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1. Introduction

Flow-accelerated corrosion (FAC) is one of the
typical material degradation model that shortens
pipeline life in fossil-fuel plants and nuclear power
plants [1]. Since the FAC is mainly generated in the
secondary coolant system of pressurized water reactors,
water chemistry of the secondary water is strictly
managed in an alkalized reducing condition to mitigate
the FAC phenomenon. In this regard, the pH of the
secondary water is maintained in the range of 9.0 to
10.0 at 25 °C, and ethanolamine (ETA) and ammonia
(NHs) are used as pH control agents [2]. Unfortunately,
even above water chemistry conditions can not
completely prevent the FAC phenomenon of carbon
steel piping [3]. This is because the oxide film formed
on the inner surface of the pipe has still poor protective
characteristics, thereby leading to dissolution. Although
there are many studies on the effects of pH control on
the FAC of carbon steel materials in secondary water [4,
5], most of the FAC behavior was investigated in terms
of weight or thickness change.

In this study, the effects of two different pH (9.0 and
10.0 at 25 °C) and pH control agents (ETA and NHs) on
the FAC behavior were investigated together in terms of
oxide film characteristics as well as weight change.
Furthermore, electrochemical properties of oxide films
formed during FAC tests were investigated.

2. Experimental Methods
2.1 FAC tests

Specimens for FAC and electrochemical tests were
fabricated from an A106 Gr.B pipe. Each FAC test was
conducted using a circulation loop system of single-
phase water at 150 °C and 500 h. The test solution was
prepared to have a pH value of 9.0 or 10.0 at 25 °C by
adding each pH control agent in the deionized water.
Dissolved oxygen concentration was maintained below
5 ppb by blowing N2 gas. When the temperature of the
solution was stabilized at 150 °C, specimens were
rotated so that the linear velocity at the surface of
specimens was 5 m/s until the end of the test. The
corrosion rates of the specimens were calculated using
the weight changes of the specimens before and after the
test.

2.2 Characterization of oxide films

The surfaces of oxide films were observed using
scanning electron microscopy (SEM). The cross-
sections of the oxide films were observed using SEM
after milling using the focused-ion beam (FIB). The
chemical compositions of the oxide films were analyzed
using energy dispersive spectroscopy (EDS) attached to
a transmission electron microscope (TEM).

2.3 Electrochemical tests

Electrochemical properties of oxide films formed
during the FAC tests were investigated through Mott-
Schottky plots at 25 °C. A borated buffer solution (0.05
M H3BO; + 0.075 M NayB4O7) was used as the test
solution. After the open-circuit potential was stabilized,
capacitance values were measured at a frequency of
1000 Hz in the potential range of + 1.5 to - 1.0 V. An
AC signal with a 10 mV amplitude was applied to the
cell.

3. Results and Discussion

Fig. 1 shows the corrosion rates of A106 Gr.B
specimens after each FAC test.
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Fig. 1. Corrosion rate of the A106 Gr.B specimens after the
FAC tests.

The corrosion rates increased by 12.5-times and 20.0-
times, respectively, in the pHazsec 9.0 and 10.0 solution
when the fluid velocity increased from 0 to 5 m/s. At the
same fluid velocity of 5 m/s, the corrosion rate
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decreased by 63.3 % in the pHasec 10.0 solution than in
the pHsec 9.0 solution. On the other hand, the
significant difference of the corrosion rates was not
observed according to the pH control agents. This
means that the FAC resistance of A106 Gr.B is more
dependent on the pH than the pH control agents.

Fig. 2 shows the surface and cross-section SEM
images after the FAC tests in the pHasec 9.0 and 10.0
solution adjusted with NHa. In the pHasc 9.0 solution,
the oxide particles formed on the surface were
extremely small with a size of several tens of
nanometers, and thickness of the oxide film was about
1.7 um. However, the oxide particles formed in the
condition of pHasec 10.0 were clearly observed to have a
large polyhedral-shape of about 0.5 um, and thickness
of the oxide film was about 1.2 um. The oxide films
formed in both different pH solution had many pores.
However, the oxide film formed in pHasec 10 solution
was denser on the side adjacent to the matrix. This
means that the dissolution rate of oxide film reduced at
the higher pH, resulting in the he lower corrosion rate.

‘(' [} “Oxide layer

Matrix

1pm

Fig. 2. SEM images of the surfaces and cross-sections of the
oxide films in different pH conditions adjusted with NHzs: (a)
and (c) pHzsec 9.0, (b) and (d) pHa2sc 10.0.

Fig. 3 shows the Mott-Schottky plots of oxide films
formed under different pH and pH control agents during
FAC tests. The capacitance values of oxide films
formed in the pHas:c 10 solution was smaller than those
in the pHasec 9.0 solution in the range of - 0.2V t0 0.8 V,
regardless of the pH control agents. The capacitance
responses of oxide films showed the positive slope in
region | and negative slope in region II, indicating an n-
type and a p-type semiconductor behavior, respectively.

The total point defect densities of oxide films were
calculated as shown in Table | through the linear slope
of the Mott-Schottky plots. The total point defect
densities were similar regardless of pH control agents
under the same pH conditions. However, it was
decreased by 26 % under the pHzsoc 10.0 condition than
that under the pHazsec 9.0 condition. Since a point defect
can act as a migration path for metal cations or oxygen
ions, oxide film formed in the high pH solution is more
resistance to the FAC. These results are in good

agreement with the corrosion rates and morphologies of
the oxide film.
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Fig. 3. Mott-Schottky plots of oxide films after the FAC tests:
(a) ETA solution, (b) NHs solution.

Table I: Total point defect densities of oxide films

pH Hoe Total point defect density
control agent | P"'%¢ (cm'®)
9.0 1.68 x 10%
ETA 10.0 1.25 x 10%
9.0 1.53 x 10%
NHs 10.0 1.11x10%

4, Conclusions

The FAC behavior of A106 Gr.B material was
investigated under different pH and pH control agent
conditions, and the obtained conclusions were as
follows.
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(1) The corrosion rates by FAC decreased by 63.3 %
when the pHzsc increased from 9.0 to 10.0 at a
fluid velocity of 5 m/s. However, the difference
between two types of pH control agents were not
meaningful influenced on the FAC rates of A106
Gr.B.

(2) The size of oxide particles was larger when the
pHasec of the solution was 10.0 than 9.0. The
oxide films formed in the NHj; solution were
porous regardless of the pH value. However, the
thickness of the oxide film was thinner when it
was formed in the pHzec 10 solution, and the
side adjacent to the matrix was more dense.

(3) The point defect densities of the oxide films
decreased when formed under the high pH
solution. On the other hand, the point defect
densities of oxide films were insensitive to the
change of the pH control agents of the secondary
water.
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