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1. Introduction

A steam generator (SG) is a main component of
pressurized water reactors (PWRs), and its performance
and integrity are managed by water chemistry control
[1]. In particular, dissolved oxygen and pH control is
the most important parameters that directly affects the
material integrity in secondary system [2].

Meanwhile, the performance of secondary side of
SGs could be severely degraded by the deposition of
corrosion products and chemical impurities [3]. In PWR
secondary system, flow accelerated corrosion (FAC)
occurring in the feed train of a steam generator (SG)
will lead to elevate iron concentration in the feedwater
and form the iron oxide on feedwater piping and
components [4,5]. After then, corrosion product
particles are transported into the SGs from feedwater
and deposited on the SG tube free span, top of tube
sheet, and tube support plates. In addition, chemical
impurities such as Na, Cl, and S can be introduced into
the secondary system of a PWR owing to the condenser
inleakage during the operation of a SG [6]. Chemical
impurities can be concentrated within these magnetite
piles by local boiling, which is called as hideout. This
phenomenon can cause various SG degradation
mechanism [6]. Sulfur and chloride ions can be
responsible for pitting corrosion, stress corrosion
cracking (SCC), and intergranular attack (IGA) [6]. In
the case of Si, Al, and Ca, the deposits on top of
tubesheets are consolidated or hardened by the
formation of compounds containing impurities within
the deposits [7]. This undesirable hard sludge can be
detrimental because it is related to SG tube degradation
by corrosion processes, such as outer diameter stress
corrosion cracking (ODSCC) enhanced by the tube
deformation or denting at the top of tubesheet.

There are many researches on impurities concentrated
within the micro-pores of SG deposits. However,
impurities related researches have mainly focused on the
corrosion behavior of SG components in secondary
water. However, in this study, the effects of various
impurities on the magnetite deposition and
consolidation related to deposit porosity of Alloy 690
thermally treated (TT) tubes were investigated using a
magnetite deposition loop system. Among the various
impurities, Na, Cl, Si, and Al were selected in this study

because these impurities are frequently reported in
actual SG tube deposits. Changes in the morphology,
chemical composition of particles, and porosity of
deposits on Alloy 690TT SG tube with/without the
addition of impurities were evaluated using various
analysis techniques.

2. Methods

2.1 Tube specimen preparation

Alloy 690TT SG tubes were cut with length of 500
mm, an inner diameter of 17.00 mm, an outer diameter
of 19.05 mm, and thickness of 1.025 mm. One end of
the specimens was blocked by welding with a cap of
diameter of 19.05 and thickness of 2.0 mm. The
chemical composition of Alloy 690TT tube used in this
study is presented in Table I. A cartridge heater
produced by stainless steel 316 was entirely covered
with magnesium oxide and was inserted into the
specimens. After drying at 60 °C for 3 h, the outer
surface of the specimen was cleaned with acetone, and
the specimen was carefully installed in the test section.

Table I: Chemical composition of Alloy 690TT tube (wt. %).

Cr Fe Si Mn Ti Al C Ni

293 104 03 03 03 0.2 0.02 Bal

2.2 Magnetite deposition test

Fig. 1 shows a schematic of the magnetite deposition
test loop used in this study. This system can closely
simulate the secondary side conditions of SGs in PWRs.
Deionized water of about 100 L was stored in a
secondary coolant tank and recirculated by a high-
pressure pump via a dissolved oxygen (DO) sensor, pH
sensor, preheater, test section, heat exchanger, and back
pressure regulator (BPR) with a flow rate of 260
mL/min. The concentration of DO was continuously
maintained below 5 ppb during the deposition test. The
pH of the circulating water was maintained at 9.5 by
injecting diluted solutions of ethanolamine. Both the pH
value and DO were continuously monitored using an in-
situ sensor. The pressure of test section was then
gradually increased to 60 bar by the BPR, and the water
temperature near the tube surface was maintained at 270
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°C to maintain subcooled nucleate boiling conditions by
operating the pre-heater, ceramic heaters surrounding
the test section, and the internal heater inside the
Alloy 690TT tube specimen.

After test conditions were stabilized, iron sources
were injected into the test section through the metering
pump with a flow rate of 1 ml/min from the source tank.
The precursor solution was diluted in the simulated
secondary water stream and its final concentration was
calculated as 0.7 ppm iron in the test section. In case of
deposition test with NaCl addition, a mixed solution of
Fe-acetate and NaCl was prepared in the iron source
tank, and its final concentration in the test section was
calculated to be 0.7 ppm Fe, 0.1 ppm Na, and 0.15 ppm
Cl. In fact, the NaCl concentration was about 20 times
higher than the recommended value, which is expected
to show a more pronounced effect of NaCl [8]. Each
magnetite deposition test with/without NaCl addition
was conducted for 21 days.

In the case of test with Si and Al addition, Si and Al
are injected in oxide form. However, when Si and Al are
mixed with Fe-acetate in the source tank, they
precipitate in the tank before conducting the deposition
test. Hence, we firstly performed the magnetite
deposition test without Si and Al addition for 14 days.
After then, the sludge consolidation test was performed
by addition of Si and Al impurities without iron sources
for 14 days.
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Fig. 1. Schematic of magnetite deposition loop system.

2.3 Microstructure of SG tube deposits

After the deposition tests, the SG tube specimens
were cut into tubular segments for the measurement of
magnetite mass and microstructural analysis of the
magnetite. In case of deposition test with NaCl addition,
to evaluate the amount of deposits, two tubular
segments of about 20 mm in length at different axial
locations were immersed separately in
ethylenediaminetetraacetic (EDTA)-based solution at 93
°C for 12 hours to selectively dissolve the magnetite
only. The dissolved solution was analyzed using an
inductively coupled plasma (ICP) analysis to measure
the iron concentration. Finally, the amount of magnetite
per unit area was calculated by using the measured iron
concentration.

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

In addition, the average two-dimensional porosity of
the deposits was evaluated using at least seven cross-
sectional SEM images. ImageJ software was used for
porosity analyses.

3. Results and Discussions
3.1 Effect of NaCl addition on magnetite deposits

Fig. 2 shows the surface morphologies of the SG tube
deposits without and with NaCl addition. Regardless of
NaCl addition, the deposit particles are polyhedral or
spherical in shape. The simulated particles are almost
similar to the actual SG tube deposits [9,10]. However,
it is observed that the particle size significantly

decreases with the NaCl addition.
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tubes without and with NaCl addition using SEM analysis.

Fig. 3 shows the chemical composition of the deposit
particles on the Alloy 690TT tubes with and without
NaCl addition. Regardless of NaCl addition, the deposit
particles are magnetite particles because they were
composed of 53.56~55.92 at.% O and 44.08~46.44 at.%
Fe.
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Fig. 3. Chemical composition of the simulated deposits on SG
tubes without and with NaCl addition using SEM-EDS
analysis.

Fig. 4 shows the cross-sectional SEM images of SG
tube deposits without and with NaCl addition.
Numerous micro-pores were clearly observed in the
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deposits. Numerous pores are observed between the
particles. The pores are created when steam bubbles
escape from the heated metal surface and serve as
accumulation sites for corrosive impurities [10].

Fig. 5 presents the two-dimensional porosity of the
magnetite deposits depending on the NaCl addition.
When NaCl is added, the porosity of deposits greatly
decreases from 28.1% to 18.8%. The main reason of
this observation is because the smaller particles have
been accumulated densely. Considering that the thermal
conductivity and hardness of deposits generally
increases with the decrease in the porosity of the
magnetite deposits, the denser magnetite deposits with
the addition of NaCl may have a higher thermal
conductivity [11] and hardness than that of the
magnetite deposns Wlthout NacCl.

O

Fig. 4. Cross-section of the magnetite deposits on Alloy

690TT tubes without and with NaCl addition using SEM

analysis.
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Fig. 5. Two-dimensional porosities of magnetite deposits
depending on the NaCl addition using an image analyzer.

Fig. 6 shows the amount of magnetite deposits on
Alloy 690TT tube per unit area depending on the
addition of NaCl. Notably, the amount of magnetite
deposits is greatly decreased by about 46% with the
NaCl addition. This indicates that the impurities clearly
affects the amount of magnetite deposited. The
evaluation of magnetite zeta potential and surface zeta
potential of Alloy 690TT tube depending on the NaCl is
currently ongoing. Hence, the mechanism on the effect
of NaCl addition on the magnetite deposition behavior
of Alloy 690TT tube will be presented at the poster
presentation.
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Fig. 6. Amount of magnetite deposits on Alloy 690TT tube
per unit area depending on the NaCl addition.

3.2 Effect of Si and Al addition on magnetite deposits

Fig. 3 presents the surface morphologies of the SG
tube deposits without and with Si and Al addition.
Regardless of Si and Al addition, the deposit particles
are polyhedral or spherical in shape. Various sized
particles within the range of about 100 nm to 2 pm were
present without Si and Al addition. However, it is
observed that the particle size significantly decreases
with the Si and Al addltlon
Without Si & Al »,
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Fig. 7. Surface morphologies of the 5|mulated deposns on SG
tubes without and with Si and Al addition using SEM analysis.

Fig. 8 shows the chemical composition of the deposit
particles on the Alloy 690TT tubes with and without Si
and Al addition. In case of test without Si and Al
addition, the deposit particles is magnetite particle.
However, the deposit particle consisting of Fe, Al, and
O was observed. This indicates that the Si and Al
addition clearly affects the chemical composition of
simulated deposit particles.
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Fig. 8. Surface morphologies of the simulated deposits on SG
tubes without and with Si and Al addition using SEM analysis.
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Fig. 9 shows the cross-sectional SEM images of SG
tube deposits without and with Si and Al addition.
When Si and Al is added, the porosity of deposits
greatly decreases;
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Fig. 9. Cross-section of the magnetite deposits on Alloy
690TT tubes without and with NaCl addition using SEM
analysis.

Fig. 10 presents the two-dimensional porosity of the
magnetite deposits depending on the Si and Al addition.
When Si and Al is added, the porosity of deposits
greatly decreases from 30.2% to 17.8%. As mentioned
earlier, the main reason of this result is because the
smaller particles have been accumulated densely.
Considering that the consolidation of deposits generally
increases with the decrease in the porosity of the
magnetite deposits, the denser magnetite deposits with
the Si and Al addition may have a higher hardness than

that of the magnetite deposits without Si and Al addition.
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Fig. 10. Two-dimensional porosities of magnetite deposits
depending on the NaCl addition using an image analyzer.

3. Conclusions

(1) Regardless of the addition of various impurities, the
deposit particles are polyhedral or spherical in shape.
However, the particle size significantly decreases with
the addition of impurities.

(2) The porosity of the deposits with NaCl addition
decreased about 33.1%, compared to the deposits
without NaCl addition. The porosity of the deposits with
Si and Al addition reduced approximately 42.1%,
compared to the deposits without Si and Al addition.
These results are because the smaller particles have
been accumulated densely.

(3) Although impurities could increase thermal
conductivity, they could increase the corrosion rate and
sludge consolidation, so they must be carefully
controlled in PWR secondary system.
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