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Abstract. Immersion corrosion tests and electrochemical corrosion tests were carried out
in the simulated geothermal water on a modified heat-treated material of 16Cr-4Ni steel,
which is used for geothermal steam turbine blades. Incidentally, the purpose of the modified
heat treatment is for reducing the susceptibility of stress corrosion cracking (SCC) of the
steel in the geothermal fluids. For comparison, a conventional heat-treated material of the
16Cr-4Ni steel was also used in the corrosion tests. In the immersion corrosion tests up to
4,000 hours, the modified heat-treated material showed lower corrosion rates than those of
the conventional heat-treated one in the test water. In the electrochemical corrosion tests,
the modified heat-treated material exhibited noble and stable corrosion potential behavior.
The XPS analysis results exhibited that the passive films formed on the materials were
consisted mainly of Cr-oxides (CrOOH, CrO3) and Fe-oxides (FeO, Fe2O3). Furthermore,
the composition ratio of Cr-oxides in the outermost surface of the passive film formed on
the modified heat-treated material was higher than that on the conventional heat-treated
one. It was suggested that the better corrosion resistance of the modified heat-treated 16Cr4Ni steel was contributed to the formation of the passive film with higher compositions of
Cr-oxides.
Keywords: Geothermal steam turbine, corrosion, 16Cr-4Ni steel, corrosion rate, open
circuit potential, passive film.
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1. Introduction
In geothermal power plants, the equipment materials are easily subject to general corrosion, pitting corrosion,
stress corrosion cracking (SCC) and so on, due to large amounts of corrosive chemicals such as carbon
dioxide (CO2), chloride (Cl-) and sulfate (SO42-) contained in the geothermal fluids [1]. Therefore, evaluation
on the corrosion behavior of the components is one of the important subjects [2, 3, 4]. In order to improve
the reliability and economic efficiency of geothermal power plants, various surface modifications for
enhancing the corrosion resistance and the appropriate selection of equipment materials and so on are being
carried out [5, 6].
Even in the steam turbine environments of fossil and nuclear power plants, where the concentration of
corrosive chemicals is extremely low, the steam turbine materials also experience pitting corrosion and
subsequent SCC [7, 8, 9, 10, 11]. 13Cr and 12Cr martensitic stainless steels have been widely used as blade
materials for steam turbines of fossil and nuclear power plants. However, the embrittlement has been one of
the subjects of the steels. It has been reported that the sensitivity to embrittlement of the 13Cr martensitic
stainless steels increases by tempering in the temperature range 400 - 575°C with a maximum at 550°C, while
it decreases with further increases in tempering temperatures [12]. SCC susceptibility of the 13Cr martensitic
stainless steels has also been evaluated in corrosive environments. Ozaki et al. [13] have reported that the SCC
susceptibility increases with increasing hardness of the steels. They have also reported that the nickel
containing 13Cr martensitic stainless steels tempered at lower temperatures showed higher hardness but their
SCC susceptibility increased [14, 15]. It was therefore suggested that high temperature tempering is effective
to lower the SCC susceptibility of the steels [15].
On the other hand, 16Cr-4Ni (also called 17-4PH) precipitation hardening stainless steels have also been
used as the steam turbine blade materials for power plants because of their balanced combination of good
mechanical properties and adequate corrosion resistance [16, 17]. For the same reason, the 16Cr-4Ni steels
have also been used for geothermal steam turbine blades. Sakai et al. [2] have conducted SCC tests and
corrosion fatigue tests on the 16Cr-4Ni precipitation hardening stainless steels with different heat treatments.
It has been reported that a modified heat-treated material of the 16Cr-4Ni steels has not only higher Charpy
absorbed energy but also higher SCC resistance and higher corrosion fatigue strength in the simulated
geothermal fluids [2]. It has been expected that the modified heat treatment should be the suitable condition
for the 16Cr-4Ni steels for geothermal steam turbine blades. However, the knowledge about the corrosion
resistance of the modified heat-treated 16Cr-4Ni steel has not been obtained yet sufficiently.
In this study, immersion corrosion tests and electrochemical corrosion tests were carried out in the
simulated geothermal water on the modified heat-treated 16Cr-4Ni steel, which is used for geothermal steam
turbine blades. For comparison, a conventional heat-treated material of the steel was also used in the
corrosion tests. The corrosion resistance of the modified heat-treated 16Cr-4Ni steel was evaluated based on
the corrosion test results and on the characteristics of the passive film formed on the specimen surfaces.

2. Experimental
2.1. Materials and Specimens
The chemical composition of the 16Cr-4Ni steel (17-4PH precipitation hardened stainless steel) used in this
work is given in Table 1. The modified heat treatment for reducing the SCC susceptibility was performed on
the materials for steam turbine blades of geothermal power plants. After solution treatment at 1038°C, the
materials were subjected to two-steps tempering treatments at 835°C for 1 hour and then at 620°C for 3
hours. The modified heat-treated material is simply named “D2” in the present work. For comparison,
conventional heat-treated materials of the 16Cr-4Ni steel (named “D1”), which are used for the steam turbine
blades of fossil and nuclear power plants, were also used. Table 2 shows the two kinds of heat treatment. The
Vickers hardness of the heat-treated materials D2 and D1 are HV413 and HV437, respectively. It has been
reported that the modified heat-treated material D2 with lower hardness has higher SCC resistance than the
conventional heat-treated material D1 [2].
The specimens with a size of 40 × 15 × 2 mm3 were cut from the heat-treated virgin materials for steam
turbine blades, and were abraded using 150-800 grit emery papers. Prior to corrosion testing, the specimens
were degreased with acetone and rinsed with pure water.
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Table 1. Chemical composition of 16Cr-4Ni steel.
C
0.038

Si
0.27

Mn
0.36

P
0.014

S
0.001

Ni
4.32

Cr
15.61

Mo
0.08

[mass%]
Fe
Bal.

Cu
3.10

Table 2. Heat treatment of the materials used in corrosion tests.
D2
(Modified heat treatment)
1038°C × 1 hour AC
835°C × 1 hour AC
620°C × 3 hours AC

Material
Heat treatment

D1
(Conventional heat treatment)
1038°C × 1 hour AC
580°C × 3 hours AC
AC: Air Cooling

Table 3. Quality of the test water.
Corrosive impurities
Cl-

[ppm]

10,000

SO42-

[ppm]

50

CO2
Bubbling

Electric
conductivity
[mS/m]
2.68

pH

DO
[ppm]

Temp.
[°C]

5.05

0.1～0.2

90

2.2. Test Water
Geothermal fluids are generally accompanied by the non-condensable gases such as CO2, hydrogen sulphide
(H2S), etc., and the dissolved corrosive impurities such as Cl-, SO42-, etc. [2]. The quality and the temperature
of geothermal fluids vary from site to site. In this work, considering the equipment materials in the severe
corrosive phase transition zone (PTZ) of geothermal steam turbines, an accelerated corrosive environment
of the geothermal water was simulated as the test water. As shown in Table 3, the test water was prepared
from ion-exchanged pure water by adding the impurity ions of 10,000 ppm Cl- and 50 ppm SO42-, and by
continuously bubbling CO2 gas into the water before and during test. In addition, the Cl- and SO42- were
added as NaCl and Na2SO4, respectively. The temperature of the test water was 90°C.
2.3. Immersion Corrosion Test
Using a water-loop type corrosion test equipment, immersion tests were carried out on the D2 and D1
specimens in the test water. The immersion times were 500 hours, 2,000 hours and the longest of 4,000 hours.
Two specimens were used for the same immersion test condition.
After immersion tests, the specimens were observed with a digital camera and an optical microscope
(OM). After that, descaling of the films formed on the specimens in the test water was performed, and the
corrosion rates of the specimens were calculated from the following Eq. (1) [18]. In addition, the descaling
was performed by electrolytic removal in a 10% di-ammonium hydrogen citrate aqueous solution for 1 hour,
using a platinum electrode as a counter electrode at a current density of 0.14 A/cm2.

W

W (W1  W2  b )

S  t
S  t

(1)

where,

W [mdd; mg・dm-2・day-1]: corrosion rate
ΔW [mg]: corrosion amount
W 1 [mg]: specimen mass before test
W 2 [mg]: specimen mass after descaling
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S [dm2]: surface area of a specimen
Δt [day]: immersion time
b [mg]: blank correction for the loss due to descaling
2.4. Electrochemical Corrosion Test and Analysis of Specimen Surface
Open circuit potential (OCP) measurements were conducted using a potentiostat with three electrodes: a
working electrode of the specimen, a platinum counter electrode, and a saturated KCl-Ag/AgCl reference
electrode. The OCP of each specimen in the test water was continuously measured for 20 hours.
After OCP measurements, the specimen surfaces were observed with a scanning electron microscope
(SEM). The films formed on the specimens in the test water were analyzed by X-ray photoelectron
spectroscopy (XPS). The XPS analyses were carried out using monochromatic Al-Kα radiations at 1486.92
eV. To calculate the compositions of the films, calibration of the XPS spectra was performed with reference
to the peak area and the intensity factor σ of the elements: σ(Fe2p3/2) = 10.82, σ(Cr2p3/2) = 7.69,
σ(Ni2p3/2) = 14.61, and σ(O1s) = 2.93. The compositions of the films formed were identified through wave
form analysis with reference to standard XPS peak data [19].

3. Results and Discussion
3.1. Corrosion Rate
As examples, the appearances of the 4,000 hours immersed specimens and those after descaling are shown
in Fig. 1. Both of the two specimens of D1 and D2 showed ocher color after the 4,000 hours immersion
tests, while they exhibited still metallic luster with no obvious corrosion on the surfaces after descaling. It
was confirmed that even in the present test water with the added large amount of corrosive impurities both
the two heat-treated materials of the 16Cr-4Ni steel have adequate corrosion resistance.
As mentioned above, for each heat-treated steel two specimens were used in the corrosion test for the
same immersion time. It is necessary to note additionally that it should be desirable to set the number of
specimens to 3 or more at each immersion time to improve statistical significance [20]. In the present work,
the tendency of corrosion resistance up to 4,000 hours was investigated with a small number of specimens.
The corrosion rates of the specimens in the test water were listed in Table 4. The average corrosion rates are
plotted in Fig. 2. As shown in this figure, the D2 specimens with the modified heat treatment showed higher
corrosion rates up to 2,000 hours immersion tests. However, their corrosion rates showed a decreasing
tendency, which was different with those of the D1 specimens. Furthermore, the average corrosion rate of
the D2 specimens immersed up to 4,000 hours showed a smaller value than that of the D1 specimens. It is
therefore considered that the modified heat-treated material has better corrosion resistance for a longer
service term than the conventional heat-treated one of the 16Cr-4Ni steel.

As-immersed

After descaling
(a) D1

As-immersed
After descaling
(b) D2

Fig. 1. Appearances of the 4,000 hours immersed specimens and those after descaling.
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Table 4. Corrosion rates of the specimens in immersion tests.
[mdd]
Material Specimen
No.1
No.2
No.3
D1
No.4
No.5
No.6
Average
No.1
No.2
No.3
D2
No.4
No.5
No.6
Average

500 hours
0.01915
0.03268

2,000 hours

4,000 hours

0.05014
0.02085
0.02592
0.09127
0.02147

0.03549

0.05465
0.07535
0.06500

0.05352
0.03268
0.05634

0.04310

0.04113
0.03465
0.03789

0.1
D1
D2

Corrosion rate, mdd

0.08
0.06
0.04
0.02
0

0

1000

2000
3000
Imersion time, hours

4000

Fig. 2. Average corrosion rate of the specimens in the simulated geothermal water.
3.2. Corrosion Potential and Passive Film
Figure 3 shows the time variations of OCP (open circuit potential) of the D1 and D2 specimens in the test
water. In the first few hours after the start of test, the two specimens showed almost the same values with a
rising trend. However, from about 4 hours after the start of test and until the 20 hours measurement, the D2
specimen with the modified heat treatment exhibited stable and higher potentials than those of the D1
specimen with conventional heat treatment. It is considered that the specimen of D2 has better corrosion
resistance than that of D1 in the simulated geothermal water. This behavior agrees with the above result
obtained in the 4,000 hours immersion test.
The SEM images showing the surfaces of the specimens after 20 hours OCP measurements are given in
Fig. 4. Compared with the specimen of D2, many large pits were clearly observed on that of D1. This result
indicates that pitting corrosion occurred difficulty on the modified heat-treated material in the simulated
geothermal water. It is assumed that the better corrosion resistance of the modified heat-treated material is
related to the passive film formed in the test water.
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-350

OCP, mV (vs. Ag/AgCl)

D2
-400

D1

D1
-450

-500
D2
-550

0

4

8

12

16

20

Immersion time, hours
Fig. 3. Time variations of OCP of the D1 and D2 specimens in the test water.

(a) D1 specimen

500μm

(b) D2 specimen

Fig. 4. SEM images showing the surfaces of the specimens after 20 hours OCP measurements.
The passive films formed on the two specimens in the 20 hours OCP measurements were investigated
with XPS. From the peaks of cations appeared on the recorded XPS signals, the compositions of the passive
films were analyzed. From the analysis results, it was confirmed that the films formed on the specimens of
D1 and D2 consisted of Cr, CrOOH, CrO3, Fe, FeO, Fe2O3 and a little amount of Cu and CuO. Furthermore,
only in the film formed on the D1 specimen a little amount of Ni and Ni(OH)2 was detected. As an example,
Fig. 5 shows the peak fitting of the recorded signals of Fe2p3/2, Cr2p3/2, Ni2p3/2 and Cu2p3/2 in the film
formed on the D1 specimen in the 20 hours OCP measurement. The depth profiles of the films formed on
the specimens of D1 and D2 are shown in Fig. 6. It can be observed that the composition ratio of Cr-oxides
(CrOOH, CrO3) in the outermost surface of the passive film of the D2 specimen was higher than that on the
D1 specimen. This should be the reason why the specimen of D2 has better corrosion resistance than that
of D1 in the simulated geothermal water.
Ishii et al. [21] have suggested that the Cu added in ferritic stainless steels promotes the enrichment of Cr
concentration of passive films and reduces the anodic reactions. It is therefore considered that the formation
of Cr-enriched passive films was promoted by the 3.10 mass% Cu added in the 16Cr-4Ni steel. However, it
has been also reported that the precipitation of Cu particles deteriorates the corrosion resistance of the
stainless steels [21]. It is well known that the improvement in strength of the precipitation hardening
martensitic stainless steels contributes to the precipitation of Cu particles in the martensite matrix during
aging treatments [16, 22]. In other words, the Cu particles in the precipitation hardening martensitic stainless
steels have not only the strengthening effect but also the demerit of deteriorating corrosion resistance. In this
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work, it is considered that the deteriorated corrosion resistance of the D1 specimen was due to the Cu
particles precipitated by tempering at 580°C for 3 hours. On the other hand, Viswanathan et al. [16] have
found that during aging at temperatures close to 600°C, a certain amount of austenite formed at lath
boundaries in the 17-4PH stainless steel. It has been reported that the reverted austenite drew more and more
Cu from the martensite laths as the solubility of Cu in austenite is much higher, so that the martensite laths
became depleted in Cu [16]. For this reason, in this work it is presumed that a relatively small amount of Cu
particles formed in the D2 material during the two-steps tempering treatments at the temperatures higher
than 600°C, so that the material showed better corrosion resistance in the test water. For the same reason, it
is assumed that the Ni in the martensite laths decreased by the two-steps tempering treatments at the higher
temperatures, so that no Ni-oxides was detected in the passive film formed on the D2 specimen [23, 24].
Cr2p3/2

Fe2p3/2

CrOOH

CrO3
Intensity, a.u.

Fe2O3
FeO

Fe

Cr

704 582

718

572

Cu2p3/2

Ni2p3/2

Cu

Ni(OH)2
CuO

Ni
NiO2

CuO

CuO

858

850 936
Binding energy, Eb/ eV

Cu

Cu

CuO
Cu930

Ni(OH)2

Fig. 5. Peak fitting of the recorded signals of Fe2p3/2, Cr2p3/2, Ni2p3/2 and Cu2p3/2 in the film formed on
the D1 specimen in the 20 hours OCP measurement.
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4. Summary
In immersion corrosion tests up to 4,000 hours, the modified heat-treated material of 16Cr-4Ni steel in the
simulated geothermal water showed lower corrosion rates than those of the conventional heat-treated one.
In the electrochemical corrosion tests, the modified heat-treated material exhibited noble and stable corrosion
potential behavior. It is suggested that the modified heat-treated material has better corrosion resistance for
a longer service term than the conventional heat-treated one.
From the XPS analysis results, it was made clear that the passive films formed on the specimens in the
simulated geothermal water were consisted mainly of Cr-oxides (CrOOH, CrO3) and Fe-oxides (FeO, Fe2O3).
Moreover, the composition ratio of Cr-oxides in the outermost surface of the passive film formed on the
modified heat-treated material was higher than that on the conventional heat-treated one. It is assumed that
the better corrosion resistance of the modified heat-treated material is related to the formation behavior of
the Cr-enriched passive film.
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