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1. Introduction 
 

Because the secondary coolant system in pressurized 
water reactors (PWRs) is mostly composed of carbon 
steel, magnetite is the major corrosion products in the 
secondary coolant system [1]. Magnetite is released 
from carbon steel surface, transported by feed water, 
and deposited on the steam generator tube surfaces and 
tube support plates. The morphology of the magnetite 
deposits has many pores. Therefore, some impurities are 
concentrated in the pores [2]. Aggressive chemical 
impurities such as sulfur oxyanions and chloride ions 
are concentrated into the porous magnetite deposits by 
local boiling. These phenomena accelerate the corrosion 
of the steam generator tube [3]. Among many of the 
impurities, sulfur can be originated from feed water and 
resin source. [4]. Sulfur can exist in many valence states, 
such as -2 (S2-), +2 (S2O3

2-), +4 (SO3
2-) and +6 (SO4

2-). 
Reduced forms of sulfur can cause IGA and pitting of 
high-nickel alloys like Alloy 600. Sulfate ions can also 
accelerate local attack of Alloy 600 during cold 
shutdown conditions [5-6]. 

Recently, we have reported that general corrosion of 
carbon steel and Ni-based alloys is significantly 
accelerated by a galvanic effect between the materials 
and magnetite in various environments [7-11]. Song et 
al. have also reported that the corrosion of Alloy 690 is 
accelerated by synergistic effect of magnetite and 
chloride ions [12]. However, the effect of sulfur 
oxyanions has not been considered in evaluating the 
effect of magnetite on the corrosion behavior of Alloy 
600 until now. The objective of this research is to assess 
the synergistic effect of sulfur oxyanions (sulfate and 
thiosulfate) and magnetite on the corrosion of Alloy 600. 
In order to investigate electrochemical behavior of 
magnetite itself, magnetite specimens were prepared by 
an electrodeposition method. The electrochemical 
corrosion behavior of Alloy 600 and magnetite were 
evaluated by using potentiodynamic polarization tests in 
deaerated reference solution, 1 M Na2SO4 and 1 M 
Na2S2O3 solution, respectively. 

 
2. Experimental Methods 

 
2.1. Preparation of magnetite deposited specimens 

 

Mill-annealed Alloy 600 was used as a test material. 
The specimens were prepared with the same surface 
roughness using 1000 grit SiC papers. A magnetite 
working electrode was prepared by electrodeposition of 
magnetite layer on the entire surface of an Alloy 600 
working electrode. The electrodeposition solution 
consisted of 2 M NaOH, 0.1 M triethanolamine and 
0.043 M Fe2(SO4)3. The electrodeposition of magnetite 
layer was conducted at an applied potential of −1.05 
VSCE for 30 min at 80°C.  
 
2.2. Polarization tests 
 

To evaluate the effect of sulfate and thiosulfate 
solution, three types of test solutions were prepared. A  
reference solution of pH 9.0 at 25°C was prepared using 
NaOH as a pH adjuster, and 1 M Na2SO4, 1 M Na2S2O3 
were added to the reference solution, respectively. 
Polarization tests were conducted using a potentiostat 
and a three-electrode cell. A saturated calomel electrode 
and platinum wire were used as a reference and counter 
electrode, respectively. The test solution was purged 
continuously using high purity nitrogen gas (99.98%) at 
a rate of 100 cm3/min until the test was over. Open-
circuit potential (OCP) was stabilized for 1 hour and 
then cathodic or anodic tests were conducted at a scan 
rate of 0.5 mV/s.  
 

3. Results and Discussion 
 

Fig. 1 shows the SEM images of the magnetite 
specimen prepared by the electrodeposition method. As 
shown in Fig. 1(a), the electrodeposited magnetite 
surface had highly faceted and dense morphology. As 
shown in Fig. 1(b), the cross section of the magnetite 
constituted a dense layer where no defects such as 
cracks or holes were observed. This means that the 
magnetite layer is tightly attached to the Alloy 600 
substrate. Thus, it is considered to be useful for 
evaluating the electrochemical behavior of magnetite. 
The average thickness of the magnetite layer was 
approximately 10 mm. 
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Fig. 1. SEM images of magnetite layer electrodeposited on  
Alloy 600: (a) top view and (b) cross section. 
 

Fig. 2 shows the polarization curves of Alloy 600 and 
magnetite in the reference solution without sulfur 
species at 80°C. The icorr of Alloy 600 and magnetite at 
the individual OCPs were 0.42 mA/cm2 and 1.41 mA/cm2, 
respectively. The Ecorr of Alloy 600 was about 100 mV 
lower than that of magnetite. This indicates that Alloy 
600 behaves as an anode when Alloy 600 and magnetite 
are electrically connected. Therefore, if these two 
materials are electrically connected with the same area 
ratio, the anodic dissolution rate of Alloy 600 is 
expected to increase from 0.42 mA/cm2 to 1.07 mA/cm2. 
However, since the area ratio (AR) of magnetite to 
Alloy 600 is much larger than 1 in actual environments, 
it is considered that the anodic dissolution rate of Alloy 
600 will be further increased. The polarization curve of 
magnetite with an area of 30 cm2 was also presented in 
Fig. 2. Therefore, the anodic dissolution rate of Alloy 
600 is expected to increase from 0.42 mA/cm2 to 1.65 
mA/cm2 at an AR of 30. 

Fig. 2. Polarization curves of Alloy 600 and magnetite in 
reference solution of pH 9.0  at 80°C. 

 
Fig. 3 shows the polarization curves of Alloy 600 and 

magnetite in the reference solution with 1 M Na2SO4 at 
80°C. The icorr of Alloy 600 and magnetite at the 
individual OCPs were 0.41 mA/cm2 and 0.73 mA/cm2, 
respectively. The Ecorr of Alloy 600 was about 150 mV 
lower than that of magnetite. The difference of Ecorr 
between the two materials in reference solution was 

about 100 mV, but it increased to 150 mV in 1 M 
Na2SO4 solution. If these two materials are electrically 
connected with the same area ratio, the anodic 
dissolution rate of Alloy 600 is expected to increase 
from 0.41 mA/cm2 to 1.83 mA/cm2. However, as 
mentioned previously, the area ratio between Alloy 600 
and magnetite in the actual crevice environments is not 
the same. Because porous magnetite is deposited on the 
surface of Alloy 600 tubing, a galvanic couple with an 
unfavorably large area ratio of a large cathode 
(magnetite) to a small anode (Alloy 600) is formed. The 
polarization curves of magnetite with an area of 30 cm2 
was also superimposed in Fig. 3. In this case, the anodic 
dissolution rate of Alloy 600 is expected to increase 
from 0.41 mA/cm2 to 2.43 mA/cm2. 

 

Fig. 3. Polarization curves of Alloy 600 and magnetite in 
reference solution of pH 9.0 with 1 M Na2SO4 at 80°C. 

 
Fig. 4 shows the polarization curves of Alloy 600 and 

magnetite in the reference solution with 1 M Na2S2O3 at 
80°C. The icorr of Alloy 600 and magnetite at the 
individual OCPs were 0.25 mA/cm2 and 0.84 mA/cm2, 
respectively. The Ecorr of Alloy 600 was about 90 mV 
higher than that of magnetite. Unlike previous two 
results, polarization behavior in 1 M Na2S2O3 solution 
showed a different result. When the Alloy 600 and 
magnetite are galvanically coupled in reference solution 
and 1 M Na2SO4 solution, Alloy 600 and magnetite will 
behave as an anode and a cathode, respectively. 
However, this electrochemical behavior is reversed in 
solution containing 1 M Na2S2O3. Therefore, it is 
considered that the galvanic corrosion between Alloy 
600 and magnetite is not affected although the Alloy 
600 is electrochemically coupled to magnetite in the 
solution containing 1 M thiosulfate. 
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Fig. 4. Polarization curves of Alloy 600 and magnetite in 
reference solution of pH 9.0 with 1 M Na2S2O3 at 80°C. 
 

Fig. 5 shows the change in the corrosion current of 
Alloy 600 calculated from the polarization curves of 
Figs. 2 and 3. When Alloy 600 was not galvanically 
connected with magnetite, there was almost no 
difference in the corrosion current density in reference 
solution and sulfate solution. However, when Alloy 600 
and magnetite are galvanically connected, the corrosion 
current density of Alloy 600 will be increased. In 
addition, the corrosion current density of Alloy 600 was 
further increased in sulfate solution. This means that the 
galvanic effect with magnetite is more increased in 
sulfate solution. Furthermore, as the AR of magnetite to 
Alloy 600 increased, the corrosion current density in the 
sulfate solution was also higher than that in reference 
solution. 

 
Fig. 5. Change in the anodic dissolution rate of Alloy 600 by 
the effect of magnetite and sulfate ion at 80°C. 
 

4. Conclusions 
 

Polarization tests were conducted to investigate the 
electrochemical behavior of Alloy 600 and magnetite in 
reference solution, 1 M Na2SO4 and 1 M Na2S2O3 
solution. The tentative conclusions can be drawn as 
follows. 

 

(1) When Alloy 600 and magnetite were connected to 
form a galvanic coupling, the anodic dissolution 
rate of Alloy 600 was increased. Furthermore, the 
anodic dissolution rate of Alloy 600 in sulfate 
solution was more increased. 
 

(2) The increased galvanic corrosion of Alloy 600 was 
not expected in the solution containing thiosulfate 
although Alloy 600 was electrochemically coupled 
to magnetite.  
 

(3) From these electrochemical results, the effects of 
not only impurities but also magnetite should be 
considered as an acceleration factor on the 
corrosion of steam generator tubes. 
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