. Table (1) shows the chemical composition of the alloys used in the 

current research. 
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Table (1): Analyzed Chemical Composition of Alloys. 

 

Fe Zn  Al  Ni Cu Sample 

- - - 9.72 Bal. A 

- - 10.66 8.21 Bal. B 

2.36 - 10.58 8.34 Bal. C 

- 9.55 - 8.53 Bal. D 

2.52 10.12 - 8.28 Bal. E 

 

    Metal molds were used, and appropriate precautions were taken during the melting process to avoid problems caused by 

melting an alloy whose components vary greatly in the degree of melting. The hardness values are shown in Figure (1).                  

                                                                        

To homogenize the cast structure, the ingots were annealed for 7 hours at 850°C. The cold rolled strips of all the test alloys were 

then annealed  

anwater quenched at 850° C for 1 hour. 

 
Fig. 1: Micro Hardness for Samples. 

 

3.Simple Immersion Test: 

 

     The test was carried out by immersing the samples (A, B, C, D, and E) in salt water (sea water) (3.5% NaCl). Each of the 

weight changes has been cached (3 days). Prior to the immersion process, all samples were weighted with a sensitive weighting 

balance with an accuracy of 0.0001 g, and surface areas were determined for each sample. Samples were taken out after each 

immersion process to clean them by distilling water, drying with warm air, and then weighing them. 

    The change of weight was measured and reported for each experiment. 

 

The rate of corrosion was defined by the following relationship: 

 

𝐂𝐨𝐫𝐫𝐨𝐬𝐢𝐨𝐧 𝐑𝐚𝐭𝐞 (
𝐦𝐠

𝐦𝐦𝟐 .𝐝𝐚𝐲
) =

𝐜𝐡𝐚𝐧𝐠𝐞 𝐢𝐧 𝐰𝐞𝐢𝐠𝐡𝐭 (∆𝐰)

𝐬𝐮𝐫𝐟𝐚𝐜𝐞 𝐚𝐫𝐞𝐚 × 𝐭𝐢𝐦𝐞
… … (𝟏) 

 

According to  fig.(4.26)  which represents the corrosion rate of all specimens,  sample C shows lower corrosion rate after more 

than 90 days, then sample A6,A8,and A9, this is due to ability of these alloys to build a protective layers such as (NiO3, 

AL2O3,Fe2O3 & ZnO) which improving the corrosion rate for specimens B, C,D & E where (46.8, 46, & 31.2 ) respectively, with 

respect to reference sample A. 
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Figure 2: Fitting Curves  of  Simple Immersion Test for All Specimens in Salt Solution  for Immersion Period (90 days). 

 

4.Polarization Test 

 

      Tafel extrapolation, which is used to estimate corrosion current, was used to investigate the corrosion behavior of specimens. 

A saturated calomel electrode was used to test the potentials (SCE). As a counter-electrode, a platinum wire was used. The 

working electrodes are made up of cylindrical components. The open circuit potential (OCP) was measured for at least 30 minutes 

before each experiment. 

At scan rates of 1 mVs-1, a linear potential sweep was performed at a (250) mV potential window around the observed OCP, from 

the cathodic to the anodic side, to obtain polarization curves potentiodinamically. 

According to ASTM G 102, corrosion current values can be determined using galvanic cells and polarization measurements like 

Tafel extrapolations or polarization resistance measurements. The following is an example of an equation: 

𝑖𝑐𝑜𝑟 =
𝐼𝑐𝑜𝑟

𝐴
  …………………………………………………(2) 

Where: 

icor = corrosion current density, µA/cm2 

Icor = total anodic current, µA, and  

A = exposed specimen area, cm2 

  To calculate the alloy equivalent weight (E.W), the following approach may be used. 

𝑄 = ∑
𝑛𝑖𝑓𝑖

𝑤𝑖
 ………………………………………………………………….…….(3) 

Where: 

fi  = the mass fraction of the ith element in the alloy. 

wi = the atomic weight of the ith element in the alloy, and 

ni  = the valence of the ith element of the alloy. 

  Therefore, the alloy equivalent weight, EW, is the reciprocal of this quantity: 

𝐸𝑊 =
1

∑
𝑛𝑖𝑓𝑖

𝑤𝑖

                                                                        …………………………..(4) 

  According to ASTM G 102, corrosion current values can be determined using galvanic cells and polarization measurements like 

Tafel extrapolations or polarization resistance measurements. The following is an example of an equation: 

𝐶𝑅 =
𝑲𝟏 × 𝒊𝒄𝒐𝒓× 𝑬𝑾

𝝆
                                                    ……………(5) 

Where: 

CR is given in mm/yr, icor  in µA/cm2, 

K1 = 3.27× 10-3, mm g/µA cm yr 

ρ   = density in g/cm3 
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Fig.3: The Electrochemical System. 

 

The improvement of the rate of corrosion in Table (4.6) was higher in sample D, in reference sample (99.3), Niand Zn seem to 

minimize the corroding rate of the alloy in conjunction with Cu. Generally, Ni, Zn oxides and other corrosion products are 

compactly bonded to the alloy substratum and enhance its resistance to corrosion. 

Within ternary alloys, a further passivation process is carried out in neutral solutions where the surface dissolution of Al produces 

a layer of al-oxide [7] as follows: 

Al + 4Cl−→ AlCl4− + 3e−                                                                                    (5)  

AlCl4−+3H2O → Al2O3 + 6H+ + 8Cl                                              (6) 

  

Al2O3 is subject to continual dissolving in chloride solutions and the process of corrosion takes place as follows[8]: 

Al3+(inAl2O3.nH2Ocrystallattice) + Cl−→ Al(OH)2Cl + 2H+                                                                                      (7) 

or  

Al3+(inAl2O3.nH2Ocrystallattice) + 2Cl−→ Al(OH)2Cl2− + 2H+                                                                              (8) 

 

 Progress of these processes in some places leads to barrier film dilution. The process of hydrolysis creates acidity at local levels 

and rapid corrosion of recession [8].In the Zn containing alloys an additional passivationprocess is taking place due to the 

formation of Zn-oxide film duringa dezincification process according to [9,10]:  

Zn + H2O → ZnO + 2H++2e−                                                                                                                                                  (9) 

The dissolved nickel ions from the alloy dissolution are integrated into the crystal mesh of Cu2O which has been already made up 

as a barrier layer in the presence of Ni . Solid State reaction and mobile vacancy interacts with the segregation of Ni into the 

Cu2O layer, leading to a decrease in theionic conductivity and an increased electronic conductivity, and therefore an increase in 

alloy corrosion resistance[11]. 

Table 2: Corrosion Parameters for Polarization of Specimens in Salt Solution environment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4: Comparative in Corrosion Rate with Respect to Base Alloy(A). 

Specimens Density 

(g/cm3) 

Exposed 

Surface 

Area 

(cm2) 

Equivalent 

Weight 

(E.W.) 

Ecor    

(mV) 

Current 

Density, 

icor 

(µA/cm2) 

Corrosion 

Rate (CR) 

mm/yr 

Improving 

(%) 

A (Cu-Ni) 8.77 4.15  -710.7 29.87 0.1869 - 

B(Cu-Ni-Al) 7.2 4.15  -982 24.07 1.258×10-3 

 

99.3 

C(Cu-Ni-Al-

Fe) 

7.099 4.13  -1046.7 23.35 4.05×10-6 

 

99.99 

D(Cu-Ni-Zn 8.6 4.15  -897.5 30.79 3.0607×10-

4 

 

99.83 

E(Cu-Ni-Zn-

Fe) 

8.3 4.15  -925.4 29.62 5.8191×10-

3 

 

96.8 
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5.Erosion/Corrosion Test 

 

      Because of the collision or gases and liquid impact, erosion is a mechanical mechanism such as removing part of the material 

from the surfaces. During this study, the erosion-corrosion apparatus was designed to rely on ASTM (G 73), as shown in Fig 

(3.13). The erosion-corrosion system consists of the motor (Q max 53 l/min, H max = 38m, HP = 1hp, 2850 rpm, scale 1in-1in), 

the granite tank, the tubes on the specimen to drop the water by nozzle.Temperature (25-30oC) tested by all alloys, anywhere salt 

solution (sea water) induces erosion-corrosion and falls from the nozzle at angle=90 ° (the impact angle between the line of water 

and surface of specimen). 

     The nozzle has a diameter of (2mm) and is mounted at a fixed distance of (10 mm) from the specimen. The change in weight 

can be determined and then the erosion rate according to the equation (3.3) is obtained as follows. 

𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡(∆𝑤) = 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡(𝑤𝑜) − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑡𝑒𝑟 𝑎 𝑓𝑖𝑥𝑒𝑑 𝑡𝑖𝑚𝑒(𝑤1,2,….)    
 

𝑬𝒓𝒐𝒔𝒊𝒐𝒏 𝒓𝒂𝒕𝒆 (𝒈𝒎/𝒉𝒓) =
∆𝒘

𝒕𝒊𝒎𝒆 𝒐𝒇 𝒆𝒙𝒑𝒐𝒔𝒖𝒓𝒆
… … … … . . (𝟏𝟎) 

 

 
Fig. 5: erosion-Corrosion Apparatus Depend on (G73) ASTM. 

 

   while Fig. (4.28) represent erosion rate of  the specimens with nickel, there are a great improving in erosion- corrosion behavior, 

there are an enhancement in weight lose per unit hour improving reach to (82.14, 92.85, 21.42 & 50) for B, C,D & E specimens 

respectively, with respect to base alloy Tables 3 & Fig.6, this is due to two factors: first, high hardness; second, protective oxide 

layers formed on the surface; XRD and EDS show the presence of oxides with high properties capable of protecting the surface 

from corrosion and oxidation. 

 

Table 3: Shows Improving in Erosive Rate at Steady State for with nickel alloys. 

Sample Erosive Rate(mg/hr.)  

at steady state 

Improving (%) 

A1(Cu-Ni) 2.8 - 

A6(Cu-Ni-Al) 0.5 82.14 

A7(Cu-Ni-Al-Fe) 0.2 92.85 

A8(Cu-Ni-Zn 2.2 21.42 

A9(Cu-Ni-Zn-Fe) 1.4 50 
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Fig. 6: Comparative in Corrosion Rate for with nickel alloys  with Respect to Base Alloy. 

 

6.X-Ray Diffraction Analysis For all  Samples (After Erosion-Corrosion Test. 

 

      The compositions of erosion-corrosion product films on samples (A6&A7) appear to be similar, some characteristic peaks in 

sample A6 are marked to indicate the existence of Cu2O, α-Cu, NiO, Al2O3 while diffraction pattern characterized the corrosion 

products formed on the surface of sample A7. It shows the characteristic peaks  and Fe2O3of Cu2O, α-Cu, Al2O3 and Fe2O3. 

Although there is a difference in the erosion-corrosion rate of the samples used, they all have good resistance to erosion-corrosion 

because the formation of Al2O3 greatly protects the surface against corrosion. 

The diffraction pattern belongs to the corrosion products formed on the surface of samples A8 & A9 as a result of exposure to sea 

water which reveals the presence of Cu2O, α-Cu, NiO, ZnO, and Fe2O3. 

 

 
Figure (4.60): X-Ray Diffraction Analysis for Sample A6. 
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Figure (4.61): X-Ray Diffraction Analysis for Sample A7. 

 
Figure (4.62): X-Ray Diffraction Analysis for Sample A8. 
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Figure (4.63): X-Ray Diffraction Analysis for Sample A9. 

 

8.Scanning Electron Microscope for Alloys after Erosion-Corrosion Test. 

 

       Scanning electron microscope (SEM) has been employed  to observe the corroded surfaces of alloys. The morphology of the 

all alloys specimens are  shown in Fig.(4.81) to fig.(4.84)  show, the surface of  alloy appeared d corrosion products, which is 

analyzed by EDS microanalyses shown in Fig.(4.85) to fig.(4.88). The corrosion behaviors have obtained by the erosion-corrosion 

(salt solution) test have  revealed the corrosion mechanism that chloride ions attacked the surface of alloy to enhance dissolubility, 

thus hindering  the  formation of protective films and leading to the corrosion process. 
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9. CONCLUSIONS  
 

   The results showed an increase in the corrosion resistance of the prepared alloys compared to the copper-nickel alloy used in 

electric power plants, and this is due to the addition of elements such as aluminum, zinc and iron, this is due to protective oxide 

layers formed on the surface; XRD and EDS show the presence of oxides with high properties capable of protecting the surface 

from corrosion and oxidation. 
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