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ABSTRACT
In recent years, to increase the reliability and reduce the

amount of feed water iron to prevent of fouling of steam
generator tubes, ethanolamine (ETA) treatment has been adopted
into the secondary system. In this investigation, the authors
verified that ethanolamine treatment does not adversely affect the
susceptibility of either stress corrosion cracking (SCC) in the
turbine discs that are the principal units in the secondary system
or corrosion fatigue (CF) in rotors and blades. In the first stage, a
laboratory investigation was made of (1) SCC initiation and
propagation in 3.5 NiCrMoV steel and (2) CF in 3.5 NiCrMoV
steel and blade steels, in both cases using deaerated water to
which had been added ethanolamine with few organic acids that
is 10 times the estimated concentration. It was confirmed that the
ethanolamine treatment had almost no effect. In the second stage,
test pieces (removed from the disc steel inserted into the turbine
extraction chamber before the ethanolamine treatment was
started) were used to observe the initiation and propagation of
SCC. Even after long-term observation, ethanolamine treatment
into the secondary system was found to have almost no effect on
the susceptibility of SCC in discs.

1. Introduction
To prevent the fouling of steam generator tubes in the

secondary system, the quantity of feed water iron must be
reduced. Increasing the pH level is one means of accomplishing
this. However, as the secondary system equipment contains
copper alloys, it is not possible to simply increase the pH level.
Accordingly, the use of water treatment with an ethanolamine
(ETA) solution to reduce feed water iron has been proposed1', as
this method would have little effect on the copper alloys. Before

adopting this method, the authors conducted a study to confirm
that ethanolamine treatment has no effect on the principal
equipment in the secondary system. The subject of the study was
stress corrosion cracking (SCC), which may occur in the low-
pressure turbine discs that have high strength in the hot wet
region, and corrosion fatigue (CF) in the rotor rim attachments.
To confirm that ethanolamine treatment had no effect on these
members, test specimens fabricated from discs were subjected to
short-term tests, performed in the laboratory, and SCC tests
performed in an actual rotor.

2. Presumption of effect of ethanolamine treatment
Fig. 1 shows a diagram of the overall secondary system. A

flow of water or steam forms the principal circulating loop. Wet
steam generated in the steam generator turns the high-pressure
turbine and is then cooled. The moisture is removed at the
moisture separator and the steam is superheated by the reheater.
The dry steam that emerges from the moisture separator reheater
turns the low-pressure turbine and enters the condenser. The
steam in this low-pressure turbine becomes wet steam at a
temperature of 400 to 420 K. SCC or CF may occur in the rim
attachments in the downstream region. The water that condenses
in the condenser passes through the condensate polisher, low-
pressure heater, deaerator and high-pressure heater and returns to
the steam generator.

SCC or CF may occur in the rim attachments in this
secondary system. As shown in Fig. 2, ethanolamine treatment
increases the pH level, which tends to reduce the stress corrosion
cracking susceptibility of 3.5 NiCrMoV steel 2); however, as
shown in Fig. 3, decomposition of the ethanolamine itself is
thought to produce organic acid 3), and therefore ethanolamine
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treatment may have the opposite effect. Accordingly, a study of
the items shown in Table 1 was conducted to determine the effect
on the rim attachments of the organic acid that may be produced
by the increased pH level caused by ethanolamine treatment.

- steam
- water

Fig. 1 Overview of PWR secondary system
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Fig. 2 IGSCC susceptibility region for 3.5% NiCrMo V steel
at 403K2>
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Fig. 3 Thermal decomposition of ETA

Table 1 Components studied

Disc (high strength)*'

Rotor (low strength*'

Blades

Stress corrosion
cracking
(SCC)

O

Corrosion
fatigue

(CF)

O
O

*' Rim attachment

3. Results of laboratory tests
3.1 Test materials
Four materials were used in the laboratory tests: two types of 3.5
NiCrMoV steel — a high strength type corresponding to the discs
manufactured using the vacuum carbon deoxidization (VCD)
process, and a low strength type corresponding to rotor steel — as
well as 12Cr steel and 17-4 pH steel corresponding to blade
material. Table 2 shows the chemical composition and
mechanical properties of these test materials. Fig. 4 shows the
microstructure of the test materials. Although there are slight
differences, these materials are used in turbines and must have
high strength, and so all of them have a microstructure of
tempered martensite. A comparison of the disc and rotor
materials reveals that the latter is uniformly sorbite, while the
former has a slightly lower tempering temperature and troostite
that appears white can be observed in places. Of the blade
materials, the 12Cr steel is tempered martensite, but the 17-4 pH
steel has considerable quantities of retained austenite and is
characterized by both high strength and considerable toughness.

Table 2 Chemical composition and mechanical propertiesof materials subjected

Disc

Rotor

Blade 1 (12Cr)

Blade 2 (17-4pH)

to laboratory experiments

Chemical Composition mass %

C

0.26

0.25

0.15

0.055

Si

0.07

0.04

0.50

0.31

Mn

0.30

.27

0.54

0.46

P

0.005

0.004

0.021

0.021

S

0.002

0.006

0.001

0.001

Ni

3.30

3.63

0.45

4.43

Cr

1.54

1.75

11.62

15.55

Mo

0.35

0.43

9.38

-

V

0.09

0.12

-

-

Cu

-

-

0.11

3.43

Nb+Ta

-

-

-

0.30

YS

MPa

952

652

660

746

TS

MPa

1043

754

815

1027

El

%

20

29

24

21

RA

%

71

76

70

65
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rotor

12Cr 17-4pH

F/g.4 Microstructure of test specimens

3.2 Test procedure
Two types of tests were performed in the laboratory: an

SCC test and a CF test.
Fig. 5 shows the shape and dimensions of the test

specimens used for the SCC test. Two types of test specimens
were used. To observe crack initiation, double U bend (DUB) test
specimens were used. To measure crack propagation, tapered
double cantilever beam (TDCB) test specimens were used.
TDCB test specimens are characterized by almost no decrease in
stress intensity as cracks propagate.
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The test solution was made up of 1 ppm of ethanolamine
and 10 times the estimated concentration of organic acid (acetic
acid and formic acid), the result of ethanolamine decomposition.
Hereafter this solution will be referred to as the ETA solution.

A once-through autoclave like the one shown in Fig. 6 was
used as the test facility. The SCC test was conducted at a test
temperature of 403 K. The test solution was maintained by means
of a controlled tank. As numerous test specimens were used,
these test specimens were removed in batches, examined and
measured, and then returned to the test chamber. Test specimens
were examined and measured at intervals of approximately 2000
to 4000 hours; the maximum immersion time was about 8000
hours.

DUB specimen

I - J
TDCB specimen

controlled
tank

pump

test
chamber

Aft

non-return
valve

heat
exchanger - ^

1
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Fig. 5 Test specimens used for SCC laboratory
experiments Fig. 6 Test facilities used for SCC laboratory experiments
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Fig. 7 shows the dimensions of the test specimens used for
the CF test. Test specimens with a square cross-section were used
to match the shape of the blade root. The test apparatus was the
fully-alternative type test apparatus shown in Fig. 8, while the
fatigue strength was set to 108 cycles, an order of magnitude
greater than that normally tested in the laboratory.

however, no crack initiation was observed in either inner or outer
test specimen. In other words, the time before crack initiation was
equal to or longer than that for the deaerated water environment
in which previous tests were conducted. This demonstrates that
ethanolamine treatment had no significant effect on the initiation
of stress corrosion cracking in 3.5 NiCrMoV steel.

J52_

Cross section of specimen

Fig. 7 Test specimens used for CF laboratory experiments

High cycle motor

Load cell

["^-"Stepping motor for
trapezoidal wave

£ : - -Linear bearing

Fig. 8 Test apparatus used for CF laboratory experiments

The test environment was the same as that shown in Fig. 6,
with the test chamber at the position of the autoclave in that
figure. A test temperature of 403 K was used. Tests were
performed in two environments, deaerated water and the ETA
solution, and the results were compared.

3.3 Test results and discussion
(1) SCC initiation test

An 8000-hour immersion test was performed using the
DUB test specimens. The results were compared with the longest
time for which no cracking initiation occurred in previous tests4)
conducted in a deaerated environment using the same material
and the same temperature. Fig. 9 shows the typical result of an
examination of the outer surface of the outer DUB test specimen
after the immersion test. Under these test conditions for 3.5
NiCrMoV steel in deaerated water, cracking was initiated in the
outer surface of the outer test specimen; in environments that
included boric acid, cracking tended to occur in the outer surface
of the inner test specimen. In the environment used for this test,

Fig.9 General view of outer DUB specimen after 8000
hours exposure

(2) SCC propagation test
As in the SCC initiation test, an 8000-hour immersion test

was performed to test crack propagation. The results were
compared with the rate of crack propagation in previous tests 4)

conducted in a deaerated water environment using the same
material and the same temperature. Fig. 10 shows the results of
tests using the TDCB test specimens. As this figure shows, the
crack propagation was extremely small; the crack propagation
rate determined from these test results was 10"4 mm/h. As Fig. 11
shows, this is even slower than the results for the test in deaerated
water. Accordingly, the results demonstrate that, within the
duration of this test, ethanolamine treatment had no significant
effect on the propagation of stress corrosion cracking in 3.5
NiCrMoV steel.

Material: YS : 952MPa
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ETA+inorganic acidE
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Fig. 10 Crack extension in specimens in deaerated water
containing ETA and inorganic acid (obtained
through laboratory experiments)
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7 SCC propagation rate for specimens in deaerated
water containing ETA and inorganic acid (obtained
through laboratory experiments)

(3) CF test
The corrosion fatigue test was performed for three

materials: rotor material and the 12Cr steel and 17-4 pH steel
used in turbine blades.

Fig. 12 shows the results for the test of the rotor material.
As the stress amplitude decreased, the fatigue strength decreased
as well; the fatigue strength at 108 cycles was 300 MPa. However,
there was no significant difference between the results in
deaerated water and in the ETA solution.
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Fig. 12 Comparison of corrosion fatigue of rotor material in
deaerated water and in water containing ETA and
inorganic acid at 403K

Fig. 13 and Fig. 14 show the results for tests of the 12Cr
steel and 17-4 pH steel, respectively. The values for fatigue
strength at 108 cycles were approximately 400 MPa and 500
MPa, respectively. There was no difference between the results in
deaerated water and in the ETA solution.

These results demonstrate that ethanolamine treatment
had no significant effect upon the corrosion fatigue of turbine
materials.
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Fig. 13 Comparison of corrosion fatigue of 12Cr steel in
deaerated water and in water containing ETA
and inorganic acid at 403K
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Fig. 14 Comparison of corrosion fatigue of 17-4 pH steel
in deaerated water and in water containing ETA
and inorganic acid at 403K

4. Results of tests in a field turbine environment
No additional field tests in a field turbine environment

were conducted. However, as numerous SCC test specimens in a
field turbine were available5', these test specimens were
monitored. The test specimens themselves could not be observed
without opening the low-pressure turbine casing, and this test did
not coincide with the start of ethanolamine treatment, but it was
decided that any significant changes would be apparent.

The CF test in a field turbine environment was determined
to be unnecessary and so this test was not performed.

4.1 Test materials and test specimens used for field tests
The test materials were made of the same material as the

discs manufactured using the silicon deoxidization process
(employed formerly) and the vacuum carbon deoxidization
process (employed currently). These test materials were made of
3.5 NiCrMoV steel with a 0.2% offset strength of 813 MPa.
The test specimens used to observe SCC initiation were DUB test
specimens, while those used to measure the crack propagation
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rate were TDCB test specimens and pre-cracked compact tension
(PCCT) test specimens. Fig. 15 shows an example of the
arrangement of the test specimens.

G3G3

Fig. 15 Sample location of test capsule in LP turbine

4.2 Environmental conditions and test procedure
The test specimens were inserted into the extraction

chamber shown in Fig. 16, as they could be mounted here without
interfering with turbine operation. A location in the wet region at
which the temperature was as high as possible was selected. The
capsule was bolted at the location shown in Fig. 16 and the area

Fig. 16 Sample arrangement of specimens

around the bolts was welded to prevent the capsule from coming
loose. The capsule was removed and examined when the low-
pressure turbine was opened. As the low-pressure turbine was not
opened during every periodic inspection, the test specimens were
not always examined prior to ethanolamine treatment.

4.3 Test results and discussion
The test specimens had been installed prior to

ethanolamine treatment, and no new SCC initiation occurred in
any of the test specimens after this treatment. For crack
propagation, test specimens were inserted prior to ethanolamine
treatment in two units; Fig. 17 shows the status of crack
propagation in these test specimens. The figure also shows the
changes in water treatment in the secondary system. Fig. 18
shows the crack propagation rate calculated at each inspection
point. Although this figure shows only the most recent
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Fig. 17 Examples of crack propagation
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Fig. 18 Change in crack propagation rate due to water treatment

inspections during the period of ethanolamine treatment, there
was no sign of any change in the crack propagation rate.
Accordingly, it was determined that ethanolamine treatment had
no significant effect on SCC in the 3.5 NiCrMoV steel used in
discs and rotors.

This can be seen from the polarization curves for 403 K
shown in Fig. 19 as well. Even when the pH level of deaerated
water at 403 K (PH403K 5.9) was changed by adding ammonia to
make it more alkaline (PH403K6), there was almost no change in
the curves themselves.

1.5

1.0

-0.5

-1.0

3.5NiCrMoV steel
YS:952MPa
Temperature:403K

Deaerated Water

10-= 102 10"1

I (A/m2)

Fig.19 Polarization curves of 3.5NiCrMoV steel measured at
pH4o3K 5.9 (neutral) andpH403K 6

Table 3 shows an analysis of the water solubles in the scale
sampled from the capsules. Even when the water treatment was
changed, there was almost no change in the water solubles.
Accordingly, it was determined that ethanolamine treatment had
no significant effect on the susceptibility of low-pressure turbine
parts in the secondary system to stress corrosion cracking.

Table 3 Water solubles in scale sampled from capsule
(2 units)

PH

Na

Cl

SO4

AVT-ETA
treatment

6.2-6.4

<0.01

<0.01

-0.05

AVT

5.8-6.1

<0.01

<0.01

<0.02

Boron
soaking

5.6-7.1

<0.01

<0.01

-0.03

5. Conclusion
To prevent of fouling of steam generator tubes in the

secondary system, a water treatment method using ethanolamine
is employed to reduce the quantity of feed water iron. Before the
addition of ethanolamine, the authors decided to confirm that this
would have no effect on the principal equipment in the secondary
system. The subject of the study was stress corrosion cracking
(SCC), which may occur in the low-pressure turbine discs with
high strength in the wet region, and corrosion fatigue (CF) in the
rim attachment. Short-term tests were performed in the
laboratory, while for SCC, which requires long-term testing, tests
were conducted in a field turbine environment. In both cases, the
same material as the discs present in field turbines was used to
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determine the effect of ethanolamine treatment on these
members. The conclusions were as follows:
(1) Within the scope of this test, and with the quantity of

ethanolamine added, no significant effect was observed in the
short term on SCC initiation and propagation in turbine discs.

(2) CF test results for fatigue strength at 108 cycles of the rotor
material and the 12Cr steel and 17-4 pH steel blade materials
in deaerated pure water and in ethanolamine solution found
no significant difference between these two environments.

(3) Within the scope of monitoring for SCC test specimens
inserted into a field turbine environment before ethanolamine
treatment, no new crack initiation was observed after
ethanolamine treatment, and there was no sign of any change
in the crack propagation rate.

(4) Accordingly, ethanolamine treatment was determined to have
no major impact on the stress corrosion cracking
susceptibility and corrosion fatigue of low-pressure turbine
components in the principal equipment in the secondary
system.
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