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Professional article 

Abstract: Two CuNi10Fe1Mn condenser tube samples from boat heat 

exchangers were investigated due to their different corrosion behaviour in 

exploitation. One tube was in exploitation nearly 20 years before significant 

corrosion damage occurred (sample 1), while second tube of different 

manufacturer showed corrosion damages in 2 months of exploitation 

(sample 2). In its working conditions seawater was passing through the 

pipes and R407C gas around the pipes.  

Chemical analysis, microstructural and hardness investigations and 

laboratory electrochemical investigations of corrosion behaviour of 

samples in sea water were performed in order to determine the main reason 

for different durability of condenser tubes. After electrochemical 

investigations the polarization surface damage was verified by SEM 

analysis. 

Both samples belong to the CuNi10Fe1Mn alloy system with the significant 

difference in the mass fraction of iron content (around 30% higher for 

sample 1). Samples coincide in the structural sense (type and size of grain) 

and in mechanical properties (hardness of 133 HV1). 

Fe content in the CuNi10Fe1Mn alloy has the key role in the corrosion 

behaviour of the tested samples. 

It has been found that (regardless of the temperature of the heat exchanger) 

the corrosion resistance of the tested samples increases with increasing Fe 

content in the alloy. Namely, the corrosion current decreases in same order, 

while the polarization resistance and properties of surface oxide layer 

increase. SEM analysis confirmed less damage on the surface of samples 

with higher Fe content. 

 

 

1. Introduction 
Copper-based alloys have a long history of marine 

environment service because of their attractive 

combination of properties, e.g., good machinability, good 

resistance to corrosion and biofouling, and superior 

thermal and electrical conductivity [1-4]. Among those, 

Cu–Ni alloys are used for condenser tubing in marine 

applications where good resistance to localized corrosion 

(pitting) and erosion corrosion is important. The two most 

popular alloys contain 90% or 70% copper but the 90-10 

copper nickel (CuNi10Fe1Mn) is more economic and 

extensively used [2]. Prerequisite for good corrosion 

resistance is the formation of an optimum protective layer 

on alloy surfaces. Its good corrosion resistance has been 

attributed to existence of thin, strongly adherent inner 

Cu2O film and porous and thick outer layer. Its 

composition and thickens strongly depend on the 

conditions of the media to which the Cu-Ni alloy is 

exposed to. It also depends on electrolyte composition, 

temperature, flow velocity etc. [4-9]. The synergistic effect 

between nickel and iron in CuNiFe alloys with Ni content 

up to 30 % and iron content up to 2% was established 

[5,10]. Nickel improves the corrosion resistance of copper 

by its incorporation into continuous cuprous oxide film and 

the beneficial effect of iron was explained by the formation 

of γ-FeO (OH) [10,11]. Erosion in combination with 

pollution is the major reason for corrosion failure of 

CuNi10Fe1Mn alloys exposed to seawater [6,8]. In 

polluted water containing hydrogen sulphide the corrosion 

potential is shifted to the negative values and pitting 

corrosion evolves usually in the form of wide and shallow 

pits [8]. Care should be taken if there is a risk of prolonged 

exposure to sulphide polluted water as is commonly the 

case in harbours and brackish water.  

Under-deposit corrosion can be evolved if the region under 

deposits becomes anaerobic due to the establishment of 

sulphate reducing bacteria. Then the situation can become 

critical [8]. When the flow velocity of seawater becomes 

too large, local turbulence may occur, which can damage 

the protective film. Then the corrosion at isolated spots can 

start due to galvanic action between the base metal 

underneath the damaged film and the film itself [7]. This 

galvanic effect may be worsened by the unfavourable ratio 

of the area of the base metal to the much larger film area.  

The aim of the present investigation is to determine the 

reason for different corrosive behaviour of two 

CuNiFe1Mn condenser tubes (delivered from different 

manufacturers) that were incorporated into the ship's 

cooling system. 

 

2. Experimental 
 

Two different CuNi10Fe1Mn condenser tube samples 

from boat heat exchangers were investigated. One tube was 

in exploitation nearly 20 years (sample 1), while second 

tube of different manufacturer was in exploitation for 2 

months (sample 2). In its exploitation seawater was passing 

through the pipes and R407C gas around the pipes. Both 

samples were subjected to extensive testing. Tests include 



MTSM2019 International conference “Mechanical Technologies and Structural Materials”Split, 26-27.09.2019 
  

 

the determination of chemical composition, structural 

analysis, hardness test and corrosion behaviour in 

seawater. Figure 1 shows the CuNi10Fe1Mn tube samples 

that were taken for this investigation. 

 

  

Figure 1. CuNi10Fe1Mn alloy tube samples 1 and 2 

Chemical analysis of the investigated alloy samples 1 and 

2 was made with Olympus DS2000-C XRF using a non-

destructive test method according to norm ASTM E1621-

94.  

For the microstructural analysis tube samples were cut in 

small pieces wherein the samples were cooled with a 

cooling agent. After cutting, sample surfaces were 

prepared by grinding and polishing and thereafter by 

etching with 50% water solution of nitric acid. Etching 

time was 30 s. Microstructural analysis was performed on 

the light microscope OPTON Axioscope. 

The hardness of samples 1 and 2 was determined according 

to EN ISO 6507-1: 2018 standard by Vickers method using 

Shimadzu HMV-2T microhardness tester. On each sample, 

the measurement was repeated 5 times with the testing 

force of 9.807 N (HV1).  

Corrosion behaviour of tested samples was examined in 

naturally aerated sea water (pH=8.2) at temperature of 

20 °C and 40 °C, which was also the working temperature 

range of the heat exchanger in exploitation.  

For this purpose, the working electrodes were made by 

cutting CuNi10Fe1Mn condenser tubes into small square 

samples and then soldering one side of samples with 

isolated copper wire to gain good electrical contact. After 

soldering, sample surfaces were isolated with epoxy resin 

leaving one side of the surface to be in contact with the 

electrolyte. The measurements were performed in 

conventional three-electrode double wall glass 

electrochemical cell, with a platinum counter electrode and 

a saturated calomel reference electrode, respectively.  

Before each experiment, the working electrode was 

polished mechanically using successive grades of emery 

paper up to 1200 grit. The electrode was then ultrasonically 

washed with ethanol, rinsed with deionized water and 

transferred quickly to the electrochemical cell filled with 

electrolyte (i.e. sea water). 

Electrochemical measurements were carried out with the 

PAR 273A potentiostat/galvanostat. Open circuit potential 

measurements (EOC) were carried out immediately after 

electrode immersion in electrolyte in 60 minutes period. 

Linear polarization measurements were carried out in the 

potential range of ±20 mV around EOC with the scan range 

of 0.2 mV/s. Potentiodynamic polarization measurements 

were performed in the potential range of ±250 mV from 

EOC with the scan rate of 0.2 mV/s. 

After polarization measurements the electrode surfaces 

were cleaned ultrasonically with deionized water and then 

examined with scanning electron microscope (SEM) 

Tescan Vega TS5136LS. 

 

3. Results and discussion 
 

At the beginning of the examination chemical analyses 

were performed in order to detect possible differences in 

the chemical composition of the tested alloy. The results of 

the investigations are given in Table 1 along with the data 

for the standard alloy classification according to the 

EN 12449:2016-11. 

From the Table 1 it is evident that both samples belong to 

the CuNi10Fe1Mn alloy system with significant difference 

in the mass fraction of iron content (around 30% higher for 

sample 1). 

 
Table 1.  Results of the chemical analysis of samples 

 

Sample % 

 Mn Fe Ni P S Cu 

1 0.82 1.92 9.55 0.017 0.016 balance 

2 0.82 1.36 9.56 0.009 0.028 balance 

Chemical composition of CuNi10Fe1Mn according to the EN 12449:2016-11 

EN min. 0.5 1 9 0 0 balance 

EN max. 1 2 11 0.02 0.05 balance 
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The results of the microstructural analysis are given in 

Figure 2. 

 

 
Figure 2. Microstructural analysis of samples 1 (a) and 2 (b) 

 

Microstructures of tested samples correspond to 

microstructure of CuNi10Fe1Mn alloy, which consists of 

copper-based crystals (FCC) [12]. 

Isolated dark areas are the result of segregation of alloying 

elements [13]. Also, it is shown in Figure 2 that sample 2 

has more segregated alloying elements. 

Hardness testing results can be seen in Figure 3. It was 

found that both samples have the same hardness, 133 HV1, 

which implies that they have similar mechanical 

properties. 

 

 
Figure 3. Vickers hardness indentation test 
 

In order to better determine the reasons for the different 

durability (corrosion) of two CuNiFe1Mn condenser tubes 

that were incorporated into the ship's cooling system, its 

real working conditions were simulated. Namely, the 

corrosion behaviour of tested samples was examined in 

naturally aerated sea water (pH = 8.2) at the temperature of 

20 oC and 40 oC, which is also the working temperature 

range of the heat exchanger in exploitation.  

Figure 4 shows the variation of EOC of tested samples with 

time in sea water at 20 oC. The open circuit potential 

reflects the composite results of the electrochemical 

reactions which take place at the electrode/solution 

interface. As can be seen, both samples show similar 

changes of EOC. Namely, immediately after immersing 

each electrode in sea water, values of EOC were shifted 

towards negative values due to the adsorption of chloride 

ions on the surface of the electrode 14,15. After the initial 

drop, EOC of both electrodes increased towards positive 

values which indicated the formation and thickening of the 

protective passive film on their surfaces during the 

immersion. The stabilization of EOC for both samples 

occurs in period of 20 minutes. It can also be noted that the 

sample 2 has more negative EOC value. 

 

 
Figure 4. Variation of the open circuit potential of 

CuNi10Fe1Mn samples in sea water at 20 °C 

 

The general corrosion behavior of tested samples in sea 

water was investigated by recording the polarization curves 

in wide potential range. The purpose of these 

measurements was to evaluate influence of different Fe 

content on anodic and cathodic behavior of CuNi10Fe1Mn 

alloy and determination of corrosion current density (icorr) 

and corrosion potential (Ecorr). Obtained results are 

presented on Figure 5 and Table 2. 

Significant differences in corrosion behaviour of samples 

1 and 2 can be noticed. The gradual reduction of the anodic 

and cathodic current density and shift of corrosion potential 

value in the anodic side can be observed with increasing Fe 

content in the alloy. This direction of change ultimately 

leads to a reduction in the corrosion rate. 

 

 
Figure 5. Variation of the open circuit potential of 

CuNi10Fe1Mn samples in sea water at 20 °C 
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As can be seen from Table 2 the significantly lower icorr and 

the most positive Ecorr have been obtained for sample 1 

(alloy with the higher Fe content) which also has the higher 

polarization resistance, Rp (i.e. resistance of metal to 

corrosion). The Rp data was determined from the slope of 

linear part of polarization curves obtained by 

measurements in the potential range close to EOC (Figure 

6). Thus, it can be concluded that the content of Fe has a 

key role in corrosion behaviour of CuNi10Fe1Mn alloy.  
 

Table 2.  Corrosion parameters of investigated CuAlMn alloys in 

0.9% NaCl solution 

sample Ecorr / V  icorr / µA 

cm-2 

Rp / kΩ 

cm2 

20 oC 

1 -0.33 2.16 14.60 

2 -0.45 7.94 3.04 

40 oC 

1 -0.35 2.04 14.75 

2 -0.47 17.15 0.93 

 

In order to better simulate the real conditions of the heat 

exchanger, the polarization measurements were carried out 

in sea water at 40 oC, and obtained results are also 

presented in Table 2. By increasing the temperature, the 

corrosion resistance of sample with a smaller Fe content 

(sample 2) is significantly reduced (higher icorr, lower Rp). 

However, it is interesting that the corrosion resistance of 

the sample with a higher Fe content (sample 1) remains 

unchanged, indeed even increases slightly. Similar 

behaviour of CuNiFe alloys were observed in literature and 

can be related with beneficial influence of temperature on 

protective properties of surface oxide layer 8. 

 

 
Figure 6. Linear parts of polarization curves of CuNi10Fe1Mn 

samples in sea water at 20 oC 
 

After electrochemical investigations the polarization 

surface damages were verified by SEM, and obtained 

results are shown on Figures 7 and 8. The rough surface 

defects resulting from significant corrosion are visible on 

the surface of samples 2 (Figure 7b), while the surface of 

sample 1 is almost clear of any corrosion damage; only one 

shallow pit is visible (Figure 7a). Surface damage of both 

samples is higher at 40 oC (Figure 8).  

According to the EN 12449:2016-11, the content of Fe in 

CuNi10Fe1Mn of the alloy may vary within the range of 1 

to 2% (Table 1). Although the change of Fe content in these 

boundaries does not affect the structural (Figure 1) and 

mechanical properties (Figure 2) it is obvious that it 

significantly affects the corrosion behaviour of 

CuNi10Fe1Mn alloys (Figures 3-5, Table 2) which was 

additionally confirmed by SEM surface analysis (Figures 7 

and 8).   

 

 

 
Figure 7. SEM images of the electrode surfaces after 

potentiodynamic polarization measurements at 20 °C for sample 

1 (a) and sample 2 (b) 

 

Corrosion resistance is the consequence of the formation of 

a surface layer whose properties primarily depend on the 

chemical composition of the base metal, i.e. the type and 
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content of the particular alloying elements in the sample 

(Table 1). If the alloying element facilitates the passivity of 

copper, the surface film properties will be better (greater 

resistance and thickness, more compact structure). Such 

impact of the alloyed element will ultimately lead to higher 

corrosion resistance of the metal in the aggressive media, 

smaller corrosion currents and greater polarization 

resistance. According to obtained data, it can be concluded 

that the content of Fe has a key role in passivation of 

CuNi10Fe1Mn alloy.  
 

 

 
Figure 8. SEM images of the electrode surfaces after 

potentiodynamic polarization measurements at 20 °C for sample 

1 (a) and sample 2 (b) 

 

As previously mentioned, good corrosion resistance of 

CuNiFe alloys has been attributed to existence of thin, 

strongly adherent inner Cu2O film and porous and thick 

outer layer [4-9]. The synergistic effect between nickel and 

iron in CuNiFe alloys with Ni content up to 30 % and iron 

content up to 2% were established [5,10]. Nickel improves 

the corrosion resistance of copper by its incorporation into 

continuous cuprous oxide film and the beneficial effect of 

iron was explained by the formation of γ-FeO(OH) [10,11]. 

The role of alloying elements (in this case Fe) on metal 

passivation can be explained by the model proposed by 

Marcus 16. The model is based on two fundamental 

properties of metals, such as: 

• strength of the oxygen (or OH) chemisorption bond, 

M-O, (reflected by the value of the heat of oxygen 

adsorption, Hads(ox)); 

• the facility of conversion from the oxygen (or OH) 

monolayer to a 3D oxide in which a critical factor is 

disruption of the metal-metal bonds (reflected by 

metal-metal bond energy, M-M) 16. 

Passivation usually begins by adsorption of oxygen or OH 

from the water solution, followed by nucleation and oxide 

growth. Obviously, metals with high heat of oxygen 

adsorption are easily passivated. However, it is less 

apparent and less recognizable that the passive film 

formation requires additional activation energy for 

conversion of chemisorbed layer into 3D oxide, and that 

this process inevitably leads to a metal-metal interruption. 

Therefore, the lower the energy required to disrupt metal-

metal bonds, the lower the activation energy barrier for the 

conversion into 3D oxide 16. The metals which adsorbs 

oxygen (or OH) strongly and on which metal-metal bonds 

are easily broken will be very suitable for the passive oxide 

film growth. Hence, alloying elements with high energy 

adsorption of oxygen, and low metal-metal bonds energy, 

reinforce the passivation of the base metal. However, the 

easy metal-metal bond disruption will also accelerate metal 

dissolution. Therefore, fine balancing between the effect of 

metal-metal bonding energy and the effect of oxygen 

adsorption heat is crucial in design of alloys which can 

passivate.  

Based on such considerations, it is possible to divide 

alloying elements on passivity promoters and dissolution 

moderators or blockers. According to Marcus 16, metals 

with high Hads(ox) and a relatively low M-M like Cr, Al, Ti 

belong to passivity promoters, i.e. the alloying elements 

that facilitate passivation of the metal.  

By the amount of heat oxygen adsorption and bond energy 

Fe is very similar to Cr. A large amount of energy released 

during the adsorption of oxygen is able to easily disrupt Fe-

Fe bonds, thus causing oxide nucleation much before 

completion of the adsorbed monolayer. Therefore, when 

the Fe content of the alloy is higher (sample 1), it is easier 

to form a 3D compact oxide layer consisting of a mixture 

of oxides Cu, Ni i Fe 5,10,11. 3D surface layer efficiently 

separates metal from the aggressive medium and prevents 

corrosion of the alloy. Working conditions of marine heat 

exchangers lead to increase in seawater temperature, which 

further improves the protective properties of the oxide 

layer 8.  

 

4. Conclusion 
 

Both samples belong to the CuNi10Fe1Mn alloy system 

with the significant difference in the mass fraction of iron 

content (around 30% higher for sample 1). Samples 
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coincide in the structural sense (type and size of grain) and 

in mechanical properties. 

Fe content has the key role in the corrosion behavior of the 

tested samples in CuNi10Fe1Mn alloy. It has been found 

that (regardless of the temperature of the heat exchanger) 

the corrosion resistance of the tested samples increases 

with increasing Fe content in the alloy. Namely, the 

corrosion current decreases in same order, while the 

polarization resistance and properties of surface oxide 

layer increase. SEM analysis confirmed less damage on the 

surface of samples with higher Fe content. 
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