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Abstract

From a viewpoint of ensuring the integrity of Steam Generators (SGs) tubing in PWR plants, the research
was made into how impurities in the secondary coolant are incorporated into magnetite (Fe3O4) scale formed
on the tube in a laboratory test. We experimented with a method to form Fe3O4 scale on a tube under a
boiling heat transfer condition in the laboratory test, simulating the conditions of SG in the actual PWR
plants. Based on the scale formation method, we investigated the incorporation of sulfur (S) into the scale. 
is known as the most common impurity solved in the secondary coolant and a dominant factor in making
heat transfer crevice environment acidic. The effects of sodium (Na) and silicon (Si), solved in test solution
with S, on the incorporation into scale were also investigated. The test resulted in a double-layered scale
being formed on the tube surface, with the outer scale being porous and the inner scale dense. It was
revealed that the incorporation into scales was affected by the concentration in the solution and
existence of other impurities, such as Na and Si.

1. Introduction

Chemical control of the PWR secondary system aims to suppress corrosion of the components. In particular,
maintaining integrity of the SG tubing is crucial. The feed water impurities concentrate in the heat transfer
crevice region between the tube and tube support plates due to the dry and wet phenomenon. Even a small
amount of impurities present in SG bulk water could trigger intergranular attack and stress corrosion cracking
(IGA/SCC)" -) A fair number of studies have been implemented regarding SG tube corrosion. However, test
data for neutral pH regions where [GA/SCC susceptibility is relatively low is scarce. The integrity of SG
tubing has not been tested in full. SG tubing is covered with magnetite (Fe3O4) scale, so there is a possibility
of impurities being incorporated into the scale and negatively affecting the corrosion resistance of tube alloy.
But the detailed behavior of such impurities in the scale has not been clarified yet. Therefore, it is important
to investigate the incorporation of impurities into the inner and outer scales formed on the tube surface in a
neutral pH region. To begin the investigation, we attempt to establish a Fe3O4 scale formation method under
the boiling heat transfer condition by replicating heat flux within SG. The focus was on the incorporation of 
into the scale. is the most common type of impurity in feed water, and a dominant factor making the
crevice environment acidic. The effects of Na and Si on the incorporation into scale were also investigated.

2. Experimental Procedure

2.1 Materials for tests

The tube specimens used for this test were made of mill-annealed 600 alloy (600MA). The tube support plate
that structured the crevice region was made of type 405 stainless steal. Table shows their chemical
compositions. 600MA was mill-annealed at 9250C for two minutes. Surface treatment was not made for the
tube specimen.



2.2 Heat Transfer Crevice Simulation Assembly

The structure of heat transfer crevice simulation assembly and its photograph are shown in Fig. I and Fig. 2.
A drilled type tube support plate was employed and that was fixed with two zircaloy holders. The tube heater
with a built-in electric heater was inserted in the tube specimen. The tube heater could generate the same
heat flux of 3x1 05kcalIM2 h as the actual SG. Thermocouples were attached inside the tube heater in order to
monitor the boiling condition. The dimensions of the tube and crevice region were made identical to the SG.
The tube diameter was 22.23mm and the wall thickness 1.27mm. The clearance between the tube and tube
support plate was 20OFm.

2.3 Scale Formation and Impurities Incorporation Test

For the test of Fe3O4 scale formation and the impurities incorporation into scale, the tube assembly was
immersed into a 4-L static autoclave covered with alloy 800 liner. A schematic diagram of the autoclave
system is given in Fig. 3 A looped cooling system and a condenser were installed to the system. The reason
to use the static autoclave was to prevent the pump from clogging due to the addition of Fe3O4 powder in test
solution. By applying heat flux of 3xl 05 kcal/m2h to the tube heater, the boiling heat transfer condition of the
SG, i.e. 270 C and 5.51VIPa, was simulated in the autoclave. The conditions of test solutions are listed in
Table 2 The solutions were prepared using demineralized water with Fe3O4 powder of 1,000ppm and
hydrazine of 300ppb. Based on this solution, a given amount of sulfuric acid (H2SO4), sodium hydroxide
(NaOH) and sodium silicate (Na2SiO3) were added to test solution. The condition of test solutions was
decided, taking into account its neutral pH region and analysis accuracy. The test time was set from 500
hours to 1,000 hours.

2.4 Observation and Chemical Analysis of Scale

After the tests, the tube specimens were cut and treated for analysis as shown in Fig. 4.

2.4.1 Observation of Scale Morphology
The cross section of the scale was observed using a field ernission gun with scanning electron microscopy
(FEG-SEM). From back-scattered electron images obtained by FEG-SEM, the scale morphology was
observed.

2.4.2 Chemical Analysis of Scale
To analyze chemical composition of scale, it was necessary to analyze thin scale of several microns with a
small diameter beam. High sensitivity enables to detect alloy elements and small amount of impurities, such
as S, Na, and Si were also needed. In order to choose the optimum analysis method, we tried to analyze the
specimen using several analysis methods, electron probe micro analysis (EPIVIA), secondary ion mass
spectrometry (SIMS), auger electron spectroscopy (AES), X-ray photoelectron spectroscopy (XPS), and X-
ray diffractometry (XRD). As a result of the investigation, it was revealed that the optimum analysis was
EPIVIA because of its low detection limit, approximately .lwt%, and its small beam diameterL-110m.
Therefore, we decided to employ EPMA to analyze the chemical compositions of scales during the tests.

2.5 Analysis of Test Solution

The chemical compositions in each test solution were analyzed before and after each test. Atomic absorption
spectrometry (AAS) was employed for Na; ion chromatography (IC) for Cl- and S04 2- ; and inductively coupled
plasma-atomic emission (ICP-AES) for Si.

3. Results and Discussion

3.1 Observation and Chemical Analysis of Scale

3.1.1 Appearance of Tube Surface
Under each test condition, black scale was formed after the tests as shown in Fig. 5. Since the temperature
of heat transfer crevice region was observed unsteady when heat load was applied, dry and wet
phenomenon seemed to occur. On the free span section of the tubing, scale was faint; however, a more
conspicuous amount of black scale was observed at the crevice region.

3.1.2 Observation of Scale Morphology by FEG-SEM
Back-scattered electron images in cross section of the tubes obtained by FEG-SEM are shown in Fig. 6.
Double-layered Fe3O4 scale was observed in each condition. The outer scale was porous and the inner scale
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dense. The intersection between the outer and inner scales was defined from the difference in brightness of
the back-scattered electron image, which corresponded to the atomic weight difference in each layer. The
thickness of the outer scale was several tens of micron, while that of inner scale was thinner at several
microns.

3.1.3 Chemical Analysis of Scale by EPMA
The elements distribution maps in cross section analyzed by EPIVIA are shown in Fig. 7 It was clearly
observed that and Na were enriched locally in both the inner and outer scales. tended to be more
enriched in the inner scale. Na had the same tendency but to a less degree. In a semi-quantitative analysis
by EPIVIA a concentration up to 5wt% of and Na was detected in the inner scale during the tests, even if
the concentration within a solution was only several ppm. The concentration factor, obtained by dividing the
impurities concentration in the scale by that of the solution, reached a maximum of approximately 1.5xl 04 for
S and 1.0X104 for Na. Although distribution of and Na were almost identical, distribution coincided less
especially in the inner scale. This finding suggested that and Na concentrated in the scale amost in the
form of salt, but local acidification or alkalization may have occurred where the distribution of and Na does
not coincide.

3.2 Effect of Fe3O4 Powder Size on Scale Formation

To investigate the effect of Fe3O4 powder size on scale formation, two sizes of Fe3O4 powder were used, to
25[im (Run 0) and 0.40m (Run 1). In the case of 0.4rim (Run 1), sub-micron particles were agglomerated in
the outer scale as shown in Fig. 6 (b). In the case of to 25Em (Run 0) a condition suggestive of powder
dissolution and precipitation was observed in the outer scale, as shown in Fig. 6 (a). Also, some cracks
formed at the intersection between the outer and inner scales in Run 0. It was seemed that the scale
morphology might have been affected by Si. The Fe,304 powder used in the test contained Si as an impurity.
The powder of to 25Em contained 0.56wt% Si, and the powder of 4[im contained 0.28wt% Si. The greater
content of Si in the to 25F]m Fe3O4 powder was considered a possible influence on the dissolving and
precipitation. Based on the above considerations, the 0.411m powder was found suitable for impurity
incorporation tests from the viewpoint of firm scale formation.

3.3 Incorporation into Scale with Addition

When comparing the cases of no addition of (Run 1) and addition of S, 1.OxlO-5 mol/L (Run 2 the outer
scale was composed of sub-micron particles in Run 2 as seen in Figs. 6 (b) and (c). Also, both the outer and
inner scales were thin and roughness was observed on the tube surface in Run 2 It is considered that 
incorporated into the scale may have corroded the surface tube alloy.

To investigate the effect of immersion time on scale formation, tests were conducted for 500 hours (Run 2)
and 1,000 hours (Run 4 As Figs. 6 (c) and (e) show, in the test for 500 hours (Run 2 the outer scale was
composed of sub-micron particles, while in the test for 1,000 hours (Run 4 particle size became slightly
larger in comparison. Fig. shows the effect of immersion time on the thickness and scale growth rate. In the
outer scale, scale thickness and growth rate was proportional to immersion time. In the inner scale, however,
the thickness and growth rate was not clearly influenced by immersion time.

To observe the effects of concentration in the solution on the incorporation into scale, the comparison was
made between two tests, with concentration of X,0-5Mol/L (Run 2 and jXj0-4M ol/L (Run 7 as illustrated
in Fig. 9 concentration in scales was calculated by averaging the concentration of each element, derived
from the EPIVIA maps. From the figure, it was revealed that the incorporation into scale increased as the 
concentration increased within the solution.

3.4 Effects of Na and Si on S Incorporation into Scale

3.4.1 Effect of Na and Si on Scale Morphology
In Run 3 in which Na2SiO3 only was added, the particles in the outer scale became coarser at 2 to 3E]m,
compared to the cases where only was added or where no addition was made, as illustrated in Figs. 6
(b),(c) and (d). In Run in which both H2SO4 and NaOH were added, the particles in the outer scale
measured sub-microns of Elm or smaller, as shown in Fig. 6 f). This is considered due to the influence of Si
on the dissolution and precipitation of Fe,304 powder

In Run in which NaOH was added with H2SO4, the surface of tube alloy was less rough than in the case
where only was added in Run 2 as seen in Figs. 6 (c) and (f). This observation suggests that even though
the addition of S corroded the surface of tube alloy, the corrosion could be mitigated with the addition of Na.
Thus, even in the case of the tube covered with Fe3O4 scale, the degree of corrosion was mitigated with the
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presence of pairing ions that form salt.

3.4.2 Effect of Na and Si on Incorporation into Scale
In order to investigate the effect of Na and Si on incorporation into scales, Fig. 10 compares 
concentration in the scales during three cases, addition of H2SO4 only (Run 7 H2SO4 + N!�&03 (Run 6,
and H2SO4 NaOH (Run 8). Additives concentration in those solutions was in the order of 1 0- mol/L. For the
solution adding H2SO4 only and H2SO4 + NaOH,_Fig 9 shows relationships between concentration in scale
and those in the solution ranging from 10-4 to 5mol/L. In Run 6 H2SO4 + Na2SiO3), S concentration in both
of the scales was lower than those in Run 7 H2SO4 only) as shown in Fig. 10. From the observation, it is
presumed that when Si and Na coexisted, the change in scale characteristics, mentioned above, may result
in suppression of S incorporation.

In Run 8 (H2SO4 + NaOH), S concentration in the scales was considerably higher than those in Run 7
(H2SO4 only) as shown in Fig. 1 0. On the other hand, in the case of lower concentration, 10-5 order mol/L, S
concentration in scales in Runs 9 and 10 (NaOH + H2SO4) were lower than those in Run 7 H2SO4 only) by
contrast as shown in Fig. 9 Comparing Runs 9 10 and Run 8, all were added NaOH with H2SO4 S

concentration in the scales was increased with those in solution. Thus, it was found that incorporation was
depended on concentration in the solution when Na coexisted, although incorporation was not clearly
influenced by coexistence of Na.

With regard to the influence of pH in a near-neutral pH region ranging from to 9 Fig. shows
relationships between the S concentration in scales and )pH of solution. pH of solution at 300C was calculated
by the compositions of solution using MULTEQ code�.. Under the conditions of concentration of 2x10-
5 ...mol/L in a near-neutral pH region, in Run 9 10 and 11, no significant difference was observed in 
concentration in scales. From above discussions, it appeared that S incorporation into scale was not clearly
influenced by pH, while S incorporation depended on S concentration in the solution.

4. Conclusions

1. Fe,304 scale was successfully formed on the tube assembly simulating heat transfer crevice by creating a
boiling heat transfer condition, i.e. 2700C, 5.5MPa, and heat flux of 3x1 05 kcal/M2 h. The scale was
double-layered, having a porous outer and a dense inner scale.

2. Locally enriched Na and were confirmed in both the outer and inner scales. tended to be
incorporated into the inner scale in larger quantities compared to the outer scale. Na had the same
tendency, but to a moderate degree.

3. When S alone was present, S incorporation increased with S concentration in the solution.
4. Under the condition where Si was added to the solution in the form of Na2SiO3 with H2SO4 S

incorporation into the scales was suppressed.
5. Under the condition where Na was added to the S solution in the form of NaOH, S incorporation into the

outer and inner scales increased with S concentration in the solution. In the neutral pH region of the test
solution, ranging from weak acidity to weak alkalinity, there was no clear difference in S incorporation.
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Table Che ical composite ns (wt%) of alloy 600MA and ype 405 stainless steal.

Ni Cr Fe I C I Si I Mn P S Cu

Alloy 600MA0925'CO 74.9 15.9 8.20 0.02 0.29 0.29 0.00 0.00 0.01
0 0 6 7 1

Type 405 S.S. 0.52 12.9 85.2 0.05 0.51 0.56 0.02 0.00 -
0 3 0 9 7

Table 2 Conditions of solution for scale formation test.

Immersion Fe3O4 Additives concentration

Run time particle N21-14 Fe3O4 H2SO4 Na2SiO3 NaOH

(hr) size (Elm) (ppb) (ppm) (mot/L) (mol/L) (mol/L)

200 5 to 25 300 1000
Runl 500 0.4 300 1000
Run2 500 0.4 300 1000 1.OX10-5

Run3 500 0.4 300 1000 4.Oxl 0-4 -

Run4 1000 0.4 300 1000 1.OX10-5 -

Run5 500 0.4 300 1000 1.OxlO-5 5.Oxl 0-5 -

Run6 500 0.4 300 1000 1.OxlO-4 4.Oxl 0-4 -

Run7 500 0.4 300 1000 I.OXI -4 - -

Run8 500 0.4 300 1000 1.OX 04 - 2.5xl 0-4

Run9 500 0.4 300 1000 2.OxlO-' - 3. Ox1 0-5
Run1O 500 0.4 300 1000 2.Oxl 0-5 - 4.Oxl 0-5

Runl 1 500 0.4 300 1000 2.OxlO-' - 5.Oxl 0-5

A. C. supply (6.2W)

Zircaloy
4-Flange

holder
(Type 316 S.S.E

Tube heater

(Alloy 600 TT) Tube Support

plate

Tube

(Alloy 600MA)

Zircaloy

gpe Support Plate holder

e 405 S. S.)
Tube

FO-4

Unit -.mm E�D I
Figure I Shape and dimensions of tube assembly. Figure 2 Photo of tube assembly.
nqpM111V
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Figure 3 Schematic diagram of autoclave system. Figure 4 Preparation of specimen for analysis.
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Figure 6 Backscattered electron images in cross section of tube specimens.
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Figure 7 Elements distribution maps in cross section of tube specimen measured by EPMA.
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Figure 8 Effect of immersion time on thickness of
scale and scale growth rate.
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