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1. Introduction 

 

The surface of carbon steel piping is normally 

covered with protective magnetite layers under reducing 

operation conditions of pressurized water reactors 

(PWRs). These layers are rapidly removed by flow 

accelerated corrosion in the turbulent flow region, and 

wall thinning of carbon steel piping is accelerated. This 

type of corrosion is affected by various water chemistry 

factors. The temperature, dissolved oxygen, and pH 

affect the stability of magnetite layer, while fluid 

dynamics affects the mass transfer of soluble iron from 

the surface of the magnetite layer [1-3]. 

Although the effects of various water chemistry 

factors have been evaluated comprehensively, there is 

another factor that should be considered in evaluating 

the corrosion of carbon steel piping. When magnetite 

layers formed on carbon steel are partially removed in 

areas where turbulence is severe, the exposed metal 

surface of carbon steel is electrically connected with the 

remaining magnetite layer. Because magnetite shows 

almost metallic behavior with respect to electrical 

properties [4], a galvanic cell between the exposed 

metal surface of carbon steel and magnetite can be 

formed under this condition. Recently, it has been 

reported that the galvanic coupling with magnetite 

accelerates the corrosion of carbon steel [5,6] and Ni-

based alloys [7,8] in various environments. Accordingly, 

this galvanic coupling is expected to be an additional 

acceleration factor on the corrosion of carbon steel 

piping in PWRs. However, the effect of magnetite has 

still not been considered in evaluating the corrosion of 

carbon steel in PWRs. 

The objective of this work is to investigate the effect 

of magnetite on the corrosion of carbon steel in 

simulated secondary water under flowing conditions. To 

evaluate the corrosion behavior of pure magnetite and 

its effect, the magnetite specimens were prepared by the 

electrodeposition method. The galvanic corrosion 

behavior between carbon steel and magnetite was 

investigated by using electrochemical and immersion 

tests. Based on the results, the galvanic coupling with 

magnetite is discussed as an additional acceleration 

mechanism on the corrosion of carbon steel piping. 

 

2. Experimental Procedures 

 

2.1 Preparation of carbon steel and magnetite 

specimens  

 

Carbon steel specimens were machined from 

SA106Gr.B pipe material into a size of 10 mm × 5 mm 

× 1 mm for electrochemical corrosion tests, and a size 

of 20 mm × 20 mm × 1 mm for immersion tests. The 

specimens were ground using silicon carbide papers 

down to grit 1000, and then ultrasonically cleaned in 

acetone. 

Magnetite specimens were prepared by the 

electrodeposition of the magnetite layer on the whole 

surface of the carbon steel specimens described above. 

The electrodeposition solution consisted of 2 M NaOH, 

0.1 M triethanolamine, and 0.043 M Fe2(SO4)3. The 

electrodeposition process of magnetite was conducted at 

an applied potential of −1.05 VSCE for 30 min at 80 °C 

in a three-electrode cell using a potentiostat. The 

detailed electrodeposition process of magnetite is given 

in previous studies [9,10]. Characteristics of the 

magnetite specimen were analyzed using a scanning 

electron microscope (SEM) and X-ray diffractometer. 

 

2.2 Test solution 

 

An alkaline aqueous solution of pH 9.5 at 25 oC was 

used in this work. The pH of the test solution was 

adjusted using ethanolamine, which is an organic 

chemical agent used to control the pH of secondary 

water in PWRs. All corrosion tests were carried out 

under a deaerated condition at 60 oC. For the deaerated 

condition, the test solutions were continuously purged 

with high-purity nitrogen gas (99.999%) at a flow rate 

of 100 cm3/min during testing. This test environment 

was designed to simulate a secondary water chemistry 

of PWRs. 

 

2.3 Immersion corrosion test 

 

Carbon steel coupons coupled and uncoupled to 

magnetite were used in the immersion corrosion test. In 

case of the coupled specimens, the area ratio (AR) of 

magnetite to carbon steel was controlled to be 1 and 20, 

respectively, as shown in Fig. 1. Four samples for each 

condition were exposed to the test solution for the 

weight loss measurement and surface analysis.  

Fig. 2 shows the schematic of the test apparatus for 

the immersion corrosion test. The test apparatus 

consisted of a hot plate, water bath, specimen holder, 

and reaction flask equipped with a reflux condenser, 

sparger, overhead stirrer, and thermocouple. In order to 
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expose all specimens to the same fluid dynamic 

conditions, the samples were placed in each side of a 

regular dodecagon-shaped specimen holder, which is 

equidistant 6 cm from the center. After that, the 

specimen holder was loaded to the end of the overhead 

stirrer shaft and rotated at a rate of 320 rpm to make a 

fluid flow at the surface of specimens during the 

immersion corrosion test. When this angular velocity is 

converted into a linear velocity, the flow rate of the test 

solutions at the surface of the specimen is 2 m/s. 
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Fig. 1. Schematic for the preparation of the coupled 

specimens: (a) AR of 1 and (b) AR of 20. 
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Fig. 2. Schematic of the test apparatus for the immersion 

corrosion test. 

 

2.4 Electrochemical corrosion test 

 

Potentiodynamic polarization tests were performed 

using a potentiostat and a three-electrode cell. A 

saturated calomel electrode and platinum wire were 

used as a reference and counter electrode, respectively. 

After the open circuit potential (OCP) was stabilized, 

polarization scans for carbon steel and magnetite were 

started from 10 mV below the OCP to the anodic 

direction or from 10 mV above the OCP to the cathodic 

direction. The scan rate was 1 mV/s. Each anodic and 

cathodic polarization curve was finally combined in one 

graph. 

3. Results and Discussion 

 

Fig. 3 shows the weight change of carbon steel with 

and without coupling to magnetite after the immersion 

corrosion test in flowing test solutions at rate of 2 m/s at 

60 oC for 500 h. Carbon steel both with and without 

coupling to magnetite indicated a weight loss. The 

weight loss of carbon steel uncoupled to magnetite was 

0.14 μg/cm2h, while that was significantly increased by 

the galvanic coupling with magnetite. When the AR was 

1, the weight loss of carbon steel was increased to 

0.30 μg/cm2h. Furthermore, as the AR was increased to 

20, the weight loss of carbon steel was drastically 

increased to 0.86 μg/cm2h. This result indicates that the 

galvanic coupling with magnetite accelerated the 

corrosion rate of carbon steel. 
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Fig. 3. Weight change of carbon steel with and without 

coupling to magnetite after the immersion corrosion test 

in flowing test solutions at a rate of 2 m/s at 60 oC for 

500 h. 

 

Fig. 4 shows the polarization curves of carbon steel 

and magnetite in stagnant and flowing test solutions. To 

evaluate the effect of the AR, polarization curves of 

magnetite with an area of 20 cm2 were also presented in 

Fig. 4, which were calculated from those with an area of 

1 cm2. 

In stagnant test solutions, the corrosion potential 

(Ecorr) of carbon steel was about 300 mV lower than that 

of magnetite, as shown in Fig. 4(a). This means that 

carbon steel and magnetite will act as an anode and 

cathode, respectively, when these two materials are 

electrically connected. The anodic current density of 

carbon steel at the OCP was 1.35 μA/cm2. That is 

expected to increase to 8.06 μA/cm2 if equal areas of 

carbon steel and magnetite are galvanically coupled. 
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Furthermore, when the AR is increased to 20, the anodic 

current density of carbon steel will significantly increase 

to 21.04 μA/cm2. 

In flowing test solutions, both the Ecorr of carbon steel 

and magnetite were shifted in the positive direction 

compared to those in stagnant test solutions, as shown in 

Fig. 4(b). The overall polarization curves were also 

shifted in the direction of higher current density. The 

anodic current density of carbon steel at the OCP was 

increased from 1.35 μA/cm2 to 6.75 μA/cm2 by the fluid 

flow. Carbon steel still behaves as the anode of the 

galvanic couple with magnetite in flowing test solutions. 

Therefore, if carbon steel and magnetite are electrically 

connected, the extent of galvanic corrosion of carbon 

steel is expected to more increase than that in stagnant 

test solutions.  
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Fig. 4. Potentiodynamic polarization curves of carbon 

steel and magnetite in the test solutions at 60 oC: (a) 

stagnant conditions and (b) flowing conditions. 

 

In addition, the decrease of the anodic current in 

polarization curves of carbon steel scanned in flowing 

test solutions was observed in a specific potential range 

approximately from −0.610 VSCE to −0.320 VSCE. These 

decrease may be caused by the anodic conversion of 

magnetite to hematite formed on carbon steel during the 

anodic polarization scan. This anodic conversion is 

thermodynamically possible, because the stable phase of 

iron is hematite in a potential above about −0.600 VSCE 

in the test solutions at 60 oC [11,12]. From the 

viewpoint of the electrical property, magnetite had a 

very small band gap of 0.1 eV, while hematite had a 

relatively large band gap of 2.2 eV [4]. That is, 

magnetite and hematite behave as a metal and semi-

conductor, respectively. Consequently, magnetite 

formed on carbon steel is rapidly converted to hematite 

in a flowing test solution than a stagnant test solution 

during the anodic polarization scan, and the semi-

conductive character of these converted hematite will 

act as a barrier for the electrochemical reaction at the 

oxide/solution interface. 

Based on the result of polarization tests, the 

accelerated corrosion of carbon steel by magnetite in 

Fig. 3 is caused by the fact that galvanic coupling with 

magnetite shifts the Ecorr of carbon steel in the anodic 

direction and results in the increased corrosion current 

of carbon steel. 

 

4. Conclusions 

 

(1) The weight loss of carbon steel was increased by the 

coupling with magnetite in flowing test solutions. 

Furthermore, a large area ratio of magnetite to 

carbon steel more increased the weight loss of 

carbon steel. 

 

(2) The electrochemical behavior of carbon steel and 

magnetite demonstrate that carbon steel acts as an 

anode of the galvanic couple with magnetite in both 

stagnant and flowing conditions, resulting in an 

increased corrosion current. This galvanic corrosion 

rate of carbon steel is expected to be increased by 

the fluid flow. Furthermore, that will more increase 

with increasing the AR. 

 

(3) Based on results of the electrochemical and 

immersion corrosion test, galvanic corrosion 

between carbon steel and magnetite is proposed as 

an additional acceleration factor on the corrosion of 

carbon steel piping in the secondary system of 

PWRs. 
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