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1. Introduction

In nuclear power plant, the mitigating the corrosion
of structural materials and maintaining the heat
exchange capability have been considered as the most
crucial goal of secondary water chemistry control to
improve the reliability of secondary coolant system of
pressurized water reactors (PWRs) [1,2]. In particular,
pH control parameters such as pH control agents and
pH values are the main factors that directly affects the
corrosion behavior of secondary coolant system [3].

In the viewpoint of pH values, the pH of feedwater
recently elevated pH of up to 10.0 has been under
consideration to decrease flow accelerated corrosion
(FAC) and iron ions and magnetite transport to the
steam generator (SG) in PWRs [3]. Furthermore, we
then need to establish an optimal pH control agent by
considering the many related issues including secondary
system materials corrosion, maintenance cost, and
stability [2]. Representative two pH control agents
(ammonia and ethanolamine (ETA)) are widely used to
control pH in secondary coolant water of PWRs. First,
ammonia was widely used up to the 1980s due to its low
cost and absence of decomposition products. However,
it has now become less popular because of its high
volatility and acceleration of two-phase FAC [2].
Meanwhile, ETA greatly decreases the corrosion rate of
nickel-based alloys [4] and carbon steels [5]. Hence,
ETA is mainly used in most PWR plants either alone or
alongside other pH agents [6].

As described above, many researchers have focused
on the effects of pH control agent and values on the
general corrosion and FAC of secondary nuclear
materials. However, there has been no study on the
influence of pH adjusting agents or pH values on the
magnetite deposition behavior of SG tubes in the
secondary water systems of PWRs. Therefore, in this
paper, the effects of two representative pH control
agents (ammonia and ETA) and pH values (pH 9.0 and
pH 10.0 at 25 °C) on magnetite deposition on Alloy 690
SG tube were studied using a secondary loop system.

The morphology of magnetite particle was observed
using a scanning electron microscope (SEM). The

chemical composition and microstructure of magnetite
was analyzed by using X-ray diffractometer (XRD) and
SEM-energy-dispersive  X-ray spectroscopy (EDS).
After the chemical cleaning for deposited magnetite, the
cleaning solution was then subjected to an inductively
coupled plasma atomic emission spectroscopy (ICP-
AES) analysis to measure the iron concentration of
deposits. Finally, the amount of magnetite deposits per
unit area was calculated by using the measured iron
content. To clarify the mechanism of magnetite
deposition behavior, zeta potential of magnetite and
surface zeta potential of Alloy 690 were measured in
secondary water at room temperature.

2. Experimental methods

Fig. 1 shows a schematic of the magnetite deposition
loop system that could simulate the secondary side
conditions of the SG in PWRs. As shown in the Fig. 1,
the loop system consists of three main parts: a test
section equipped with a SG tube, a water tank filled
with deionized water, and an iron source tank filled with
iron-acetate solution. Commercial Alloy 690 SG tube
specimens were selected as the test tube. The
dimensions of the tubes were outer diameter (OD) of
19.05 mm, inner diameter (ID) of 17.00 mm and length
of 500 mm.
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Fig. 1. Schematic diagram of secondary loop system for
the sludge deposition tests.
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In secondary loop system, the flow rate of the
circulating water was maintained at 260 cc/min and the
dissolved oxygen (DQO) concentration was continuously
maintained below 5 ppb. The pH of the circulating
water was maintained at 9.0 and 10.0 by injecting
diluted solutions of ammonia and ETA, and the pH
value was continuously monitored using an in situ pH
sensor. The pressure of test section was then gradually
increased to 60 bar by the BPR, and the water
temperature near the specimen surface was maintained
at 270 °C to maintain subcooled nucleate boiling
conditions by operating the pre-heater, ceramic heaters
surrounding the test section, and the internal heater
inside the SG tube specimen. The heat flux of the
internal heater was maintained at about 30 W/cm?.

After these test conditions were set, we injected the
iron ions into the test section through the metering
injection pump with a flow rate of 1 ml/min from the
source injection tank. The precursor solution was
diluted in the simulated secondary water stream and its
final concentration was calculated as 1 ppm Fe in the
test section. Each deposition test was performed for 14
days.

After performing the magnetite deposition tests, the
SG tube specimens were cut into tubular segments for
the measurement of magnetite mass and microstructural
analysis of the magnetite. To evaluate the amount of
magnetite, two tubular segments of about 20 mm in
length at different axial locations were immersed
separately in a chemical cleaning solution (20 wt.%
ethylenediaminetetraacetic (EDTA) acid + 1 wt.% N2H4
+ 1 wt.% corrosion inhibitor + NH,OH) at 93 °C for 12
hours to selectively dissolve the magnetite only. The
dissolved solution was subjected to an ICP-AES
analysis to measure the iron concentration. Finally, the
amount of magnetite per unit area was calculated by
using the measured iron content.

The magnetite deposits were analyzed by using a
focused ion beam (FIB)-SEM to observe closely the
cross-section of deposits. The magnetite particle
morphology, chemical composition, and deposit layer
thickness were analyzed using FIB-SEM attached with
an EDS.

The zeta potentials of both magnetite nanoparticles
and the Alloy 690TT tube surface were measured at 25
°C. To measure the zeta potentials of the magnetite
particles, we prepared samples by dispersing 5 nm
magnetite nanoparticles in deionized water at a
concentration of 25 mg/I. Diluted ammonia or ETA was
added to the sample, whose pH value was set at 9.0 and
10.0, and the prepared sample was transferred to a zeta
potential measurement cell. After then, the Zetasizer
applied an electric field to the sample through an
electrode fixed to the cell. The magnetite nanoparticles
moved toward the electrode depending on their charge,
and the electrophoretic mobility was proportional to the
intensity of the electric field and the zeta potential of the

magnetite particles. By using the electrophoretic light
scattering phenomena, the Zetasizer measured the
electrophoretic mobility of the magnetite particles and
then measured the zeta potential of particle from
Henry's equation.

3. Results and Discussion
3.1. Microstructural analysis of SG tube deposits

Fig. 2 shows the SEM micrographs of the SG tube
deposits under two pH control agents and two pH values.
Under all conditions, the magnetite particles were
polyhedral or spherical in shape with a size of several
tens to hundreds of nanometers, which is almost similar
to the actual SG tube deposits. In addition, extremely
small pores were observed between the magnetite
particles. Based on the SEM results, at a pH of 9.0 and
10.0, the pH control agents do not seem to have a
significant effect on the shape of the magnetite particles.

Fig. 2. SEM micrographs of the surface of magnetite
deposited onto the SG tube under various pH agents and
values: (a) ETA, pH 9.0, (b) ETA, pH 10.0, (c) NHs,
pH 9.0, and (d) NHs, pH 10.0.
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Fig. 3 presents the cross-sectional FIB-SEM images
of the magnetite deposits depending on the pH values
(9.0 and 10.0) using ETA. Numerous micro-pores with
diameter between 0.1 pm and 6 pm were clearly
observed in the magnetite deposits under all pH values.
They were formed when steam bubbles escaped from
the heated Alloy 690TT tube surface. The number and
size of the micro-pores increased from the tube side to
the water side. This result was closely related to bubble
growth and chimney phenomena. As shown in Fig.3, it
was difficult to check a noticeable difference in the
cross-sectional shapes depending on the pH values.
However, the thickness of the magnetite deposits was
not same. Based on the results, the pH values do not
seem to have a significant effect on the cross-sectional
morphologies of the magnetite particles.

Fig. 4 shows the XRD patterns of magnetite
depending on the two pH agents at pH 10.0, which
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indicate that all the diffraction peaks of the deposits
were well matched with the pure magnetite XRD data
(PDF No. 00-019-0629). The XRD results show that the
deposits were pure magnetite regardless of the pH
control agents, which shows our deposition tests well
simulate that the actual sludge deposits on the secondary
water of SGs are mainly composed of magnetite (about
90 ~ 95%).
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Fig. 3. SEM micrographs of the cross-section of
magnetite deposited onto the SG tube under ETA at pH
9.0 and 10.0: (a) ETA, pH 9.0 and (b) ETA, pH 10.0.
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Fig. 4. XRD patterns of magnetite deposits depending
on the pH control agents at pH 10.0. XRD results
confirm that the deposits were pure magnetite regardless
of the pH control agents.

3.2. The amount of magnetite deposition

Fig. 5 shows the amount of magnetite per unit area
deposited onto the SG tube, which indicates that the pH

control agents and pH values clearly affect the amount
of magnetite deposits. As shown in the Fig. 5, the lowest
amount of magnetite deposits was formed when pH was
controlled with ammonia at a pH of 10.0. The amount of
magnetite deposits in the case of ETA at pH 10.0,
compared to ammonia, increased about 2.6 times,
respectively. Furthermore, under all pH agents, the
amount of magnetite deposit decreased on the SG tube
at pH 10.0 value compared to that on the SG tube at pH
9.0 value.
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Fig. 5. The amount of magnetite per unit area deposited
onto the SG tubes depending on the pH control agents
and pH values.

The analysis results of the zeta potential of magnetite
and surface zeta potential of SG tubes will be performed
soon. These results will be discussed at the oral
presentation.

4. Conclusions

(1) Under all conditions, the magnetite particles were
polyhedral or spherical in shape. Numerous micro-pores
were clearly observed in the deposits. The simulated
magnetite deposits were almost similar to sludge
collected from the real nuclear power plants.

(2) The amount of magnetite deposit decreased on the
SG tube at pH 10.0 value compared to that on the SG
tube at pH 9.0 value regardless of pH control agents. In
addition, the amount of magnetite deposition increased
approximately 2.6 times in the case of ETA at pH 10.0,
respectively, compared to ammonia at pH 10.0. Based
on the results, ammonia at pH 10.0 is the most
beneficial pH conditions in the viewpoint of magnetite
deposition mitigation in SG.
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