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ABSTRACT 
 
Corrosion has been the major cause of tube failures in steam generators (SG) tubes in nuclear power plants. 

Problems have resulted from impurities in the secondary water systems which are originated from leaks of 

cooling water. It is important to understand the compatibility of steam generator tube materials with the 

environment. This study presents the microstructural characterization and electrochemical behavior of the 

Incoloy® 800 in sodium chloride and sodium sulphate aqueous solutions at 80°C. Potentiodynamic anodic 

polarization, cyclic polarization and open circuit potential (OCP) measurements were the electrochemical 

techniques applied in this work. The pitting resistance of Incoloy
®
 800 in chloride plus sulphate mixtures were 

also examined. Experiments performed in solutions with different concentrations of Cl
-
 and SO4

2-
 ions in 

solution (200ppb, 500ppb, 1ppm, 5ppm, 50ppm and 100ppm) showed that this concentrations range had no 

substantial effect on the anodic behavior of the alloy. After polarization no localized corrosion was found on the 

samples. 

 

 

1. INTRODUCTION 
 

Corrosion has been the major cause of tube failures in nuclear steam generators. Many of 

such problems have resulted from impurities in the secondary water system which are 

originated from leaks of cooling water containing dissolved impurities. [1] 

 

Incoloy
®

 800 is used in nuclear steam generators as the tubing material for pressurized water 

reactors (PWRs) because of its high corrosion resistance. This behavior is due to the 

protective character of the oxide film formed on its surface by contact with the pressurized 

high temperature water environment. Nevertheless, there are potential factors which lead to 

degradation of the protective films and consequently to intensification of the corrosion 

processes. The existing experience of different nuclear power plants shows that the water 

chemistry has an important role in maintaining the integrity of the protective oxide films. 

Alloy 800 is known to undergo passivity breakdown and pitting in the presence of chloride 

ions under oxidative water conditions [1, 2]. 
 

The aim of this work is to investigate the effect of sulfate and chloride ions on the anodic 

behavior and passivity breakdown of Incoloy
®

 800 at 80ºC in aqueous solutions using 

electrochemical methods. For this purpose techniques of open circuit potential, 

potentiodynamic anodic polarization and cyclic polarization were applied. 
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2. EXPERIMENTAL PROCEDURE 
 

Steam generator tubing of Incoloy
®
 800 with nominal composition (in wt.%) of 20% Cr, 30% 

Ni, 0.07% C, 0.8% Mn, 0.4% Si, 0.3% Ti, 0.3% Al, 0.1% Cu, 0.002% S, 0,013% P, 0.07% 

Co and balance Fe was used in this study.  

 

Test solutions were prepared by adding NaCl and Na2SO4 (analytical grade reagents) to 

deionized water. A deaerated condition was achieved by sparging nitrogen gas for at least 48h 

prior to each experiment. The test solution pH at room temperature was 9.5. It was adjusted 

by bubbling ammonia gas in the deaerated solutions. 

 

Six different concentrations of Cl
-
 + SO4

2-
 ions were used, namely: 

- 200ppb Cl
-
 ion + 200ppb SO4

2-
 ion; 

- 500ppb Cl
-
 ion + 500ppb SO4

2-
 ion; 

- 1ppm Cl
-
 ion + 1ppm SO4

2-
 ion; 

- 5ppm Cl
-
 ion + 5ppm SO4

2-
 ion; 

- 50ppm Cl
-
 ion + 50ppm SO4

2-
 ion; 

- 100ppm Cl
-
 ion + 100ppm SO4

2-
 ion. 

 

Specimens were cut from the tubing Incoloy
®

 800 for electrochemical tests. The external 

surface of the specimens (16mm diameter and 20mm length) were mechanically ground to a 

surface finishing equivalent to # 600 SiC paper. They were then rinsed in deionized water, 

cleaned in ultrasound and dried in air before the tests. 

 

The electrochemical tests were performed in a three-electrode electrochemical cell, at 

80±1ºC. The reference electrode was Ag/AgCl (3M KCl) and a platinum wire was used as the 

auxiliary electrode. During the tests, the cell was bubbled with N2 to ensure that oxygen 

would not penetrate into the solution. The measurements were performed using an 

AUTOLAB
®

 potentiostat system (PGSTAT20).  
 

Different electrochemical techniques were used to compare the corrosion behavior of the 

samples. The open circuit potential was recorded vs. time. When the corrosion potential 

remained stable, the polarization measurement was started by sweeping the potential. The 

potentiodynamic polarization tests were performed according to ASTM G5-94 [3]. In this 

article, the potential was swept from 200 mV below the corrosion potential up to 1,200mV. 

The scan rate was 0.167mV/s. Thus anodic polarization curves for each specimen could be 

constructed and analyzed.  
 

The cyclic polarization tests were performed according to ASTM G61-86 [4]. This technique 

is especially used to examine the localized corrosion tendencies of alloys such as pitting 

corrosion or crevice corrosion. Before each cyclic polarization scan, the sample was allowed 

to stabilize in the electrolyte for either 60min. The scan was started at the corrosion potential 

and continued in the anodic direction at a scan rate of 0.167mV/s until an anodic current 

density of 10
-3

A/cm
2
 was reached. At this point, the scan direction was reversed and the 

potential was decreased.  

 

Some characteristic electrochemical parameters such as corrosion potential, pitting potential, 

passive current densities and protection potential were utilized as important parameters to 

evaluate the corrosion behavior of Alloy 800 in high temperature aqueous solutions. 
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3. RESULTS AND DISCUSSION  
 

3.1. Micrography 
 

The material was examined metallographically using electrolytic etching in phosphoric acid 

to reveal the grain boundary structure (Figure 1). It shows a fully annealed equiaxed-grain 

microstructure. It has many twins and some precipitates within the grains. 

 

 

 

 
 

Figure 1. Microstructure of Incoloy® 800. 
 

 

 

3.2. Open Circuit Potential 
 

The open circuit potential is a parameter which indicates the thermodynamically tendency of 

a material to electrochemical oxidation in a corrosive medium. After a period of immersion it 

stabilises around a stationary value. This potential may vary with time because changes in the 

nature of the surface of the electrode occur (oxidation, formation of the passive layer or 

immunity). Figure 2 shows the EOCP curves for all the samples at 80ºC.  
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Figure 2. Open circuit potential variation with time for Incoloy

®
 800 sample immersed 

in different concentrations of chloride and sulphate solutions (200ppb, 500ppb, 1ppm, 
5ppm, 50ppm and 100ppm of Cl- and SO4

2-) at 80 ºC. 
 
 
 

As indicated in Figure 2, the variation of the open circuit potential is similar for all the 

samples. During the first moments of immersion, an abrupt EOCP displacement towards 

negative potentials occurs and then it starts to increase until a stabilized value is reached. This 

behavior, reported in literature [5], is typical of the reductive dissolution of an oxide film 

formed in the air, followed by the growth of a new film inside the solution. The EOCP increase 

seems to be related to the formation and thickening of the oxide film on the metallic surface, 

improving their corrosion protection abilities. These results suggest that the oxide film 

formed in 100ppm solution is less protective. 

 
3.3. Potentiodynamic Anodic Polarization 
 
Figure 3 presents the potentiodynamic polarization curves for samples of Incoloy

®
 800 

obtained in solutions with different concentrations of Cl
-
 and SO4

2-
 ions (200ppb, 500ppb, 

1ppm, 5ppm, 50ppm and 100ppm) at 80 ºC. The six polarization curves show similar 

behavior. The material spontaneously passivates. 
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Figure 3. Polarization curves of alloy 800 in deaerated solutions at concentrations of 
200ppb, 500ppb, 1ppm, 5ppm, 50ppm and 100ppm of Cl- and SO4

2-. 
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It is observed from Figure 4 that after the anodic polarization tests of alloy 800 in deaerated 

solution at concentration of 5ppm of Cl
-
 and SO4

2-
no localized corrosion was found on the 

samples. 

 

 

 

  
 

Figure 4. Optical photomicrograph of alloy 800 in deaerated solution at concentration of 
5ppm of Cl

-
 and SO4

2-
. 

 

 

 

Some parameters were obtained from the electrochemical tests and are presented in Table 1. 

The increase of Cl
-
 and SO4

2-
 concentrations did not affect the electrochemical potential in 

great extension. It was found in the range of -264mVAg/AgCl to -323mVAg/AgCl a difference of 

only about 59 mV. The major change was a displacement of the curves towards higher 

current densities when solutions with ion concentrations higher than 500ppb were used. 

 
 
 

Table 1. Corrosion potential, passive potential and passive currents obtained from the 
potentiodynamic polarization curves of Incoloy® 800 in deaerated solutions at 

concentrations of 200ppb, 500ppb, 1ppm, 5ppm, 50ppm and 100ppm of Cl- and SO4
2-. 

 

Concentration Corrosion potential,  

VAg/AgCl 

Passive current density,  

µA/cm
2
 

Transpassive potential, 

VAg/AgCl 

200ppb -0.296 0.75 0.738 

500ppb -0.312 0.73 0.708 

1ppm -0.282 1.4 0.745 

5ppm -0.288 1.7 0.781 

50ppm -0.264 1.8 0.774 

100ppm -0.323 1.4 0.768 
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3.4. Cyclic Polarization 
 

Figure 5 shows cyclic polarization curves for Incoloy
®

 800 at 80ºC in different concentrations 

of chloride and sulfate. The purpose of these experiments was to measure pitting potential 

(Epit) and the protection potential (Eprot). It is generally believed that pitting will initiate very 

rapidly if the potential of the alloy exceeds Epit and that even pre-existing pits will repassivate 

and stop growing if the potential becomes more negative than Eprot. It is often claimed that at 

potentials between Epit and Eprot existing pits may grow but new pits do not initiate. [6] 

 

 

 

 

 
 

Figure 5. Cyclic polarization curves of alloy 800 in deaerated solutions at concentrations 
of 200ppb, 500ppb, 1ppm, 5ppm, 50ppm and 100ppm of Cl- and SO4

2-. 
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Eprot is defined as the potential at which the anodic forward and reverse scans cross each 

other. Hysteresis occurs when the forward and reverse scan do not overlay each other, due to 

current density difference between the forward and reverse portions of the scan at the same 

potential. It is a result of the disruption of the steady state surface structure by the increase in 

potential. The hysteresis reflects the ease or difficulty with which that initial structure is 

restored as the potential is decreased back toward the corrosion potential at constant scan 

rate. When larger hysteresis is observed greater is the difficulty of repassivation and usually 

greater is the risk of localized corrosion. [6] 

 

As can be seen from the curves (Figure 5) the pitting potential and the protection potential 

were close for the six conditions studied. Due to a small hysteresis observed the increase in 

current density at high potentials is attributed to transpassive dissolution, not to pitting or 

crevice corrosion. 

 

 

4. CONCLUSIONS 
 

In this work it was investigate the effect of sulfate and chloride ions on the anodic behavior 

and passivity breakdown of Incoloy
®

 800 at 80ºC in aqueous solutions using electrochemical 

methods. Experiments performed in solutions with different concentrations of Cl
-
 and SO4

2-
 

ions in solution (200ppb, 500ppb, 1ppm, 5ppm, 50ppm and 100ppm) showed that the this 

concentrations range had no substantial effect on the anodic behavior of the alloy. After 

anodic polarization tests no localized corrosion was found on the samples. 
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