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Chapter 1 General Introduction

1.1 Passivity of metals and alloys

Recently, structural materials have been requested to be used in the more severe
corrosive environments. Stainless steels and Ni-based alloys have attracted much attention
due to their high corrosion resistance in such environments. The high corrosion resistance
of the materials is attributed to passive films formed on the surfaces. Therefore, the
characterization of the passive film is very important to understand corrosion resistance of
the materials.

Characteristics of passive film have been studied intensively since the time of Faraday
(1830s) and many theories and models have been proposed to explain the passivity of
metals and alloys"™. The structure and composition of passive films have been examined

by surface analytical techniques.

1.2 Analytical methods of the passive film

As compositions, structure and electronic properties of passive film formed on metals
and alloys are related to corrosion resistance of metallic materials, passive films have been
extensively examined using various surface analytical techniques. The present section
describes briefly typical surface analytical techniques that have been used for passivity

research.

1.2.1 Ex-situ analytical techniques — XPS and AES
As information regarding the structure and chemical composition of passive films is
very important to understand corrosion behaviors of metallic materials, passive films have

been subjected to various surface analytical techniques. In particular X-ray Photoelectron



Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) have been often used to
analyze passive film.

X-ray Photoelectron Spectroscopy (XPS), commonly known as Electron
Spectroscopy for Chemical Analysis (ESCA), is the most widely used surface analysis
technique to examine the chemical composition of surfaces. XPS was developed in the
mid-1960’s by Kai Siegbahn®. The fundamental principle of XPS is based on the theory of

photoelectric effect”®

in which an electron is released from a material surface as X-rays
with monochromatic wavelength are irradiated to the surface. Therefore, in XPS, kinetic
energy of an electron, which is released as the material surface is subjected to X-rays
irradiation, is measured. Through the measurement, it is possible to identify the coupling
status of an electron within an atom. Since the core electrons of all elements have each
unique energy level, the measurement can be used to identify the elements of material.
XPS analysis is performed to observe the energy level of the core electrons which merely
reflects the chemical status of material. In addition, the chemical shift is also observed
according to the chemical status. It is easy to simply interpret the coupling status of an
element. In other words, the core level of an electron causes the change of eV (chemical
shift) according to the chemical coupling status of the material. XPS analysis technique has
been recognized as a valuable method for the study of passive films analysis because of its
high surface sensitivity. In the 1970s, XPS was for the first time applied for
characterization of passive films on metals and alloys by Okamoto et al.”, Asami et al.'” 'V
and Castle et al.'?. Since then, many researchers have applied XPS to examine passive
films formed on Ni-based alloys. For examples, Tjongm reported passive films formed on
Ni in a borated buffer solution at various anodic potentials. Passive films formed on Ni
consisted of Ni(OH), and NiO at low anodic potentials whereas passive films at high

114

anodic potentials were composed mainly of Ni,Os;. Jeng et a studied the room



temperature oxidation of Ni-23Cr alloy and reported that oxide film formed on Ni-Cr alloy
has a double layer structure, consisting of Ni hydroxide and Cr oxide at an outer part, and
Cr oxide, NiO and some metallic Ni at an inner part. Furthermore, it was revealed that Cr
depleted metallic layer were present beneath the oxide layer. Lim et al.'” examined passive
films formed on Ni-Cr alloys in 0.1M NaCl solution. They reported that passive films
formed on Ni-Cr alloys included only Cr oxide due to the elective oxidation of Cr and the
thickness of passive films varied from 0.4 nm to 1.4 nm.

19 is also a widespread method for analysis of

Auger Electron Spectroscopy (AES)
surfaces, similar to XPS. AES uses a primary electron beam to probe the surface of a solid
material, which leads to the emission of Auger electrons. In AES the kinetic energy of
Auger electrons is measured. Elements that are included in the material are identified and
quantified from the kinetic energy and the intensity of the Auger peaks. Since the kinetic
energy of Auger electron has a unique value according to an element of material, the
chemical composition of substance surface can be identified. AES is very sensitive to
surface layer because of the low energy of Auger electron. Therefore, AES has been also
utilized to examine chemical composition of passive film. In the 1970s, many researchers
started to investigate for passive films on metals and alloys using AES. Lumsden et al.'”
analyzed passive films formed on the type 316 stainless steel. Bouyssoux et al.'® reported
anodic passive films on Cr. Analysis of anodic oxide films on Fe was carried out by Seo et
al.'. Since then the passive films formed on Ni-based alloys were also studied by the AES
analytical technique. For Ni-Cr alloys, Boudin et al.*” examined passive films formed on
Ni-Cr alloys in a borate buffer solution. Very thin films (less than 2.5 nm) were formed in
the borate buffer solution showing a layered structure where a minor outer Ni

oxy-hydroxide layer was grown, covering an inner protective barrier mainly composed of

Cr oxide. Ries et al.?" studied passive films formed on Alloy 600 in an acidic solution. It



was reported that passive films were extremely thin and composed of an inner Cr oxide
layer and an outer iron-nickel mixed oxide layer. The film thickness of the passive films
was found to be independent of the passivation potential.

These demonstrate that XPS and AES are powerful analytical techniques to examine
passive films formed on metal and alloy surfaces. When the passive films are analyzed
using the ex-situ analytical techniques, however specimen must be taken out of solution.
This can denature the structure and composition of passive films. In addition, although
interactions between a metal and a solution are essentially electrochemical reaction, the
ex-situ techniques are not able to provide information concerning the transfer of electrons
and ions. Therefore, passive films have been studied also with in-situ techniques. The
following sections give description on in-situ techniques that have been applied for a

passivity research.

1.2.2 In-situ analytical techniques - the photoelectrochemical response and the
electrochemical impedance spectroscopy

The photoelectrochemical response is originated from the Becquerel effect where the
light effect on electrochemistry was reported for the first time?”. In the field of corrosion
science the effect of light irradiation was reported by Kruger for Cu in a neutral solution®.
In the 1950s and 1960s, the photoelectrochemical response, that is, photoelectrochemistry,
was applied for compound semiconductors and oxide semiconductors in aqueous
solutions®”*”. The application of photo effect to characterize passive films formed on
metals and alloys has been also reported since the early 1960s. The photoelectrochemical
response was firstly applied for passivity research by Oshe et al.>”). Since the first report by
Oshe et al., many researchers have applied the photoelectrochemical response to passivity

31)-33)

studies . For examples, passive films on Fe and Ni were analyzed using the



photoelectrochemical response in detail by Hackerman et al. Stimming et al. also discussed
correlation between the photoelectrochemical response and the electrochemical impedance

34)

spectroscopy obtained from passive films on Fe™. Transient behavior observed in

photocurrent was investigated by Peter et al. for passive films on Fe*®. In literatures the

photoelectrochemical response for passive films formed on Ti36)'41), Nb38), Zr40)'44), Al® )'49),

WO oD, Zp#0r 4D, 52 gd0) 410, 53-56) | 40), 41, 5T) p3D. 5863 | 0y62). 64-67) 414 Ni have
been reported so far.

The photoelectrochemical response reveals semiconductive nature of passive
films®® Y. For examples, information on the band gap energy of passive films and band
bending can be obtained by measuring current changes induced by photo irradiation. When
a passive film is irradiated with light with energy larger than its band gap energy,
electron-hole pairs are generated. Then, electron-hole pairs are separated along potential
gradient in space charge layer. When a band bending is created as shown in Fig. 1-1, holes
delivered to electrolyte cause the oxidation while electrons migrate to the bulk material.
Thus anodic photocurrent is generated. On the other hand, when a band bending is created
as shown in Fig. 1-2, electrons and holes move towards electrolyte and bulk material,
respectively. Thus a cathodic photocurrent can be obtained. When applied potential is
varied, band bending is also changed. As a result, potential dependence of photocurrent is
different depending on type of semiconductor, that is, for n-type semiconductor,
photocurrent increases in the anodic direction with increasing applied potential whereas for
p-type semiconductor, photocurrent increases in the cathodic direction with decreasing
applied potential. Therefore, the photoelectrochemical response can reveal the band gap

energy of passive films and their type of conduction.



Depletion layer
n-type semiconductor solution

Fig. 1-1 Schematic illustration of the formation of a junction between n-type

semiconductor and solution.
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Accumulation layer

p-type semiconductor solution

Fig. 1-2 Schematic illustration of the formation of a junction between p-type

semiconductor and solution.



The electrochemical impedance spectroscopy (EIS) is also useful method for
investigating electrochemical reactions and passive surfaces, in particular, very important
information on electronic properties of passive film can be obtained. The first attempt to
define the term “impedance” was achieved by Oliver Heaviside in the late 19™ century’?.
E. Warburg’ extended the concept of impedance to electrochemical system. He proposed
that the interface could be represented by a polarization resistance in series with a
polarization capacitor. After Warburg applied the impedance to electrochemical system,
impedance analysis has been widely used to investigate kinetics or mechanism of passive
state for the reaction on the surface of metals. When a semiconductor electrode is exposed
to an electrolyte, the space charge layer is generated inside the semiconductor electrode at
the interface between the electrolyte and the semiconductor electrode. The change of the
applied potential leads to the variation of the space charge layer thickness. This results in
the change of capacitance. From the value of impedance, therefore, the capacitance of
passive film can be obtained. The obtained capacitance of passive film is analyzed by the
theoretical Mott-Schottky approach, which establishes the following relationship between

the capacitance and the applied potential,

1 2 kT
— = E-E, — 1.1
C? gquN[ ke q J’ (1.1

where N represents the carrier density, ¢ is the dielectric constant of the passive film,
g, 1s the vacuum permittivity, q is the elementary charge, k is the Boltzman constant,
T is the absolute temperature and E, is the flat band potential. From Mott-schottky

approach, the flat band potential of passive film and carrier concentration (donor or

acceptor) can be estimated.



1.3 Characteristics of passive films formed on Ni-based alloys at room temperature

As described above, passive films have been extensively studied for various metals
and alloys. The present section gives brief review on characteristics of passive films
formed on pure Ni and Ni-base alloys at room temperature reported previously in
literatures.

Wilhelm et al.>® reported that the passive film formed on pure Ni in a pH 8.4 borate
buffer solution behaved as p-type semiconductor with the band gap energy of 3.1 eV.
Ohtsuka et al.”” estimated the band gap energy of the passive films formed on pure Ni in a
pH 0.9 sulfuric acid solution and a borate buffer solution as of 2.95 ~ 3.10 eV. Sunseri et
al.” investigated the photoelectrochemical response for the passive films on pure Ni in pH
8.4 and pH 8.9 buffer solutions and proposed a duplex structure consisting of inner
anhydrous layer with band gap energy of approximately 3.45 eV and the outer hydrated
oxide layer with approximately 3.0 eV. Kwon et al.”” also suggested a p/p heterojunction
duplex structure consisting of inner NiO layer with the band gap energy of about 4.8 eV
and outer Ni(OH), layer with 3.05 eV as an electronic band structure model of the passive
films formed on pure Ni in a pH 8.5 borate buffer solution as shown Fig. 1-3.

Passive films formed on Ni-Cr alloys have been also examined. For examples, T. Jabs
et al.”” reported that the passive films formed on Ni-20Cr and Ni-24Cr alloys in 1M NaOH
solution have a duplex structure consisting of outer hydroxide and inner oxide part as
shown Fig. 1-4. Bojinov et al.”® studied the passive film formed on Ni-10Cr, Ni-15Cr and
Ni-20Cr alloys in 0.1M Na;B40O7 solution and reported that when Cr content was lower
than 15 wt%, the passive films are similar to that of Ni. On the other band, they resembled
that of Cr when Cr content is higher than 15 wt%. Boudin et al.” investigated the passive
films formed on Ni-(0-30)Cr alloys in pH 9.2 borate buffer solution. The passive films

were suggested to be a duplex structure which consisted of mainly inner Cr,O3 and minor



outer Ni(OH), or Ni oxy-hydroxide. However the inner layer was composed of Ni oxide
and Cr oxide when Cr content in the alloy was below 15 wt%. Lim et al.' reported that
the passive films formed on Ni-10Cr, Ni-20Cr and Ni-40Cr alloys in 0.5M NaCl solution

was composed of single layer with Cr,Os.

NiO Ni(OH), - Solution

’

Fig. 1-3 A schematic presentation for the electronic energy band model of passive film
formed on pure Ni at equilibrium. Ec and Ev are the electronic energy level of the
conduction band and valance band, respectively. Eq is vacuum level, Ef is Fermi level of
each compound, and Erqox 1s redox potential of the electrolyte, ynio and yniony. are

electron affinities of NiO and Ni(OH),, respectively’®.
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NI hydroxide fayer Cr(Vi)

NiO
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i
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Ni Cr

metal substrote

Fig. 1-4 A schematic presentation for the layer model of passive films formed on Ni-Cr

alloys’”.
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1.4 Characteristics of passive films formed on Ni-based alloys at high pressure and
high temperature water

As described in the previous section passive films formed on Ni-based alloys have
been extensively studied. As Ni-based alloys are often used in high temperature
environment due to their high corrosion resistance, furthermore, passive films formed on
Ni-based alloys at high temperature and pressure water were have been also investigated.

Bojinov et al.”” measured the electrochemical behavior of oxide films formed on
Ni-10Cr alloy, Ni-15Cr alloy and Ni-20Cr alloy at elevated temperatures such as 200°C
and 300°C in 0.1M Na,B4O7 solution and indicated that the electrochemical behavior
changed from Ni-like to Cr-like when Cr content in Ni alloy was over 15 wt%.

Marchetti et al.** estimated semiconductive properties of the passive films formed on
Ni-30Cr alloy, Alloy 600 and Alloy 690 at high temperature and high pressure water
(pressurized water reactor, PWR). From the photoelectrochemical response, three different
band gap energies, 2.2, 3.5 and 4.1 ~ 4.5 eV were obtained, attributed to the presence of Ni
hydroxide and/or Ni ferrite, Cr,O3 and the spinel phase of Ni;\FeCr,O4 with band gap in
the range of 4.1 ~4.5 eV.

Belo et al.*” studied that the oxide films formed on Alloy 600 and Alloy 690 in high
temperature aqueous environments. In the Alloy 690, the semiconductive properties of
chromium oxide and Fe, Ni oxide appeared at the inner and outer layers of the passive film,
respectively at pH 8 and 10. In the Alloy 600, on the other hand, semiconductive properties
of the passive film formed at pH 10 were originated from Ni oxide whereas for those of the
passive film formed at pH 8 arose from Fe, Ni oxide. Passive films formed on Alloy 600
and Alloy 690 at pH 8 exhibited same band gap energy of 2.4 eV. In the case of pH 10,
however, the band gap energy (2.9 eV) of the passive film formed on Alloy 600 was

different from that (2.4 eV) of the passive film formed on Alloy 690.
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Montemor et al.*? reported the electronic band structure of oxide films formed on
Alloy 600 and Alloy 690 in high temperature aqueous environments. The oxide films
formed on Alloy 600 at pH 8 consisted of Fe, Ni oxides with n-type semiconductive
property. In the case of pH 10, oxide films on Alloy 600 were composed of Ni oxide with
p-type semiconductive property. On the other hand, oxide films formed on Alloy 690 at pH
5 and 8 consisted of inner Cr oxide with p type and outer Fe oxide with n-type
semiconductive property.

Huang et al.*®

studied that electrochemical properties of the passive films formed on
Alloy 690 in high temperature aqueous environments depended strongly on pH of solutions.
In case of acidic solutions (low pH), the passive films on the alloy were mainly composed
of p-type Cr,0O3 and n-type Fe,O3; or hydroxides. Ni oxide was not formed due to the
selective dissolution of Ni. On the other hand, in alkaline solutions (high pH), the passive
films consisted of Cr,O; and FeCr,O4 below the flat band potential and Ni oxide and
NiFe,04 above the flat band potential on the other hand. The semiconductive behavior of
the passive films was discussed using an n-p-n heterojunction model.

Han et al.* investigated passive films on Alloy 690 in alkaline solutions at the
temperature range from 25 to 300 °C. It was reported that the passive current density and
donor density of passive films increased with increasing temperature. However, solution

temperature did not affect the chemical composition and electronic structure of the passive

films.
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1.5 The purpose and structure of this thesis

As mentioned in the previous sections, semiconducting properties of passive films
formed Ni-Cr alloys have been extensively studied using the photoelectrochemical
response and the electrochemical impedance spectroscopy. Due to difficult of the in-situ
measurements and the analysis of results, however, semiconductive nature of passive films
on Ni-Cr alloys has not been fully understood. Furthermore how the chemical composition
of substrate and the environments affect the semiconductive nature of passive film has not
been clarified. Therefore the present thesis examines semiconductive properties of passive
films formed on Ni-based alloys in various environments. This thesis consists of 6
chapters.

Chapter 1 gives background and purpose of this work.

In Chapter 2, semiconductive properties of passive films formed on pure Ni and
various Ni-Cr alloys in sulfuric acid and borate buffer solutions are studied using the
photoelectrochemical response.

Chapter 3 shows how chemical composition of the passive film formed on Ni-based
alloys varies depending on pH of solution and affects resulting semiconducting properties.

Chapter 4 provides information on semiconductive properties of passive films formed
on Ni-based alloys in high pressure and high temperature water environment.

In Chapter 5, oxide films on Alloy600 and Alloy690 formed in the simulated
pressurized water reactor primary water environment are characterized using hard X-ray
photo electron spectroscopy (HAX-PES).

In Chapter 6, the findings of the thesis are summarized and some further perspectives

are outlined.
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Chapter 2 Photoelectrochemical Characterization of Passive Films

Formed on Ni-Cr Alloys

2.1 Introduction

Ni-Cr alloys exhibit the excellent corrosion resistance in various environments. The
corrosion resistance of Ni based alloy is attributed to passive films on the surfaces.
Therefore, knowledge on the chemical composition, structure and growth kinetics of
passive films is important to understand corrosion behavior of the alloys. The composition
and structure have been examined by using surface analytical techniques such as Auger
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS)1'4). However,
measurements using the ex-situ techniques may change the composition and structure of
passive films because specimen should be taken out from solution and transferred into an
UHYV for the analysis. Therefore, it is difficult to obtain the real properties of passive films
formed in aqueous solution by using the ex-situ analytical techniques. Moreover, although
interactions between a metal and a solution are essentially electrochemical reaction,
information concerning the transfer of electrons and ions cannot be obtained by the ex-situ
techniques. It has been reported that passive films formed on various metals and alloys
behave as semiconductor. The photoelectrochemical response is well known as one of
in-situ techniques to study semiconductive properties of passive films™™. As
semiconductive properties of passive films have been considered to be related with

D semconductive properties have been examined using the

corrosion resistance
photoelectrochemical response' >, Although semiconductive properties of passive films
on pure Ni have been extensively investigated, they have not been fully understood.

Furthermore, semiconductive properties of passive films formed on Ni-Cr alloys have not

been studied so much.
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In the chapter 2, semiconductive properties of passive films formed on pure Ni and
Ni-Cr alloys in a sulfuric acid solution and a pH 8.4 borate buffer solution were examined
by the photoelectrochemical response. Some results obtained by the electrochemical

impedance spectroscopy were also included.
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2.2 Experimental

Materials examined were pure Ni (99.9%), Ni-8Cr and Ni-18Cr alloys. The sheets of
materials were cut into specimens of 10x10x1 mm’®, connected with a wire and then
embedded in an epoxy resin. The surface of specimen was polished mechanically with
2000 grit SiC paper and mirror finished with sub micron alumina pastes, followed by
sonicating in ethanol, methanol and distilled water, successively. Electrochemical
experiments were carried out in a three-electrode cell with a platinum counter electrode
and a Ag/AgCl/ 3.3M KCl reference electrode. Electrolytes used in the present work were
0.1M H,SO4 and pH 8.4 borate buffer solution. Prior to electrochemical experiments, the
electrolytes were deaerated for more than 12 hours with N, gas.

Polarization curves of specimens were measured with a scan rate of 1 mV/s. The
photoelectrochemical response measurements were performed using a 150 W Xenon arc
lamp with a grating monochromator. The monochromated light was irradiated on a
specimen through a quarts window in the electrochemical cell. The specimen was polarized
at a desired film formation potential, £, around the passive region of the specimens for 24
hours before the photoelectrochemical response measurements commenced. The
photoelectrochemical response measurements were carried out using a potentiostat
(Hokuto Denko, type-2090LN) connected to a low-pass filter (NF Electronic Instrument,
E-3201B) with a threshold frequency of 4 Hz and a differential amplifier (NF Electronic
Instrument, type5307). Figure 2-1 shows schematic drawing of apparatus for measurement
of photocurrent. Photocurrent spectrum was measured at the film formation potential. Then
the potential was changed from the film formation potential in the less noble direction
stepwisely with the interval of 100 mV. Photocurrent spectra were measured also at each
measuring potential, E,. Photocurrent is defined as current change induced by light

irradiation and shows some transient during irradiation. Therefore, in the present work, the
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value of photocurrent was determined as current changes before irradiation and after 15s
light irradiation. The wavelength of the incident light was varied from 250 to 500 nm. The
electrochemical impedance was measured using a potentiostat and a frequency response
analyzer with modulation amplitude of 10 mV in the frequency range of 20 kHz ~ 0.01 Hz.
The impedance was measured in the similar manner to the photoelectrochemical response,
that is, measured at a film formation potential and at various measuring potentials. The
capacitance of space charge layer (C) was estimated from C = -1/0Z", where ® is the

angular frequency and Z" is the imaginary part of the impedance'”.
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Fig. 2-1 Schematic drawing of apparatus for measurement of photocurrent.
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2.3 Results
2.3.1 Polarization curves

Figures 2-2 and 2-3 show the polarization curves of pure Ni and Ni-Cr alloys
measured in the sulfuric acid solution and the pH 8.4 borate buffer solution, respectively.
The current density in the active and the passive regions decreases with increasing Cr
content, indicating that the increase of Cr content leads to the improvement of corrosion
resistance of Ni-based specimens. The increase of current density observed in the borate
buffer solution in the range from approximately 500 to 900 mV is attributed to the
transpassive dissolution of chromium. The current density increases again around 1000 mV
by the oxygen evolution. Therefore, the passive region is located between -300 and 900
mV for pure Ni and between -400 and 400 mV for Ni-Cr alloys in the pH 8.4 borate buffer
solution. In case of sulfuric acid solution, the passive regions of pure Ni located between
300 and 1100 mV and that for Ni-Cr alloys between 100 and 800 mV. Therefore, the
photoelectrochemical response measurements and the electrochemical impedance
measurements for passive films on pure Ni and Ni-Cr alloys were carried out around the

passive regions.
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Fig. 2-3 Polarization curves of pure Ni and Ni-Cr alloys in pH 8.4 borate buffer solution.
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2.3.2 Photoelectrochemical response in pH 8.4 borate buffer solution

Figure 2-4 illustrates typical photocurrent transients obtained in the present work. At
lower potentials, as shown in Fig. 2-4(a), current rapidly changes in the cathodic direction
just after photo irradiation commences and then during photo irradiation the current
gradually increases in the cathodic direction to a steady state value. After photo irradiation
is terminated the current returns back to the original level. This current behavior is
observed independent of photon energy when polarized at lower potentials. At higher
potentials, on the other hand, opposite photocurrent transients are obtained, that is, rapid
increase of current in the anodic direction just after photo irradiation commences and
subsequent gradual increase of the current during irradiation are observed as shown in Fig.
2-4(b). Photocurrent transients shown in Fig. 2-4(c) are observed only for Ni-Cr alloys at
relatively higher potentials that may cause the transpassive dissolution of chromium. The
shape of the transient is essentially similar to that shown in Fig. 2-4(b) except for current

peaks observed just after photo irradiation commence or is terminated.

(¢) OFF

ON

A .

15s!

Fig. 2-4 Schematic illustration of photocurrent transients observed in the present work.

Figure 2-5 shows photocurrent spectra obtained for the passive film formed on
Ni-18Cr alloy at 0 mV as a function of wavelength of incident light. As previously

described, photocurrent value was determined in the present work as current change before
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irradiation and after 15s light irradiation. Assuming that the photo excitation takes place as
an indirect transition, which has been often reported for passive films'®'?"15+19)

photocurrent spectrum can be plotted according to Eq. (2.1) as photoelectrochemcal action

spectrum

1
(z‘ph-hv/IO)E:C(hv—Eg), @
where [y and & v are the intensity and the photon energy of the incident light, respectively.
E, is the band gap energy of passive film and C is constant. Figure 2-6 shows the
photoelectrochemical action spectra obtained from the photocurrent spectra shown in Fig.
2-5. It is clear that each action spectrum shows two regions with different slopes. XPS
analysis revealed that passive films formed on pure Ni and Ni-Cr alloys consisted of an
inner oxide layer and an outer hydroxide layer'®. Strehblow et al. also reported that passive
films formed on Ni-Cr alloys consisted of a two-layer with an inner oxide and an outer
hydroxide layer'®. Therefore, it can be assumed that the photocurrent was generated from
both layers, that is, the observed photocurrents were a sum of responses from two
components. In the present work the photocurrent spectra were separated into two. The
process of spectrum separation is schematically shown in Fig. 2-7. The original spectrum
fits with a straight line in the low energy region to obtain the solid line with band gap of
Egi. The reminder of spectrum is obtained by subtracting the solid line from the original
spectrum. The reminder of spectrum similarly fits with dot line in given Eg. Therefore,

this spectrum can be separated into two components using the separation process™"".
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Fig. 2-5 Photocurrent spectra for the passive film formed on Ni-18Cr alloy at 0 mV in pH

8.4 borate buffer solution. The spectra were measured at various potentials.
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Band gap energy was estimated as the photon energy where the (ipn-h v/]o)l/ ? becomes

zero in the photoelectrochemical action spectrum. Band gap energies for the passive film
formed on Ni-18Cr alloy at 0 mV were estimated as approximately 2.3 eV and 3.5 eV.
Estimated band gap energies were nearly constant for all passivation potentials, measuring
potentials, and specimens examined as shown in Fig. 2-8. By referring to previous works
on pure Ni*' ¥, For pure Ni, the component with the band gap energy of 3.5 eV is NiO
whereas that with the energy of 2.3 eV is Ni(OH),. For Ni-Cr alloys, on the other hand,
XPS analysis demonstrated that passive films on Ni-Cr alloys consist mainly of an inner
Cr,0; and a covering Cr(OH); layer'® and furthermore, Quarto et al.*> reported band gap
energy of Cr,0O3 and Cr(OH)s as approximately 3.5 eV and 2.4 eV, respectively, as shown
in Fig. 2-9. Therefore the band gap energies of 3.5 eV and 2.3 eV obtained for Ni-Cr alloys
from the photoelectrochemical response are attributed mainly to Cr,Os; and Cr(OH)s,
respectively. These indicate that passive films formed on pure Ni and Ni-Cr alloys in the
pH 8.4 borate buffer solution can be composed of an inner oxide layer with the band gap
energy of 3.5 eV and an outer hydroxide layer with 2.3 eV independent of composition of
the passive films. Figure 2-10 summarizes the slope of photoelectrochemical action
spectrum, C, for the passive films formed on pure Ni and Ni-Cr alloys as a function of
measuring potential. The passive films were formed at 400 mV in the pH 8.4 borate buffer
solution. It is clear that the C values for the oxide layers are negative for all potentials
examined and the absolute value of the slope increases with decreasing applied potential.
This is a typical p-type semiconducting behavior. On the other hand, C values obtained for
the hydroxide layers are very small and increases almost linearly from negative to positive
with applied potential. Such behavior is not typical for semiconductor electrode. Therefore,

conduction type of semiconductor cannot be clearly determined for the hydroxide layers
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only from the potential dependence of C value. It is also apparent from Fig. 2-10 that the C
values obtained for the hydroxide layers are similar independent of the specimens whereas
the C value for the oxide layer formed on pure Ni is slightly smaller than those obtained
for Ni-Cr alloys. Figure 2-11 shows the potential dependence of C value obtained for the
passive films on Ni-18Cr alloy formed at various film formation potentials. As apparent,
the potential dependences in Fig. 2-11 are essentially similar to those already explained in
Fig. 2-10. Therefore, the oxide layer of the passive film exhibits p-type semiconductive
behavior independent of the film formation potential. However, the C value clearly shows
difference in its amplitude, that is, the absolute C value increases with increasing the film
formation potential. On the other hand, the C value is similar for all hydroxide layers
formed at the film formation potentials examined. From Fig. 2-10 and 2-11, the flat band
potential can be also estimated approximately as 400 mV and 200 mV for inner oxide layer

and outer hydroxide layer, respectively.
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Fig. 2-8 Band gap energies of passive film formed on Ni-based alloys in the borate buffer

solution.
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Fig. 2-11 Variations in the slopes of the photoelectrochemical action spectra, C, for passive

films formed on Ni-18Cr alloy at various potentials in the pH 8.4 borate buffer solution.
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2.3.3 Photoelectrochemical response in sulfuric acid solution

Photocurrent spectra were measured also for passive films on pure Ni and Ni-Cr
alloys in the sulfuric acid solution. Similar photocurrent spectra and photoelectrochemical
action spectra were obtained in the sulfuric acid solution to those in the borate buffer
solution as shown Figs. 2-12 and 2-13. In the sulfuric acid solution photoelectrochemical
action spectra were also separated into two components, yielding the band gap energies of
3.5eV and 2.3 eV. Figure 2-14 shows band gap energies for passive films formed on pure
Ni and Ni-Cr alloys in the sulfuric acid solution. Similar to the case of the borate buffer
solution, band gap energies were independent of applied potentials and composition of the
passive films. Figure 2-15 shows potential dependence of the slope of the
photoelectrochemical action spectrum, C, for passive films formed at 700 mV in the
sulfuric acid solution. Similar to the results obtained for the borate buffer solution, in the
sulfuric acid solution the slope of the action spectra for oxide layer is negative for all
applied potential and the absolute value clearly increases with decreasing potential whereas
the slope for hydroxide layer slightly increases from negative to positive with applied
potential. From Fig. 2-15, measured flat band potential were approximately as 700 mV and

450 mV for inner oxide layer and outer hydroxide layer, respectively.
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shown in Fig. 2-12.
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2.3.4 Electrochemical impedance spectroscopy

The electrochemical impedance was measured with similar procedure to the
measurement of photocurrent response. The applied potential at which impedance was
measured were sequentially shifted in the less noble direction with the interval of 100 mV.
The capacitance of space charge layer of passive film was estimated from the impedance at
each measuring potential with the frequency of 100 Hz. Mott-Schottky equation expresses

the relation between the capacitance space charge layer and the applied potential (Eq. 2.2),

L: 2 [E—Efb—k—T], (2.2)

where N represents the carrier density, ¢ is the dielectric constant of the passive film, g is
the vacuum permittivity, ¢ is the elementary charge, & is the Boltzman constant, 7 is the
absolute temperature and Ejp is the flat band potential. Figure 2-16 shows the
Mott-Schottky plots for the passive films formed on pure Ni and Ni-Cr alloys. The slope of
Mott-Schottky plot was almost horizontal as shown in Fig. 2-16. Therefore, it is difficult to
estimate the conduction type of semiconductor, defect density and flat band potential. As
described in the previous section, passive films formed on Ni-Cr alloys consist of inner
oxide and outer hydroxide part. In case of impedance spectroscopy measurement, the
capacitance of outer part of the layer has been basically considered to be revealed.
However, the width of space charge layer for outer layer of the passive film formed on
Ni-Cr alloy is very thin. The width of space charge layer was not increased enough for the
change of potential gradient. Therefore, the semiconductive properties could not be

evaluated using Mott-Schottky plot, because capacitance was unchanged.
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Fig. 2-16 Mott-Schottky plots for passive films formed on Ni-based alloys in (a) the

sulfuric acid solution and (b) the borate buffer solution.
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2.4 Discussion
2.4.1 Electronic energy band structure model and its correlation with photocurrent

transient

As mentioned above, for the passive films formed on pure Ni and Ni-Cr alloys in the
pH 8.4 borate buffer and sulfuric acid solutions, the band gap energy of oxide layer was
obtained as 3.5 eV whereas that of hydroxide layer was estimated as 2.3 eV. The band gap
energies were almost independent of film formation potential, measuring potential, and
specimen. Furthermore, similar trend was also observed in the potential dependence of C
value in both solutions, that is, C value for oxide layer is negative for all applied potential
and its absolute value increases with decreasing potential while C value for hydroxide
layer slightly increases from negative to positive with applied potential. Therefore, it is
found that the oxide layers formed in the both solutions exhibit p-type semiconducting
behavior. As for the hydroxide layer clear potential dependence of the C value was not
observed in the both solutions, the conduction type of semiconductor could not be
determined. Figure 2-17(a) and 2-17(b) summarize directions of steady state photocurrent
in the potential range where the photocurrent measurements were performed in the borate
buffer solution and the sulfuric acid solution, respectively. In the figure, “larger 4y~ means
that the photo excitation occurs in both oxide and hydroxide layers whereas on “smaller /1
the excitation takes place in only hydroxide layer. It is clear that the potential range can be
classified into three types; (I) only positive photocurrent is obtained independent of photon
energy, (II) negative and positive photocurrents are obtained for larger and smaller photon
energy, respectively, (III) only negative photocurrent is obtained. Assuming that the
passive films formed on pure Ni and Ni-Cr alloys in both solutions consist of the inner
p-type oxide layer with the band gap energy of 3.5 eV and the covering n-type hydroxide
layer with 2.3 eV, the photocurrent transients obtained for passive films on pure Ni and
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Ni-Cr alloys can be reasonably explained using an electronic band structure model. The
proposed electronic band structure model is illustrated as shown in Fig. 2-18(a). In the
system, there are three interfaces; (I) substrate/inner oxide layer, (II) inner oxide
layer/outer hydroxide layer, (III) outer hydroxide layer/solution. The band structure varies
with applied potential as shown in Fig. 2-18(b) - 2-18(e). In the potential range examined
the space charge layer formed at the interface (III) is in the depleted state, and the width of
the space charge layer decreases with decreasing applied potential as the outer hydroxide
layer behaves as n-type semiconductor. At the interface (II) a p/n heterojunction is created
as two semiconductive components with different band gap energies are connected at the
interface; p-type oxide layer with the band gap energy of 3.5 eV and n-type hydroxide
layer with 2.3 eV. The space charge layers created inside the p-type oxide layer (denoted as
SCL(II,) in Fig. 2-18(a)) and inside the n-type hydroxide layer (denoted as SCL(Ily) in Fig.
2-18(a)) are both in the depleted state. The width of both space charge layers increases
with decreasing applied potential. At the interface(I), ohmic contact is considered to be
formed. In this model, the conduction band edge and the valence band edge are assumed to
be pinned at the passive film/solution interface and the potential applied to a substrate

appears at space charge layers.
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Fig. 2-17 Diagrams of the potential regions exhibiting the direction of photocurrent
generated for oxide and hydroxide layers formed in (a) the pH 8.4 borate buffer

solution and (b) the sulfuric acid solution.

48



a) Substrate Passive film Solution

. .
C. B. oxide Hydroxide
. .

e

35eV 3
.

N\

N

H a
P23eVa
. .

v.B. scLaplséLan) fscLamy
1 1 m

iuhslrlltc Passive film  Solution Substrate Passive film  Solution Substrate Passive film  Solution Substrate  Passive film  Solution
/ 1 P/ #, ” prrvTn

-
N

\

NGNS
[eo]

- —
—

T |
)

Ko
(d) (e)

(b)

Potential / mV

Fig. 2-18 Schematic drawings of (a) an electronic band structure model of passive
films on pure Ni and Ni-Cr alloys and (b-e) changes of the band structure with the

applied potential in the noble direction.
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Photo excitation takes place only in the outer hydroxide layer, that is, the SCL(II)
and the SCL(III) when the photon energy of the light is ranged from 2.3 eV to 3.5 eV
(denoted as “smaller 4y in Fig. 2-17(a) and 2-17(b)). The holes generated in the hydroxide
layer move into the inner oxide layer (SCL(II})) and also towards solution (SCL(III)) along
the potential gradients whereas the photo-excited electrons might be accumulated in the
conduction band in the hydroxide layer as potential barriers exist at both interfaces (II) and
(IIT). Although most of photo-excited electrons will be recombined with holes, some
accumulated electrons in the conduction band might modify the energy band as shown with
dashed lines in Fig. 2-18(c) - 2-18(e). The net photocurrent generated just after photo
irradiation commences is determined by the balance of inward and outward migration of
holes. Therefore, at higher potential, photocurrent is generated mainly as anodic current
because the SCL(III) is wider compared to the SCL(Ily). Then, the energy band in the
hydroxide layer is changed as shown in Fig. 2-18(e) due to the accumulation of electrons in
the conduction band in the hydroxide layer. This modification might increase the width of
the SCL(III), leading to the gradual increase of photocurrent after the rapid increase of
anodic current as shown in Fig. 2-4(b). By decreasing applied potential the width of the
SCL(III) decreases whereas that of the SCL(Ily) increases. Therefore, at a certain potential
(for examples 200 mV in the borate buffer solution, 500 mV in the sulfuric acid solution;
see Fig. 2-17(a) and 2-17(b)), the contributions of the SCL(III) and the SCL(Ily) to
photocurrent become equivalent. As a result, the net photocurrent becomes zero. Further
decrease of applied potential results in the opposite situation as shown in Fig. 2-4(c), that is,
the width of the SCL(II,) is larger than that of the SCL(III). This might lead to the rapid
increase of the current in the cathodic direction just after photo irradiation commences.
Furthermore the subsequent band modification will cause gradual increase of the current as
shown in Fig. 2-4(a).
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Photo irradiation with larger photon energy than 3.5 eV leads to the generation of
electron-hole pairs in both oxide and hydroxide layers. Holes generated in the SCL(II,)
migrate towards substrate along the potential gradient in the oxide layer. Photo-excited
electrons, on the other hand, move to the conduction band in the hydroxide layer. This
charge separation generates negative photocurrent. At higher applied potential, however,
the SCL(II,) formed in oxide layer is very narrow and the contribution of the layer to the
photocurrent is very small. Therefore, the net photocurrent is determined by the balance of
inward and outward migration of holes in the hydroxide layer. When the SCL(III) is wider
compared to the SCL(Ily), therefore positive photocurrent is generated also by photo
irradiation with larger energy than 3.5 eV with current transient in Fig. 2-18(b). Slight
potential shift in the less noble direction cause the SCL(Il;) wider and therefore its
contribution to photocurrent becomes larger, resulting in net negative photocurrent even
when the photocurrent generated by photo irradiation with the smaller energy is positive.
In the situations shown in Fig. 2-18(c) and 2-18(d), the photo-excited electrons created in
the oxide layer can migrate through the hydroxide layer due to the band modification
explained above and reach the interface of the hydroxide layer/solution to be consumed by
some cathodic reaction. Therefore negative photocurrent is observed at lower applied
potential.

As the photocurrent transient shown in Fig. 2-4(c) is observed at higher applied
potential, the process of photocurrent generation can be essentially similar to that
explained above. Cathodic and anodic peaks just after photo irradiation commences and is
terminated, respectively, are observed on Ni-Cr alloys when polarized around the
transpassive region of chromium. Therefore, they might be related to the traspassive

dissolution of chromium, but the details are not clear at the moment.
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2.4.2 Comparison of passive films on Ni-Cr alloy with passive films on Fe-Cr alloy

From the results on the photoelectrochemical response we proposed that the passive
films formed on pure Ni and Ni-Cr alloys consist of inner p-type oxide layer with the band
gap energy of 3.5 eV and outer n-type hydroxide layer with 2.3 eV. Although the electronic
energy band structure is similar independent of the specimens, differences can be observed
in the slope of the photoelectrochemical action spectrum, that is, the C value depending on
the specimens.

In the pH 8.4 borate buffer solution, as shown in Fig. 2-9 and 2-10, the C value for
hydroxide layer is very similar among the specimens whereas there is a clear difference in
the C value between pure Ni and Ni-Cr alloys for oxide layer. The difference becomes
more apparent in the sulfuric acid solution (see Fig. 2-14). Furthermore, in the sulfuric acid
solution, the C value even for hydroxide layer formed on pure Ni is different compared
with those on Ni-Cr alloys. It is clear from Figs. 2-9 and 2-14, on the other hand, that the C
values for oxide and hydroxide layers on Ni-8Cr alloy are quite similar to those on
Ni-18Cr alloy in both solutions. These can be attributed to the chemical compositions of
passive films formed on the specimens. As mentioned above, the passive films formed on
Ni-Cr alloys consist mainly of an inner Cr,O3 layer and a covering Cr(OH); layer,
indicating that chemical composition of passive films formed on Ni-Cr alloys is totally
different from that on pure Ni, This difference in composition can change the electronic
properties of both layers, leading to the change in the C value from the value obtained for
pure Ni. In the pH 8.4 borate buffer solution, however, significant amount of Ni is
incorporated into hydroxide layer. Therefore, the C values for hydroxide layer formed on
Ni-Cr alloys did not change compared to those obtained for pure Ni. On the other hand, Cr
enrichment occurs in both layers of passive films formed on Ni-Cr alloys in the sulfuric
acid solution due to enhanced dissolution of nickel and as a result the C values in both
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oxide and hydroxide layers are different from those obtained for pure Ni. As even in the
sulfuric acid solution, chromium content in passive films on Ni-8Cr is similar to that on
Ni-18Cr, however, the C values obtained for both alloys are almost same in all
experimental conditions. It is well known that chromium enrichment is significantly
facilitated on Fe-Cr alloys in acid solutions compared to in neutral solutions. Therefore, the
chromium enrichment in acid solutions can drastically affect the electronic band structure
of passive films on Fe-Cr alloys. Fujimoto et al. mentioned that the passive film formed on
Fe-18Cr alloy in a borate buffer solution consists of an inner n-type oxide layer and an
outer n-type hydroxide layer whereas in a sulfuric acid solution, the passive film formed on
Fe-18Cr alloy is composed of an inner p-type oxide layer and an outer n-type hydroxide
layer'®'?. Therefore, it is found that chromium content in passive films can affect the
electronic properties of passive films formed on Fe-Cr and Ni-Cr alloys, and when the
chromium content in passive films is beyond critical amount even electronic band structure

can be modified.
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2.5 Conclusion

Semiconductive properties of passive films formed on pure Ni and Ni-Cr alloys in a
0.1M sulfuric acid and a pH 8.4 borate buffer solutions were investigated by the
photoelectrochemical response. Observed photocurrents were strongly affected by various
parameters such as the film formation potential, pH of solution and Cr content whereas flat
band potentials were affected only by pH. From detailed analysis of the
photoelectrochemical response, we proposed a heterogeneous structure with p/n junction —
the inner p-type oxide layer with the band gap energy of 3.5 eV and the outer n-type
hydroxide layer with 2.3 eV — for the passive films formed on pure Ni and Ni-Cr alloys.
The band structure model can be applied for the passive films formed on pure Ni and Ni-Cr
alloys in both solutions, different from the passive films of Fe-Cr alloys for which different

electronic band structure models were proposed depending on pH of solutions.
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Chapter 3 Semiconductive Properties of Passive Films Formed on Alloy

600 and Alloy 690; Influence of Alloy Composition

3.1 Introduction

Alloy 600 and Alloy 690 have been used as structural materials of chemical plants and
equipments of power generator etc. because of their high corrosion resistance. The high
corrosion resistance is attributed to passive films on the materials and strongly depends on
the structures, compositions and properties of passive films'"?. Therefore, the analysis of
passive films has been considered to be prerequisite and carried out with various analytical
techniques.

As already mentioned, semiconductive properties of passive films formed on
Ni-based alloys have been studied using the photoelectrochemical response and the
electrochemical impedance technique””. In the chapter 2, the author also examined
semiconductive properties of passive films formed on pure Ni and Ni-Cr alloys and
proposed the electronic band structure model of the passive films.

In the present chapter, semiconductive properties of passive films formed on Alloy
600 and Alloy 690 in a 0.1 M sulfuric acid solution and a pH 8.4 borate buffer solution
were studied using the photoelectrochemical response. Especially how chemical

composition of passive films affects semiconductive properties is focused.

57



3.2 Experimental

Materials examined were Alloy 600, Alloy 690 and high-purity Alloy690. The
chemical compositions of the alloys were listed in Table 3-1. The surfaces of the materials
were polished mechanically with SiC abrasive paper and mirror finished with alumina
pastes, then cleaned with ethanol, methanol and distilled water, successively. Solutions
used in the present work were a 0.1M H,SO4 and a pH 8.4 borate buffer solution. Both
were deaerated for more than 12 hours with N, gas prior to experiments. Electrochemical
measurements were carried out in a conventional three-electrode cell with a platinum plate
and Ag/AgCl electrode as a counter electrode and a reference electrode, respectively.

The polarization curves were measured from -600 to 2000 mV in the sulfuric acid
solution and from -1000 to 2000 mV in the borate buffer solution with a scan rate of 1
mV/s. Photoelectrochemical response was examined around passive regions of the
materials in the solutions. A specimen was polarized at a desired film formation potential,
Es, in a passive region for 24 hours before photoelectrochemical response measurement
commences. In the measurement the monochromatic light obtained using a 150 W Xenon
arc lamp with a grating monochromator was irradiated on the specimen in the
electrochemical cell through a quarts window. A current change caused during the
photoirradiation for 15 s was recorded as photocurrent transient at the film formation
potential. Then the applied potential was changed stepwise with the interval of 100 mV in
the less noble direction. Photocurrent transient was measured at each measuring potential,
Em, with changing the wavelength of the incident light from 250 to 500 nm. The XPS
analysis was also carried out using a Rigaku XPS-7000 spectrometer equipped with x-ray
source of Al-Ka without any sputtering techniques. The composition of passive films was
quantitatively computed from the integrated peak intensities of the Ni2ps,, Cr2ps., Fe2psp,
Ols and Cls spectra.
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Table 3-1 Chemical compositions of specimens. (wt%)

59

C Si Mn Co Ni Cr Fe Mo Ti Al P S B
Alloy 600 0.010  0.310  0.360 - 75.010 15710 7.350 - - - 0.009  <0.001 -
Alloy 690 0.020 0.120 0.260 0.030 Bal 29.550 9.610 0.020 0.110 0.90  90.00% 20.00* <10*
High-purity Alloy 690]0.0019 0.01 <0.01  0.02 Bal 28.92 10.0 0.01 0.09 0.09  0.0009 0.0008 <0.0001
(* ppb)




3.3 Results
3.3.1 Polarization curves of Alloy 600 and Alloy 690

Figures 3-1 and 3-2 show potentiodynamic polarization curves of Alloy 600 and
Alloy 690 in the sulfuric acid solution and the borate buffer solution, respectively.
Polarization curves measured for Ni-18Cr alloy and Ni-30Cr alloy are also included as
comparison. It is clear that in the sulfuric acid solution the polarization curves of Alloy
600 and Alloy 690 were similar to those obtained for Ni-18Cr alloy and Ni-30Cr alloy,
respectively, except for passive current density. The passive current densities obtained
for Alloy 600 and Alloy 690 were slightly lower compared to those for Ni-18Cr alloy
and Ni-30Cr alloy. From the figure the passive region in the sulfuric acid solution was
determined from 100 to 900 mV for Alloy 600 and Alloy 690. In the borate buffer
solution, on the other hand, the passive region and the transpassive region was located
between -400 and 400 mV and between 400 and 900 mV, respectively, for both
specimens. Photoelectrochemical response measurements were performed around the

passive regions.
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Fig. 3-1 Polarization curves of Alloy 600 and Alloy 690 measured in the sulfuric acid

solution.
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3.3.2 Photoelectrochemical response for passive films formed on Alloy 600 and
Alloy 690 in sulfuric acid solution
Figure 3-3 shows typical photocurrent transients recorded for passive films
formed on Alloy 600 and Alloy 690. As apparent, the photocurrent transient is not
constant, but varies during photoirradiation. Therefore, in the present work the
difference between current recorded just before photoirradiation and after 15 s was

defined as photocurrent and analyzed also in the present work.

(b)

Fig. 3-3 Example of photocurrent transients obtained for passive films formed on Alloy

600 and Alloy 690 in the sulfuric acid solution and the borate buffer solution.

Figure 3-4 presents photocurrent spectra obtained at various measuring potentials
for the passive film formed on Alloy 690 at 500 mV for 24 hours in the sulfuric acid
solution. It is clear that photocurrent varies depending on applied potential as well as
the wavelength of incident light. As the intensity of the light is different depending on
wavelength, photocurrent spectra were normalized for further analyses also in the
present work. Assuming that the photo excitation takes place as an indirect transition D,

1919 shotocurrent spectra can be normalized as photoelectrochemical action spectrum

(ig-hv/1,)2 =C(hw-E,) 3.1

where lp and hv are the intensity and the photon energy of incident light, respectively,

and E, is the band gap energy of passive film. C is the slope of photoelectrochemical
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action spectrum and reflects the amplitude of photocurrent generated. By replotting the
photocurrent spectra in Fig. 3-4, photoelectrochemical action spectra are obtained as
shown in Fig. 3-5. As clear from the figure, the photoelectrochemical action spectra do
not exhibit one straight line, but two regions with different slopes. Furthermore it is
noticeable that the spectrum obtained at 500 mV exhibits both positive and negative
values depending on the photon energy. When photocurrent is generated from a single
layer, the photocurrent should not change its direction at a fixed potential even if the
wavelength of incident light is changed. Angle-resolved XPS analysis revealed that
passive films formed on Alloy 600 and Alloy 690 in the sulfuric acid solution consist of
duplex layers, that is, an inner oxide layer and a covering outer hydroxide layer.
Chemical compositions of the passive films formed on both alloys in the sulfuric acid
solution are summarized in Table 3-2. Therefore one may deduce that photocurrent
obtained for passive film is considered as sum of two components originated from an
oxide layer and a hydroxide layer. In the present work, therefore, the
photoelectrochemical action spectra were separated into two components and then band
gap energy and slope of photoelectrochemical action spectrum were estimated. Band

172

gap energy, E,, is obtained as the photon energy at which the (ipwhv/ lg) ™~ equals to

zero in photoelectrochemical action spectra. Details of the separation process were
reported in the chapter 2. From the photoelectrochemical action spectra shown in Fig.
3-5, the band gap energies for the passive film formed on Alloy 600 at 500 mV in the
sulfuric acid solution were estimated as approximately 3.5 eV and 2.3 eV. The band gap
energies were independent of alloy composition and measuring potential as shown in
Fig. 3-6. Referring to the literatures®'?, the band gap energy of both NiO and Cr,O;
was reported as approximately 3.5 eV while the band gap energy of Ni(OH), and

Cr(OH); was estimated as approximately 2.3 eV. This is in line with results obtained
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from the XPS analysis. Figures 3-7 and 3-8 show variations in the slope of the
photoelectrochemical action spectrum, C, for passive films formed on Alloy 600 and
Alloy 690 in the sulfuric acid solution, respectively. It is clear that C values for oxide
layer are negative for all applied potentials and the absolute values increases with
decreasing applied potential. On the other hand, slopes obtained for hydroxide layer
increases from negative to positive with increasing applied potential although the C

values are very small compared to those for oxide layer.

Table 3-2 Cation fractions in passive films formed on Alloy 600 and Alloy 690.

Hydroxide layer Oxide layer
Ni(hyd) | Cr(hyd) | Fe(hyd) | Ni(ox) Cr(ox) Fe(ox)
. N Alloy 600 0.197 0.571 0.232 0.115 0.698 0.187
Surfuric acid solution
Alloy 690 | 0.094 0.682 0.224 0.067 0.823 0.110
Borate buffer solution | Alloy 690 | 0.206 0.588 0.206 0.159 0.502 0.339
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Fig. 3-4 Photocurrent spectra for the passive film formed on Alloy 690 at 500 mV in the

sulfuric acid solution. The spectra were obtained at various measuring potentials.
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for passive films formed on Alloy 600 at several potentials in the sulfuric acid solution.
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Fig. 3-8 Variations in the slopes of the photoelectrochemical action spectra, C, obtained

for passive films formed on Alloy 690 at several potentials in the sulfuric acid solution.
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3.3.3 Photoelectrochemical response for passive films formed on Alloy 600 and Alloy
690 in borate buffer solution

Photocurrent spectra were measured also for passive films formed on Alloy 600 and
Alloy 690 in the borate buffer solution as shown in Figs. 3-9. In Fig. 3-10, similar
photoelectrochemical action spectra obtained from Fig. 3-9 were obtained in the borate
buffer solution to those in the sulfuric acid solution. Therefore photoelectrochemical
action spectra in the borate buffer solution were also separated into two components,
yielding the band gap energies of 3.5 eV and 2.3 eV. Figure 3-11 summarizes the band
gap energies for passive films on alloy 600 and Alloy 690 in the borate buffer solution.
The band gap energies are almost constant independent of alloy composition, applies
potentials and solutions. Figure 3-12 shows potential dependence of the slope of the
photoelectrochemical action spectrum, C, for passive films formed at 0 mV in the borate
buffer solution. Similar to the results obtained for the sulfuric acid solution, in the borate
buffer solution the slope of the action spectra for oxide layer is negative for all applied
potential and the absolute value clearly increases with decreasing potential whereas the
slope for hydroxide layer slightly increases from negative to positive with applied
potential. However, different from the result for the sulfuric acid solution, the C value for

oxide layer on Alloy 600 is similar to that on Alloy 690.
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Fig. 3-9 Photocurrent spectra for the passive film formed on Alloy 690 at 200 mV in the

borate buffer solution. The spectra were obtained at various measuring potentials.
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shown in Fig. 9.
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high-purity Alloy 690 in the borate buffer solution.

74



3 y : : |
23V -----:::::::::Q
‘73 3k :6 -
% -6} |
<
X 9
= IF | -
= E;z :2.3eV I:D Alloy 600, Et— :0mV
-~ 3.5eV O Alloy 690, E,: 0 mV
O -n2p -
B Alloy 600, E,: 0 mV
E,:3.5¢eV [
@ Alloy 690, E,: 0 mV
15 . _ . :
-400 -300 =200 -100 0 100
Potential, Em / mV Ag/AgCl

Fig. 3-12 Variations in the slopes of the photoelectrochemical action spectra, C, obtained
for passive films formed on Alloy 600 and Alloy 690 at several potentials in the borate

buffer solution.
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3.4 Discussion
3.4.1 Electronic band structure of passive films formed on Alloy 600 and Alloy 690
In the chapter 3 semiconductive properties of passive films on Alloy 600 and Alloy
690 in the sulfuric acid solution and the borate buffer solution were examined by the
photoelectrochemical response. As illustrated in Fig. 3-3 photocurrent exhibited three
types of transient for passive films on both alloys. These transients were observed also
for pure Ni and Ni-Cr alloys in the solutions. Furthermore, the potential dependence of
the slope of the photoelectrochemical action spectrum shown in Figs. 3-7 and 3-8 were
quite similar to those obtained for pure Ni and Ni-Cr alloys, that is, the C values for
oxide layer were negative for all applied potentials and the C values increase with
decreasing applied potential whereas the C values for hydroxide layer are very small
compared to those for oxide layer and increase from negative to positive with applied
potential. Therefore the electronic band structure of passive films formed on Alloy 600
and Alloy 690 is considered to be similar to that proposed for pure Ni and Ni-Cr alloys —
passive films on Alloy 600 and Alloy 690 consist of p-type inner oxide layer with the
band gap energy of 3.5 eV and n-type outer hydroxide layer with the band gap energy of

23eV'Y,
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3.4.2 Influence of chemical composition of passive films on semiconductive
properties

As described above, the electronic band structure of passive films on Alloy 600 is
same as that for Alloy 690. However, a difference can be observed in the amplitude of
photocurrent. It is clear from Figs. 3-7 and 3-8 that in the sulfuric acid solution, the C
values obtained for Alloy 600 are slightly larger than those for Alloy 690. The difference
in the amplitude of photocurrent was observed also between pure Ni and Ni-Cr alloys in
the chapter 2. Table 3-2 indicates chemical compositions of passive films formed on
Alloy 600 and Alloy 690 in the sulfuric acid solution, quantitatively examined with the
XPS. The XPS result clearly indicates that passive films formed both on Alloy 600 and
Alloy 690 in the sulfuric acid solution consist mainly of an inner chromium oxide and an
outer chromium hydroxide layer. However, more chromium is enriched in the passive
film formed on Alloy 690 than that on Alloy 600. It is found, therefore, that this chemical
composition difference can affect the amplitude of photocurrent.

It is well known that the chemical composition of a passive film can be affected not
only by the chemical composition of a substrate but also by environment. An example is
found in Table 3-2. In the sulfuric acid solution, as mentioned above, a passive film
formed on Alloy 690 consists mainly of an inner chromium oxide layer and a covering
chromium hydroxide layer, that is, less iron is incorporated in the passive film due to the
selective dissolution. On the other hand, in the borate buffer solution, such selective
dissolution of iron is suppressed, meaning that a certain amount of iron is incorporated in
the passive film on Alloy 690. In order to examine the effect of iron incorporation into
passive film, the photoelectrochemical response for the passive film formed on Alloy 690
in the borate buffer solution was examined. The photoelectrochemical response for the
passive film formed on Ni-30Cr alloy was also investigated as comparison. Note that
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Ni-30Cr alloy contains almost same amount of chromium as Alloy 690, but does not
contain iron. Figures 3-13 and 3-14 show variations of the slope of the
photoelectrochemical action spectrum of passive films on Alloy 690 and Ni-30Cr alloy in
the sulfuric acid solution and the borate buffer solution, respectively. It is apparent that in
the sulfuric acid solution which dissolves iron from a passive film on Alloy 690, the C
values are more or less similar for oxide layer as well as hydroxide layer between the
specimens whereas in the case of the borate buffer solution in which a passive film
formed on Alloy 690 incorporates a certain amount of iron, the C values obtained for
oxide layer on Alloy 690 are clearly different from those on Ni-30Cr alloy. This indicates
that the incorporation of iron in passive films can affect semiconductive properties. For
further investigation, the photoelectrochemical response were examined for passive films
formed on high-purity Alloy 690 and compared to those on conventional Alloy 690.
Results are summarized in Figs. 3-15 and 3-16. As apparent, impurities that are included
in conventional Alloy 690 exhibit no effects on semiconductive properties of passive
films of Alloy 690. Therefore, it can be concluded that when a certain amount of

impurity is incorporated into passive films, semiconductive properties can be affected.
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Fig. 3-13 Variations in the slopes of the photoelectrochemical action spectrum, C,
obtained for passive films formed on Alloy 690 and Ni-30Cr alloy in the sulfuric acid

solution.
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Fig. 3-14 Variations in the slopes of the photoelectrochemical action spectrum, C,
obtained for passive films formed on Alloy 690 and Ni-30Cr alloy in the borate buffer

solution.
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3.5 Conclusion

Semiconductive properties of passive films formed on Alloy 600 and Alloy 690 in a
0.1M sulfuric acid solution and a pH 8.4 borate buffer solution were examined by the
photoelectrochemical response. Duplex structure consisting of a p-type inner oxide layer
with the band gap energy of 3.5 eV and an n-type outer hydroxide layer with the band
gap energy of 2.3 eV was proposed as an electronic band structure model for the passive
films. In the case of sulfuric acid solution, the slopes of the photoelectrochemical action
spectrum, C, for Alloy 690 were similar to those for Ni-30Cr alloy while in borate buffer
solution, the slopes of the photoelectrochemical action spectrum, C, for Alloy 690 were
quite different from those for Ni-30Cr alloy. These behaviors were attributed to the
modification of semiconductive properties by the incorporation of Fe into passive films.
In the borate buffer solution, more Fe was doped into passive films, which leads to the
change in photoelectrochemical response. However, impurities included in commercial

Alloy 690 did not cause any changes in semiconductive properties of passive films.
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Chapter 4 Photoelectrochemical Response of Passive Films Formed
on Alloy 600 and Alloy 690 in High Temperature and High
Pressure Water; Influence of Dissolved Hydrogen and

Cold Working

4.1 Introduction

As corrosion resistance of metallic materials is ascribed to passive film on surface,
the structure and properties of passive films have been examined. Semiconductive
property is one of the most investigated properties of passive films and can be studied

by photoelectrochemical response and electrochemical impedance spectroscopy' ™.

In
particular, extensive efforts have been paid to reveal semiconductive properties of
passive films on stainless steels in various environments” . Pure Ni and Ni-Cr alloys
have been also often studied. For examples, Wilhelm et al. examined that
semiconductive properties of passive film formed on pure Ni in a pH8.4 borate buffer
solution by the photoelectrochemical response and found that the passive film
exhibited p-type semiconductive nature with the band gap energy of 3.1 eV'?. Jang et
al. investigated effects of Cr on the structure and electronic properties of passive films
formed on Ni-Cr alloys and reported that electronic properties were affected by
composition of passive films formed on the surfaces'”. Sunseri et al. proposed a
duplex structure consisting of inner anhydrous layer with the band gap energy of
approximately 3.45 eV and the outer hydrated oxide layer with the band gap energy of
3.0 eV as an band structure model of passive films formed on pure Ni in pH 8.4 and
pH 8.9 borate buffer solutions'®. Belo et al. suggested a p-n heterjunction structure

consisting of an inner p-type region, consisting mainly of chromium oxide, and an
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outer n-type region containing iron-nickel oxide as an electronic band structure model
of the passive films formed on Ni-based alloys type Alloy 600 in acidic solution and

17),18)

borate buffer solution. . The present authors also examined semiconductive

properties of passive films formed on pure Ni, Ni-Cr alloys, Alloy 600 and Alloy 690
in acidic and neutral solutions at room temperature'®.

Alloy 600 and Alloy 690 have been used as a structural material for steam
generator in pressure water reactor (PWR). Therefore, it is important to examine
semiconductive properties of passive films formed on the alloys not only at room
temperature but also at elevated temperature. Marchetti et al.”” studied semiconductive
properties of the passive films formed on Ni-30Cr alloy, Alloy 600 and Alloy 690 in
high temperature and high pressure water. They separated photoelectrochemical
response into three components, that is, three band gap energies of 2.2, 3.5 and 4.1~4.5
eV were estimated. The band gap energy of 2.2 eV was attributed to Ni hydroxide
and/or Ni ferrite and that of 3.5 eV was ascribed to Cr,Os. Furthermore, it was reported
that the spinel phase Ni;.\Fe,Cr,O4 exhibited the band gap energy of 4.1 ~ 4.5 eV. Kim

1.2V examined effects of the solution temperature and the pH on the electrochemical

eta
properties of oxide films on Alloy 600. They reported that the oxide formed in 0.5 M
H;BOs(pH 4.4) at 300 °C showed the p-type semiconducting property unlike the
n-type oxide films up to 250 °C. In higher pH solutions (pH 6.5 or pH 13.4) Ni-rich
oxide films of the p-type were formed.

The present chapter reports semicondutive property of passive films formed on

Alloy 600 and Alloy 690 in high temperature and high pressure water with the focus on

influences of cold working and dissolved hydrogen level.
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4.2 Experimental

Specimens used were Alloy 600 and Alloy 690. Chemical compositions are listed
in Table 4-1. Both alloys were mill-annealed and then subjected to cold working with
the reduction rates of 10 and 20 % (denoted as 0, 10 and 20%CW). The surfaces of
specimens were mechanically ground with SiC abrasive papers and then polished with
alumina pastes. After the polishing, specimens were ultra-sonically cleaned in ethanol,
methanol and distilled water, successively. In the present work, prior to
electrochemical measurements, polished specimens were passivated in diluted aqueous
solution containing 500 ppm B and 2 ppm Li under high temperature and high pressure
(360 °C, 20 MPa). The dissolved oxygen in the solution was maintained at less than 1
ppb and the concentration level of the dissolved hydrogen was controlled as 0, 0.5 and
2.75 ppm.

The electrochemical measurements conducted in the present work were
polarization curve measurement and photoelectrochemical response. Both were carried
out in a three-electrode cell with a platinum counter electrode and an Ag/AgCl
reference electrode in a pH 8.4 borate buffer solution at room temperature. The buffer
solution was deaerated with nitrogen gas for more than 12 hours prior to
measurements.

Polarization curves of specimens were measured from -1000 mV to 2000 mV
with a sweep rate of 1 mV/s in a pH 8.4 borate buffer solution at room temperature. In
the photoelectrochemical response measurement, passivated surface of specimens was
irradiated by monochromatic light generated using a 150 W Xenon arc lamp and a
grating monochromatorin the electrochemical cell through a quartz window, which
results in transient of current. The current transient was recorded as photocurrent for 60
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s as the wavelength was varied from 250 to 500 nm. The photoelectrochemical
response measurements were carried out at 200 mV. Then the applied potential was
changed with the interval of 100 mV in the less noble direction and the

photoelectrochemical response was measured at each potential.

Table 4-1 Chemical compositions of specimens. (wt%)

C Si Mn Co Ni Cr Fe Mo Ti Al P S B

Alloy 600 0.010 0310  0.360 - 75.010 15710  7.350 - - - 0.009  <0.001

Alloy 690 0.020 0120 0.260  0.030 Bal 29.550  9.610  0.020  0.110 0.90  90.00*% 20.00* <10*

(* ppb)
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4.3 Results
4.3.1 XPS analysis of passive films

The structure and composition of passive films formed on Alloy 690 and Alloy 600
in high temperature and high pressure water for 24 hours were analyzed by Hard X-ray
photoelectron spectroscopy (HAX-PES). Figure 4-1 presents typical Ni2p and Cr2p
spectra obtained for passive films formed on Alloy 600 in high temperature and high
pressure water with the dissolved hydrogen (DH) level of 2.75 ppm at elevated
temperatures. Those obtained from an as-polished sample is included as comparison As
shown in Fig. 4-1, the spectra can be decomposed into three peaks, that is, metallic,
oxide and hydroxide. From angle resolved HAX-PES it becomes clear that passive films
formed on the alloy for 24 hours consist of an inner oxide layer and a covering
hydroxide layer. The clear metallic peaks in the spectra ensure that the thickness and
composition of passive films on the alloy in the elevated temperature can be calculated
from the decomposed spectra. Thicknesses of passive films formed on the alloys were a
few tens of nm, affected by dissolved hydrogen level. The passive film formed on the
alloys without dissolved hydrogen (DH = 0 ppm) was thicker than those formed with
DH of 2.75 ppm. Furthermore, dissolved hydrogen affected Cr fraction in passive films.
Without dissolved hydrogen, the Cr fraction in passive films was significantly smaller
compared to that in passive films formed with DH of 2.75 ppm in which the Cr fraction

in passive films was equivalent to alloy compositions.
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Fig. 4-1 XPS spectra (a) Ni2p and (b) Cr2p detected for the passive films formed on
Alloy 600 in high temperature and high pressure water. Spectrum obtained for an

as-polished sample was included as comparison.
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4.3.2 Polarization curves

Figures 4-2 and 4-3 show polarization curves of Alloy 690 and Alloy 600,
respectively, in pHS8.4 borate buffer solution at room temperature. Polarization curves
shown in Figs. 4-2(a) and 4-3(a) were measured just after polishing the specimens while
curves in Figs. 4-2(b) and 4-3(b) were measured for passivated specimens in high
temperature and high pressure water for 24 hours with the dissolved hydrogen level of
2.75 ppm. In the case of Alloy 690 as shown in Fig. 4-2, the passivation in high
temperature and high pressure water clearly decreases current in the potential range
examined and shifts the corrosion potential to the noble direction. It is also apparent that
cold working does not affect polarization behavior of as-polished and passivated Alloy
690. On the other hand, cold working significantly changes polarization behavior of
passivated Alloy 600, in particular, passive current density drastically increases with
increasing the degree of cold working although the polarization behavior of as-polished

Alloy 600 is not affected by cold working.

91



(a) 1“

Current density / A/cm’

10 — Alloy 690-0% CW
+ Alloy 690-10% CW
107 —-=-= Alloy 690-20% CW 1
=10 a a2 2 a 0 & &2 2 2 8 &2 2 2 2 0 2 2 2 2 0 2 2 2 a2 0 . o a
-1000 -500 0 500 1000 1500 2000
Potential, Em1 / mV Ag/AECl

2
—
S
[
LJ

Current density / A/cm
=
&

1rF i —— Alloy 690-0% CW
1 0.-; L Alloy 690-10% CW
----- Alloy 690-20% CW
]0‘10 a a2 a2 a2 & 2 2 a2 2 & a2 2 2 2 & 2 2 2 2 0§ . a2 . .
-500 0 500 1000 1500 2000
Potential, Em / mV .

Fig. 4-2 Polarization curves of (a) as-polished and (b) passivated Alloy 690. The
passivation was carried out in high temperature and high pressure water for 24 hours

with the dissolved hydrogen level of 2.75 ppm.
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Fig. 4-3 Polarization curves of (a) as-polished and (b) passivated Alloy 600. The

passivation was carried out in high temperature and high pressure water for 24 hours

with the dissolved hydrogen level of 2.75 ppm.
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4.3.3 Photoelectrochemical response

The photoelectrochemical response measurement was carried out in pH8.4 borate
buffer solution. Figure 4-4 shows typical photocurrent obtained for passive films formed
on Alloy 600 and Alloy 690 in high temperature and high pressure water at the
dissolved hydrogen level of 2.75 ppm. It is clear that photocurrent exhibits some
transient. The shape of the photocurrent transients obtained from passive films formed
on the alloys in high temperature and high pressure water is quite different from that
from passive films formed at room temperature (as shown Fig. 3-3)'?). In the present
work the difference between current recorded just after photo irradiation and after 60 s

was defined as steady photocurrent and analyzed.

Applied potential
200 ~0 mV -100 ~-200 mV -300 ~-400 mV
@)~ (b) T\ (C)iy -
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Fig. 4-4 Example of photocurrent transients obtained for passive films formed on Alloy

600 and Alloy 690 in high temperature and high pressure water.

Figure 4-5(a) shows photocurrent spectra obtained for passive films formed on
Alloy 600 and Alloy 690 in high temperature and high pressure water with the dissolved
hydrogen of 2.75 ppm. It is apparent that higher photocurrent was obtained for the
passive film formed on Alloy 690. Furthermore, the photocurrent varied depending on
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the wavelength of incident light. As the light intensity is not constant for each
wavelength, the photocurrent spectra were normalized for further analyses. Assuming
indirect transition for the photo-excitation, photocurrent spectrum can be normalized as

photoelectrochemical action spectrum,

(ig-tv/1,)2 =C(hv—E,) o

where |y and hv are the intensity and the photon energy of the incident light,
respectively. E, is the band gap energy of passive film and C is constant. Figure 4-5(b)
exhibits an example of photoelectrochemical action spectra obtained from Fig. 4-5(a). It
is obvious that the photoelectrochemical action spectra do not exhibit one straight line,
the slope of the photoelectrochemical action spectra changes around at the photon
energy of 3.5¢V. As mentioned in 4.3.1, passive films formed on Alloy 600 and Alloy
690 in the present work are duplex structure consisting of an inner oxide layer and a
covering hydroxide layer although the compositions of the films are different depending
on the dissolved hydrogen level in the environment. Therefore, it is found that
photocurrent obtained from the passive films is sum of two responses originated from
duplex layers with different band gap energies, which results in the change of the slope
in the photoelectrochemical action spectra in Fig. 4-5(b). In the present work, the
photoelectrochemical action spectra were separated into two components and then the
band gap energy of each layer was estimated. Band gap energy, E,, was obtained as the

photon energy at which the (ipn-h Vo) equals to zero in photoelectrochemical action

spectrum. The separation process of photoelectrochemical action spectrum was
previously reported in details. From the photoelectrochemical action spectra shown in

Fig. 4-5(b), the band gap energies for the passive films formed on Alloy 600 and Alloy
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690 at the elevated temperature were estimated as approximately 2.3 eV and 3.5 eV.
Band gap energies of chromium oxide and nickel oxide were reported as approximately
3.5 eV while those of chromium hydroxide and nickel hydroxide were reported as
around 2.3 — 2.5 eV'®*??)_ The band gap energies estimated in the present work are
similar to those in the literatures. Therefore, it is found that the obtained band gap
energy of 3.5 eV is derived from chromium and nickel oxides whereas that of 2.3 eV is
from chromium and nickel hydroxides. These results are in line with the structure of
passive films formed on the alloys, which was determined by the XPS analysis. Figure
4-6 summarizes the band gap energies for passive films formed on the alloys in high
temperature and high pressure water. The band gap energies obtained for passive films
formed on the alloys were almost constant independent of the degree of cold working
and the dissolved hydrogen level. However, the amplitude of photocurrent was affected
by cold working and dissolved hydrogen that will be described in the following

sections.

96



(a) 1'0 ] L] ] L] L] L] L ]

0 Alloy 600
< 08 @ Alloy690
= E_ :200 mV
~—~
<2 0.6} g -
- () ¢
5 o
E 0 4 - . . -
2 ° °
et
-g 0.2 = . -
=™

0.0 4

200 250 300 350 400 450 500 550 600

(b) o 15 T T T T T T
. O Alloy 600
3 @ Alloy 690 PY
« I2F E_:200mV ° )
-
-]
SN §
Byt
=
N
—
~C
4"‘-~--..'-g- 3 -
~
EN
\:5 0 [ ] a [ [ 1 [ ]
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Photon energy, hv / eV

Fig. 4-5 (a) Photocurrent spectra for the passive film formed on Alloy 600 and Alloy
690 in high temperature and high pressure water with the dissolved hydrogen level of
2.75 ppm. (b) Photoelectrochemical action spectra calculated from the photocurrent

spectra shown in Fig. 5(a).
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Fig. 4-6 Band gap energies of passive film formed on Alloy 600 and Alloy 690 in high
temperature and high pressure water with (a) and (b) the degree of cold working and (c)

and (d) the dissolved hydrogen level.
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4.3.3.1 Effect of dissolved hydrogen on photoelectrochemical response

Potential dependence of photocurrent was examined also for passive films formed
on Alloy 600 and Alloy 690 in high temperature and high pressure water with different
dissolved hydrogen levels and was summarized in Figs. 4-7 and 4-8, respectively.
Selected wavelengths of incident light were 460 nm and 310 nm, corresponding to the
photon energies of approximately 2.7 eV and 4.0 eV, respectively. The former is larger
than the band gap energy of outer hydroxide layers, meaning that the photo-excitation
takes place only on hydroxide layer. On the other hand, the latter is larger than that of
both layers. Therefore, the photo-excitation occurs on both layers. As apparent,
photocurrent obtained for passive films formed on Alloy 600 varied depending on the
dissolved hydrogen level at which the passive films were formed, that is, photocurrent
became smaller with increasing the dissolved hydrogen level independent of photon
energy of the incident light. In the case of Alloy 690, on the other hand, photocurrent
observed for the passive film formed under the dissolved hydrogen level of 2.75 ppm
was similar to that for the passive film formed under the dissolved hydrogen of 0.5 ppm.
However, photocurrent obtained for the passive film formed without dissolved hydrogen
was larger compared to those obtained for the passive films formed under the dissolved
hydrogen of 2.75 and 0.5 ppm. Therefore, it becomes clear that semiconductive

properties of passive films were affected also by the dissolved hydrogen.
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Fig. 4-7 Potential dependence of photocurrent for passive films formed on Alloy 600 in

high temperature and high pressure water with different dissolved hydrogen levels at

photon energies used for the photocurrent measurement were (a) 2.7 eV and (b) 4.0 eV.
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Fig. 4-8 Potential dependence of photocurrent for passive films formed on Alloy 690 in

high temperature and high pressure water with different dissolved hydrogen levels at

photon energies used for the photocurrent measurement were (a) 2.7 eV and (b) 4.0 eV.
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4.3.3.2 Effect of cold working on photoelectrochemical response

Figures 4-9 and 4-10 show potential dependence of photocurrent measured for
passive films formed on Alloy 600 and Alloy 690 with different degree of cold working,
respectively. Also in this figure, selected wavelengths of incident light were 460 nm and
310 nm because the band gap energies obtained for the passive films were similar
independent of the dissolved hydrogen level. It is clear that the potential dependence of
photocurrent obtained on Alloy 690 is independent of the degree of cold working and
quite similar to each other for both photon energies while potential dependence of
photocurrent obtained on Alloy 600 is clearly different depending on the degree of cold
working. Furthermore, for 20%CW specimen, photocurrent could not be measured due
to the relatively high passive current density as shown in Fig. 4-3(b). These results
imply that semiconductive properties of passive films formed on Alloy 600 were
strongly affected by cold working although no obvious influence of cold working on

semiconductive properties of passive films were confirmed on Alloy 690.
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Fig. 4-9 Potential dependence of photocurrent for passive films formed on Alloy 600 in
high temperature and high pressure water with different degree of cold working at

photon energies used for the photocurrent measurement were (a) 2.7 eV and (b) 4.0 eV.
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Fig. 4-10 Potential dependence of photocurrent for passive films formed on Alloy 690
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4.4 Discussion
4.4.1 Photocurrent transients and electronic band structure

Passive films formed on Alloy 600 and Alloy 690 exhibited three types of
photocurrent transients in the present work as shown in Fig. 4-4. The photocurrent
transient of Fig. 4-4(a) is observed at high measured potential above flat band potential.
The anode photocurrent was generated rapidly just after photo irradiation by increasing
the separation of the electron-hole pairs®”"*>. The hole and the electron migrate toward
the electrolyte interface and the alloy, respectively. During photo irradiation, migration
of holes is very difficult because the hole is accumulated in the electrolyte interface.
And then photocurrent decreases to a steady state value. After photo irradiation is
terminated, in contrast to photo irradiation, an opposite transient current is obtained.
The photocurrent transient of the Fig. 4-4(b) was occurred similar to that of the Fig.
4-4(a). However, the cathodic current generated during the photo irradiation. It is that
the hole migrate toward the alloy in the SCL(II,) and the SCL(Ily) which are used both
in the depleted state. In case of Fig. 4-4(c), the SCL(III) decreases due to the
accumulation of electrons in the conduction band at low measured potential. Both the
SCL(II,) and the SCL(II,) are also used in the depleted state. Typically, the width of the
accumulated region as SCL(III) is very thin compared to that of the depleted region as
SCL(II). Therefore, the accumulated region should not affect the photocurrent. And the
transient current did not occur at low measured potential because the width of the
SCL(II) is attributed to the transient current. The photocurrent is rapidly changed in the
cathodic direction just after photo irradiation commenced, and then the photocurrent
slowly approached a steady state value. After photo irradiation is terminated the

photocurrent turns back to the original value by the opposite method of photo irradiation.
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As mentioned in the results, the band gap energy of p-type inner oxide layer for the
passive film formed on Alloy 600 and Alloy 690 in high temperature and high pressure
water was shown as 3.5 eV whereas the band gap energy of n-type outer hydroxide
layer for that was obtained as 2.3 eV. In the present work, the electronic band structure
model of the passive film formed on Alloy 600 and Alloy 690 in high temperature and

high pressure water was proposed as shown in Fig. 4-11.

Substrate Passive film Solution
7 - - n
Z C.B.  oxide Hydroxide

.
N

IEEEN IIIIIIIIILI

1 V.B. SCL(1,) "scL(I1,)
I 11

Fig. 4-11 The electronic band structure model of passive films formed on Alloy 600 and

Alloy 690 in high pressure and high temperature.
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4.4.2 Effect of dissolved hydrogen and cold working

In the present work, the photoelectrochemical response for passive films formed on
Alloy 600 and Alloy 690 was examined. The results indicated that band gap energies of
passive films on the alloys were similar independent of cold working and dissolved
hydrogen. However, cold working and dissolved hydrogen clearly affected the
amplitude of photocurrent as shown in Figs. 4-7, 4-8, 4-9 and 4-10. The present section
discusses how cold working and dissolved hydrogen affect photocurrent generated from

passive films on the alloys in high temperature and high pressure water.

4.4.2.1 Effect of dissolved hydrogen

As shown in Fig. 4-7, the amplitude of photocurrent obtained for the passive films
formed on Alloy 600 was affected by dissolved hydrogen. In particular, clear changes
can be observed in the amplitude of photocurrent when the incident light with the
photon energy of 4.0 eV was used. Photo irradiation with the energy of 4.0 eV causes
photo-excitation on both inner oxide and outer hydroxide layers while with the photon
energy of 2.7 eV photo-excitation takes place only on outer hydroxide layer. It is clear
from Fig. 4-7(a) that the photocurrent generated for outer hydroxide layer is small.
Therefore, in the photocurrent generated for both oxide and hydroxide layers shown in
Fig. 4-7(b), contribution from hydroxide layer can be relatively smaller compared to
that from oxide layer. That is, changes in photocurrent in Fig. 4-7(b) reflect properties
of inner oxide layer. The stability of oxides in high temperature water can be affected by
dissolved hydrogen, especially, the stability of NiO is strongly affected by dissolved
hydrogen among the constituent of Alloy 600. It is reported that the dissolved hydrogen

level at the Ni/NiO phase boundary varies with temperature of water®®?”. At the
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defined temperature in the present work, Ni is stable with the dissolved hydrogen of
2.75 ppm while in the case of 0 and 0.5 ppm, NiO is more stable phase compared to Ni.
Therefore, the chemical composition of passive films formed on Alloy 600 can change
depending on dissolved hydrogen level, that is, passive film formed under the dissolved
hydrogen of 2.75 ppm can be considered to contain certain amounts of Cr oxide while
passive films formed under 0 and 0.5 ppm contain mainly Ni oxide compared to passive
film formed under 2.75 ppm. This is in line with results obtained by XPS analysis of
passive films formed. Therefore, it is concluded that the changes in photocurrent
depending on dissolved hydrogen can be attributed to the variation of the chemical
composition of oxide layer on Alloy 600. For Alloy 690, similar trend was observed to
Alloy 600, that is, the amplitude of photocurrent decreased with increasing dissolved
hydrogen. However, photocurrent observed for the passive film formed under the
dissolved hydrogen of 2.75 ppm was almost similar to that for the passive film formed
under 0.5 ppm, which is different from the case of Alloy 600. Cr content in Alloy 690 is
almost twice larger than that in Alloy 600. Therefore, passive films on Alloy 690
contain more Cr compared to those on Alloy 600 when the passive films are formed
under the same dissolved hydrogen level. This results in the difference observed

between Alloy 600 and Alloy 690.

108



4.4.2.2 Effect of cold working

Photocurrent generated from passive films formed on Alloy 600 was strongly
affected by cold working, depending on the degree of cold working, as shown in Fig.
4-9, that is, electronic properties of the passive films formed on the alloy can be varied
by cold working. Barbucciet al. reported that a much more defective oxide was formed
due to defects in a bulk material introduced by cold working®™. Therefore, also in the
present work, it can be considered that the defects that were introduced by cold working
affected a defective structure and electronic properties of passive films. In the present
work, the defects in materials were qualitatively examined by Electron Back Scatter
Diffraction (EBSD). Figure 4-12 shows the kernel average misorientation (KAM), as
represented by the degree of coloring, obtained by analyzing EBSD data. The KAM
exhibits local misorientation defined as an average misorientation of a point against all
of its neighbors and therefore can estimate qualitatively the residual strain distribution.
In Figures 4-12(a) and 4-12(b), the KAM distributions obtained for mill-annealed Alloy
600 and Alloy 690 are presented as an example. As apparent, the KAM distribution is
uniform for mill-annealed specimens. Figures 4-12(c) and 4-12(d) show the KAM
distribution obtained for 20%CW Alloy 690 and 20%CW Alloy 600, respectively. It is
clear that cold working introduces strain, in particular, near grain boundaries the strain
level is higher compared to that in grains. Obviously more sever strain is introduced for
Alloy 600 compared to Alloy 690. Therefore, one can deduce that strain introduced by
cold working affects electronic properties of passive films and resulting photocurrent
generated in the present work, That is, strain was introduced into Alloy 690 by cold
working, but its amount was not high enough to change electronic properties of the

passive films formed on the alloy. On the other hand, as shown in Fig. 4-12(c), in the
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case of Alloy 600, more strain introduced affect electronic properties of passive films

and resulting photocurrent generated.

Fig. 4-12 Kernel average misorientation maps for (a) mill-annealed and (c) 20% cold

worked Alloy 600, and (b) mill-annealed and (d) 20% cold worked Alloy 690.
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4.5 Conclusion

Passive films formed on Alloy 600 and Alloy 690 in high temperature and high
pressure water were examined by a surface analytical technique and electrochemical
techniques. XPS revealed that passive films formed on Alloy 600 and Alloy 690
consisted of an outer hydroxide layer and an inner oxide layer. The chemical
compositions of the passive films significantly changed depending on the dissolved
hydrogen level, that is, passive films consisted mainly of nickel oxide and hydroxide
when the dissolved hydrogen level was low while larger amounts of chromium was
incorporated into passive films when the hydrogen level was higher, like 2.75 ppm. The
change of chemical composition in passive films affected photocurrent. Photocurrent
obtained for the passive films formed under low concentration of the dissolved
hydrogen was large compared to that for the films formed under high concentration of
the dissolved hydrogen. Cold working also affected the electrochemical behavior,
especially for Alloy 600. Polarization curves and photocurrent obtained for Alloy 690
were similar independent of the degree of cold working. However, polarization curves
and photocurrent for Alloy 600 were significantly affected by cold working. This was
attributed to larger amounts of local strain introduced to Alloy 600 by cold working

compared to Alloy 690.
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Chapter 5 Characterization of Oxide Films Formed on Alloy 600 and
Alloy 690 in Simulated PWR Primary Water by Using
Hard X-ray Photoelectron Spectroscopy (HAX-PES)

5.1 Introduction

Ni based alloys are widely used in various energy and chemical plants such as
light water nuclear reactors. For examples, Alloy 600 and Alloy 690 have been used for
the materials of steam generator (SG) tubing of pressurized water reactor (PWR).
However, intergranular stress corrosion cracking (IGSCC) has been frequently reported
for SG tubing of mill-annealed Alloy 600", Therefore, this material has been
replaced successively by Alloy 690 as IGSCC of SG tubing on Alloy 690 has not led
to a significant failure in practical use. On the other hand, in laboratory tests cracks
that could propagate as IGSCC have been confirmed on cold-worked Alloy 690 in the
PWR primary water environment®®. Therefore, IGSCC of Alloy 690 employed in the
primary side of PWR environment can be of a significant importance, and numerous
efforts to understand IGSCC behavior on the Ni-based alloys have been paid. As
several properties of oxide films formed on metals and alloys, for examples, chemical
composition, thickness and electrochemical properties, may be related to the corrosion
process including SCC, many authors have studied oxide films formed on Ni based
alloys also in high temperature and high pressure aqueous environments’.

The properties of passive films have been examined using several electrochemical
techniques®?* and also using various surface analytical techniques®®2®. Among the
analytical techniques, X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES) have been extensively applied for passivity study. XPS is
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applicable for characterization of passive films formed on corrosion resistant alloys
including stainless steels and Ni based alloys as the inelastic mean free path of
photoelectrons is comparable with the thickness of passive films formed on the
materials. This indicates that the photoelectrons yielded over the entire thickness of
passive films can be detected without any destructive process such as sputtering; hence,
the thickness, composition, and chemical states of passive films formed on various
materials have been successfully studied?”=Y. However, as oxide films formed even on
such materials in high temperature aqueous solutions are very thick, it is difficult for
conventional XPS to analyze the thick oxide films. Therefore, passive films on Ni
based alloys exposed to high temperature water environments has been characterized
using sputtering technique in AES® or XPS™'?. On the other hand, as hard X-ray
photoelectron spectroscopy (HAX-PES) can provide large energy of incident X-ray,
the Kkinetic energy of photo electrons becomes large, meaning that much larger inelastic
mean free path can be realized. This enables the characterization of much thicker
passive films.

The present chapter describes surface analysis on oxide films of Alloy 600 and
Alloy 690 formed in high temperature and high pressure water with the focus on
influences of cold working and dissolved hydrogen level. Passive films of Alloy 600
and Alloy 690 were formed in simulated PWR primary water, and were then
characterized by hard X-ray photoelectron spectroscopy using high energy X-rays

generated by a synchrotron radiation facility.
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5.2 Experimental

Materials examined were mill-annealed Alloy 600 and Alloy 690, chemical
compositions of which are listed in Table 5-1. The alloys were cut into small coupon
specimens with the size of approximately 3x8x3 mm?®. The specimens were ground
using SiC paper, mirror-finished using submicron alumina paste, and then degreased in
acetone, methanol and distilled water successively in an ultra-sonic bath. Specimens
were immersed in a high temperature and high pressure aqueous solution containing
500 ppm B and 2 ppm Li (0.046 M H3BO; + 2.9x10™ M LiOH) for 24 hours at 320 °C
or 360 °C using an autoclave with a solution-circulating facility. The concentration of
oxygen (DO) was maintained less than 2ppb during the immersion while dissolved
hydrogen (DH) was controlled to be 0 or 2.75ppm.

The immersed specimens were characterized using a HAX-PES apparatus at
Spring-8, a large synchrotron radiation facility in the Harima Science Park City, Hyogo,
Japan. The SCIENTA R-4000 hemispherical electron energy analyzer at BL46XU was
used in the present work. The photon energy of the incident X-rays was around 7940
eV and the energy resolution of the system was 225 meV estimated by the
measurement of the Fermi edge of Au at pass energy of 200 eV. The photoelectron
take-off angle adopted in the present work was 80° and was occasionally changed to

30°.

Table 5-1 Chemical compositions of specimens. (wt%)

C

Si

Mn

Co

Ni

Cr

Fe

Mo

Ti

Al

P S

B

Alloy 600 0.010

0.310

0.360

75.010 15710

7.350

0.009  <0.001

0.020

Alloy 690

0.120

0.260

0.030

Bal

29.550

9.610

0.020

0.110

0.90

90.00*%  20.00*

<10*
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5.3 Results
5.3.1 XPS analysis of passive films

Figure 5-1 shows typical photoelectron spectra obtained for Alloy 600 and Alloy
690. The alloys were exposed to the simulated PWR primary water with 2.75 ppm DH
at 360 °C for 24 hours. It is clear from the figure that the spectrum of each element can
be separated into some chemical states. The binding energy, E,, of each component
obtained is summarized in Table 5-2. These values are determined by referring to those
reported in the literatures 2% 3933 Some of separated spectra can be identified to
photoelectrons of the metallic states of Ni, Cr, and Fe for both Alloy 600 and Alloy 690.
As photoelectrons of metallic states are yielded from the substrate alloy, it can be
deduced that the photoelectrons pass through oxidized layer formed on the substrate,
and are detected by an analyzer. Therefore, it is confirmed that photoelectrons yielded
over the entire thickness of the oxide layer are successfully detected for further
analysis. It is apparent that in Ni spectra shown in Fig. 5-1(a), the intensity of the oxide,

Ni®, is quite small compared to that of the hydroxide, Ni™®

whereas spectra of both
oxide and hydroxide of Cr and Fe are clearly recognized for both Alloy 600 and Alloy
690. This result indicates that the amount of Ni is quite small in the oxide layers
formed on Alloy 600 and Alloy 690 in this high temperature and high pressure water
environment.

Figure 5-2 shows the spectra obtained for Alloy 600 immersed in the solution
with 2.75 ppm DH and without DH at 320 °C for 24 h. More hydroxides and oxides of
Ni and Fe are formed when exposed to the solution without DH compared to the case
with DH. On the other hand, more Cr is included in the hydroxides and oxides of the

oxide layer formed on Alloy 600 exposed to the solution with DH.
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Table 5-2 Binding energy of various states of elements examined in the present study.

Element Chemical state f::'::;g(e‘.)
Ni® 2p; .2 (metal) 852.8
Ni Ni**2p1: (oxide) 854.9
;'i='2p; 1 (hydroxide) 856.7
Fe® 2p;.2 (metal) 706.8
Fe Fe®*2p,. (oxide) 709.5
Fe’"2p;; (oxide) 711.2
Fe’*2p,.. (hydroxide) 713.2
Cs® 2p; .2 (metal) 574.1
Cr Cr’*2p;., (oxide) 576.4
Cr**2p,;. (hydroxide) 577.6
0% 1s (oxide) 530.1
0 OH™ 1s (hydroxide) 531.7
0" 1s (H.0) 533.3
C o 285.0
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Fig. 5-1 HAX-PES spectra of (a) Ni2p, (b) Cr2p, (c) Fe2p, and (d) O1s measured for

Alloy 600 and Alloy 690 immersed in the simulated PWR primary system at 360 °C

with 2.75ppm DH for 24 h.
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Fig. 5-2 HAX-PES spectra of (a) Ni2p, (b) Cr2p, (c) Fe2p, and (d) O1s measured for
Alloy 600 immersed in the simulated PWR primary system at 320 °C with 2.75ppm

DH and without DH for 24 h.
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5.3.2 Surface morphology

Figure 5-3 shows the morphology of some oxidized specimens formed on Alloy
600 and Alloy 690 was observed by field emission scanning electron microscopy
(FE-SEM). 1t is noticeable that needle-like corrosion products are formed and
distributed on the surfaces and the amount of the products is larger for Alloy 600 than
for Alloy 690. Furthermore, the amount of these products is larger in the solution
without DH than in the solution with 2.75ppm DH. Although some granular deposits
are also visible, their morphologies are not found to be similar to those of granular
oxides commonly observed on stainless steels immersed in a high temperature and

high pressure water.

Fig. 5-3 SEM imagess of the surface of specimens immersed in simulated PWR
primary water at 360 °C for 24 h. (a) Alloy 600 with 2.75ppm DH, (b) Alloy 600

without DH, (c) Alloy 690 with 2.75ppm DH, and (d) Alloy 690 without DH.
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5.3.3 Parameters for quantitative analysis on XPS spectra

Passive films are characterized quantitatively using the integrated intensity of
each component of XPS spectra. For quantification, photoionization cross section, o,
and inelastic mean free path, 4, that denote the sensitivity to yield photoelectrons and
the escape length of photoelectrons, respectively, are required. In the present study, the
photoelectron spectra of as-received Alloy 600 are also measured. The photoionization
cross-section of an element, z, in an alloy, o, is described by the following equation,
assuming that the alloy surface is covered with a thin passive film and a contaminant

layer:

I, = (PXC04,™) exp(-d™* 11, sind) exp(-£°"/2,°" sind) (5.1)

where I indicates the integrated intensity of photoelectrons that yielded from
element z in an alloy, then passed through both passive film and contaminant layer; ¥
and X means apparatus constant and intensity of incident X-rays, respectively; C, is the

con

molar concentration of element z for a unit volume of an alloy; ¢ and /" express

met’ lzlayer’ and

thicknesses of the passive film and contaminant layer, respectively; A,
2.°°" are the inelastic mean free paths of photo electrons yielded from element z, some
layer (passive film in the present study), and contaminant layer, respectively; and 6 is
the take-off angle of the photoelectrons. Since in the present study the take-off angle of
80° is applied, that is, & = 80°, sind provides 0.985. Therefore sind can be assumed as
unity and then ignored for the calculation. The inelastic mean free paths of the
elements in metal, oxide and/or hydroxide, and contaminant hydrocarbon (C1,H1,) are
estimated in the present study using Quases-IMFP-TPP2M Ver. 2.2 software,
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developed by Tougaard®¥ according to the formula proposed by Tanuma etal.*®. Table
5-3 summarizes the results. The thicknesses of the naturally formed passive film and
contaminant layer that covers the passive film are assumed to be 1.5 nm and 2 nm,
respectively, by referring to our previous study®". The photoionization cross-sections
of Ni, Cr, and Fe are also computed to 23.88x10% 6.26x10* and 10.23x10%
respectively, provided that ¥X can be treated as unity and unchanged throughout the

present study.

Table 5-3 List of inelastic mean free paths for photoelectrons employed in the present study

(nm)

- e in . . in in
Ex Meatal e Cr:0; C:aH:u
Ni [(7100) 7.40 8.40 9.53 14.1
Cs [(7350) 8§.53 8.65 281 14.6
Fe |(7250) 7.99 8.55 9.69 14 .4
0 (7650) - 8.70 10.14 15.1
C (7400) 15.14° 8.95 5.86 14.7

approximate kinetic energy

“in graphite
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5.3.4 Numerical characterization of oxide layer
The thickness of the oxide layer, 4, on the Ni based alloys were in the present
work estimated by intensity attenuation of the Ni metallic spectrum from the substrate

alloy by using eq. (5.1) described below:

]Nimet - (CNiO'NiiNimet) eXp(_dlayerMNilayer) exp(_tconMNicon) (5.1)

dlayer - lNiIayer {In(CNiO'Ni)«zmet/INimet) _ tconMNicon}’ (5_2)

where Cy; expresses the molar concentration of Ni (0.108 and 0.0828 mol/cm® for
Alloy 600 and Alloy 690, respectively). The initially obtained thickness of the oxide
layer is calculated, assuming that the Ni content in the substrate alloy remains
unchanged during the exposure to high temperature water environment. The alloy
composition underneath the oxide layer is also estimated from Iy™", Ic,™" and ™" by
eq. (5.1) using the roughly estimated thickness of the oxide layer, @®*, obtained above.
Then, & is re-calculated again using the estimated Ni content. After the steps of the
calculation were repeated several times, @®° and alloy composition underneath the
oxidized layer were obtained. Figures 5-4 and 5-5 shows the calculated results, that is,
thickness evolution and Cr concentration in the substrate alloy, respectively. As shown
in Fig. 5-4, the thickness increases with solution temperature and furthermore oxide
layers formed on Alloy 600 are thicker compared to those on Alloy 690. It is also
noticeable that a much thicker oxide layer is grown on Alloy 600 when exposed to the
solution without DH. Figure 5-5 clearly indicates that the Cr content in the substrate
alloy beneath the oxide layer becomes smaller after the immersion in elevated
temperatures.
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Fig. 5-4 Thickness of oxide films formed on Alloy 600 and Alloy 690 exposed to a
simulated PWR primary water at 360 °C and 320 °C for 24 h, estimated by intensity

attenuation of the Ni metallic spectrum yielded in the substrate alloy.
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Fig. 5-5 Cr concentration in the substrate alloy underneath oxide films. Specimens are

as received and exposed to a simulated PWR primary water at 360 °C and 320 °C.
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5.4 Discussion

Oxide layers formed in high temperature and high pressure aqueous solutions as
in PWR environments have been extensively examined”?Y. Nakagawa etal.'® and
Terachi etal.* studied oxide films formed on Alloy 600 for 1000 h in simulated PWR
primary water environment by using X-ray diffraction (XRD) and transmission
electron microscopy (TEM). Results revealed that granular NiFe,O4 and needle-like
Fe-Ni spinel oxides were deposited on Cr rich barrier type oxide layers that were
formed on specimens exposed to the solution with DH at 320 °C. On the other hand,
Ni-rich thick oxides were formed on the Cr rich continuous oxide layer on Alloy 600
that was immersed in the solution without DH. It is also noted that a Ni-rich metallic
layer was grown underneath the oxide layers of the specimen immersed in solution
with DH. Ohtsuka et al.2% investigated oxide films formed on Alloy 600 and Alloy 690
that were exposed to similar environments for up to 500 h and reported that granular
Ni-rich spinel oxides were formed and distributed on the smooth oxide layer mainly
composed of Cr. The thickness of the oxide layer was also reported to be
approximately 20 nm after 24 h immersion, and then increased with time to
approximately 40 nm after 500 h. On the other hand, Marcus et al.*¥ examined the
very early stages of passive film formation on Alloy 600 in PWR primary water
environment at 325 °C, that is, in this study specimens were immersed in a high
temperature aqueous solution for short periods of a few tens of seconds upto 500 s.
Then the immersed specimens were characterized by XPS and scanning tunneling
microscopy (STM). In such short periods, the thickness of passive film is less than a
few nanometers. Therefore, photoelectrons over the entire thickness of the passive film
could be detected by a conventional XPS apparatus and analyzed. An ultra-thin layer
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with the thickness of approximately 1 nm was formed during 0.4 - 4 min and the layer
was mainly composed of an inner Cr oxide layer and a covering hydroxide layer of Cr
with a small amount of Ni. During further immersion, the inner oxide layer grew with
time to reach the thickness of around 2 nm after 8 min. The thickness and composition
of the passive layer were quantitatively determined based on the three-layered structure
model of Ni(OH),/Cr(OH)3/Cr,0s.

As described above, it has been reported that oxide films grown in the PWR
primary water environment consist of a barrier type inner Cr-rich oxide layer covered
with a continuous hydroxide layer and heterogeneous granular or needle-like oxides
over them. The present study also revealed from the SEM observation that the smooth
oxidized layer was covered with needle-like corrosion products, meaning that the oxide
layers observed in the present study might also have a complex heterogeneous
structure as illustrated in Fig. 5-6(a). In previous studies performed using XPS, passive
films with the thickness of less than few nanometers were formed at room temperature
and therefore could be analyzed quantitatively without any sputtering based on the
duplex layered model (inner oxide layer and outer covering hydroxide layer)"3.
Although the oxide layers formed in the present study were thick (few tens of
nanometers in thickness), photoelectrons yielded over the entire thick oxide layer and
also from substrate alloy were detected due to the high photon energy of the incident
X-rays. However, as described above, as the oxide layer may be heterogeneous, the
simple duplex structure model can not be applied. Although in the present study an
angle resolved HAX-PES measurement was performed, the outermost surface
component of the passive film could not be identified. Therefore, the structure of the
oxide layers is assumed to be; Contaminant layer/Outer oxide/Hydroxide/Inner
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oxide/Substrate alloy, (from top surface to bottom), provided that the needle-like
oxides, distributing over the hydroxide layer, are assumed as a continuous outermost
layer (Fig. 5-6(b)). According to this model, the thickness and composition of each
layer are calculated based on the following procedure.

The intensity of photoelectrons of an element z in the outer oxide layer, ,%°,

hyd

hydroxide layer, "%, and inner oxide layer, 1,°, can be expressed as egs. (5.3), (5.4),

and (5.5), respectively;

L= YXC, 0,2, {1-exp(-mlA, ") yexp(-££°"12, ") (5.3)
LY=PXC,™ 6,0, 1-exp(-1/A, ") yexp(-milA, ") exp (-2, (5.4)
L°=PXC, 0,0, {1-exp(-dl7.") yexp (-1, )exp(-ml i )exp(-1°" 7" (5.5)

where m, [ and, d are thickness of outer oxide layer, hydroxide layer, and inner oxide
layer, respectively; 4,> is the inelastic mean free path in the oxide or hydroxide layer
for photoelectrons yielded from element z. If the outer oxide layer consists of elements

A, B, and C, and z in eq.(5.4) is substituted by A, B, or C, then followings are derived.

In°=YXCA%0p2n% {1-exp(-miin™) yexp(-£°"11.4%") (5.6)
Ig*°=¥YXCg%0ps™ {1-exp(-mlis”) yexp(-**"/15°") (5.7)
I°=PXC P ocAc™ {1-exp(-mlic™)yexp (-1 (5.8)

Provided that C,* is the molar concentration of z per unit volume (mol/cm?, z: A, B, C),

in the outer oxide layer, the eq. (5.9) is obtained.
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MACA®+MpCg*+McCc™ = p°° (5.9

where M is atomic weight of element z (g/mol) and p°° is density of outer oxide layer

(g/cm®). By using egs. (5.6)-(5.8), Eq. (5.9) can be modified to eq. (5.10).

MR [{¥PXoan" (1-exp(-mlin®))exp(-"11a"H
+ Mgl [{¥Xogis™ (1-exp(-m/ig”))exp(-£*"As“ )}

+ Malp®! [{¥Xocic™ (1-exp(-mlic™))exp (-2 1"} = p°° (5.10)

If p°° is provided, the thickness of the outer oxide layer, m, is obtained from eq. (5.10)
as only m is unknown parameter in eq, (5.10). Consequently Ca, Cg and Cc are also
computed from egs. (5.6)-(5.8). Similar procedure can be applied for the hydroxide
layer and the inner oxide layer by using egs. (5.4) and (5.5), respectively. Although in
the present study the photo ionization cross-section of oxygen, oo, was not available,
alternatively, it is assumed that the outer oxide, hydroxide, and inner oxide are
composed of NiO+Fe;03;, Ni(OH)+Fe(OH),;, and Cr,03+FeOOH, respectively.
Therefore, the molar concentrations of oxygen in each layer are automatically
determined and eqg. (5.10) should be also modified to the following equation, provided

that elements A, B, and C form oxides of A,O3, BOOH, and CO, respectively;

MACAOO'l‘MBCBOO‘l‘McCCOO + Mo(l.SCAOO+2CBOO+CCOO ): pOO , (510) '

where Mo is the molar weight of oxygen.
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The calculated thickness and cation fraction are summarized in Table 5-4. As
mentioned above, the oxygen concentration in each layer is not calculated. It became
apparent that the hydroxide layer consisted mainly of Ni hydroxide, except for Alloy
690 immersed in the solution at 360 °C. The amount of Cr hydroxide on Alloy 690 was
higher than that on Alloy 600, which corresponds to the Cr content of each substrate
alloy.

Needle-like oxides (might be Ni-Fe spinel oxide) that were distributed on the top
surface were heterogeneous as shown in Fig. 5-3, and were also incorporated in the
model for quantitative calculation as a continuous outer oxide layer as shown in Fig.
5-6 (b). Therefore, the calculated thickness of the outer oxide layer corresponds to the
amount of deposited oxides over the top surface. It should be noted that both Ni oxides
were formed more at 360 °C than at 320 °C.

As shown in Table 5-4, the inner oxide layer consists mainly of Cr oxide. The Cr
content in the inner oxide on Alloy 600 and Alloy 690 exposed to solutions with 2.75
ppm DH are similar each other. The highly Cr enriched inner oxide layer may act as
barrier layer against corrosion. However, the Cr content in the inner oxide formed on
Alloy 600 after the exposure to the solution without DH at 320 °C is slightly smaller
compared to that in the solutions with 2.75 ppm DH. The thicknesses of the inner oxide
layer (varied from 0.95 nm to 6.1 nm) are found to be underestimated as these values
are relatively comparable to that formed in aqueous solution at room temperature
except for Alloy 690 that were exposed to the solution at 360 °C. Summation of
thicknesses of the layers for each specimen is smaller than the thickness of the
estimated total oxide layer shown in Fig. 5-4. The reason of this inconsistency is
currently unknown. Marcus et al. reported that considerable amount of B,Oj3 is
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incorporated in the oxide films formed in simulated PWR primary water containing
borate®®. Although boron was not analyzed in the present study, boric oxide can be
possibly incorporated in the oxide layer. If such other components were incorporated in
the oxide layer also in the present work, higher thickness would be obtained for inner
oxide layer.

As described in the literatures®?: 13 39

, the redox potential in a simulated PWR
primary water is located around NiO/Ni equilibrium. Therefore, NiO can be more
stable for more elevated temperatures and also for lower DH. Therefore, oxide layers
formed at 320 °C is less stable than those formed at 360 °C. As described in the present
study, oxide layers majority of which is Ni(OH) are grown at 360 °C and 320 °C. In
particular, almost no Ni oxide is incorporated in the oxide layers formed at 320 °C.
Furthermore, thicker mainly Cr oxide layer is obtained at 360 °C compared to that at
320 °C. In the condition at which NiO is unstable, Cr and Fe are also likely to dissolve.
Therefore, Cr and Fe are depleted from the substrate alloy underneath the oxide layer
as shown in Fig. 5-5. As a result, oxide layers composed of mainly Ni(OH) are formed.
It might be possible that at the PWR operating temperature (approximately 320 °C),
the passivity of Ni based alloys is unstable, especially for low Cr bearing materials

such as Alloy 600. This might be a clue to understand the high susceptibility of Ally

600 to IGSCC in the environments examined.
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Table 5-4 Calculated thickness and cation fraction of each layer in the oxide films

formed on specimens immersed in the simulated PWR primary water for 24 h.

] Thickness (am) Cation concentration in each laver (molar fraction in %)
Specimen "f:;::;?:“ Quter Hydroxide Inner oxide
Outer oxide | Hydroxide | Inner oxide [Summation| Ni*® Fe!* Nid Cre* Fe'* ce Fe*-
Alloy 600 360°C 0.1% 144 2.3 16.9 29.2 70.8 67.0 286 4.4 79.7 |20.3
2.75ppm DH 320°C 0.12 8.6 1.2 9.9 0.0 |100.0 | 73.0 | 219 5.1 ] 81.2 |18.8
Alloy 650 360 °C 0.26 9.6 6.1 16.0 24.0 | 76.0 | 185 | 78.6 3.0 | 81.3 |18.7
2.75ppm DH 320 °C 0.1 6.5 1.2 7.8 0.0 J100.0 | 424 | 499 7.7 ] 89.9 |10.1
Alloy600 NoDH 320°C 0.25 10.8 0.95 12.0 30.3 | 49.7 83.3 11.8 4.3 69.8 |30.2
(@) / )
= = " con
Needle-like oxides Contaminant layer | ¥/
—
Outer hydroxide layer| [Ni(OH),+Cr(OH);+Fe(OH),| | /
SLLEERR LR LR LR R RN}
Inner oxide layer Crz203+FeO d
hsssssssssnsnsssnnnEn NN nnESE
Substrate Alloy Ni-Cr-Fe

Ni-Cr-Fe

Schematic model

Model for calculation

Fig. 5-6 (a) Schematic drawing of the oxide films formed on Alloy 600 and Alloy 690

in simulated PWR primary water.

calculation of XPS results.

(b) Simplified layered model for numerical
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5.5 Conclusion

Using HAX-PES, photoelectrons were detected from the oxide layer of up to 25
nm thickness. They could also be observed simultaneously in the substrate alloy
underneath the oxide layer without any sputtering techniques. The substrate alloy
adjacent to the oxide layers was deficient in Cr, and on the other hand was enriched with
Ni. Especially, the Cr content in the substrate alloy of the specimen exposed to the
solution at 320 °C was approximately 1 mass%. Oxide layers formed in PWR primary
water environment consisted of an inner oxide layer of mainly Ni and a covering outer
hydroxide layer of Ni and Cr. Furthermore needle-like oxides covered the top surface. A
considerable amount of the needle-like oxides, which might be the spinel of Fe and Ni,
were formed in the solution without dissolved hydrogen. Almost no Ni was included in
the oxide, and most of Ni in the oxide layer was incorporated as hydroxide. On the other
hand, although Cr was included in both hydroxide and oxide, more Cr was incorporated
in the oxide layer formed at 360 °C compared to the case at 320 °C. By comparing
oxides formed at 320 °C and 360 °C, it was found that the less protective films were

formed at 320 °C.
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Chapter 6 General Conclusions

In the present study, the author has investigated the photoelectrochemical
response of passive films formed on Ni-based alloys. As a result, the following

conclusions have been derived.

Chapter 1
The author has introduced the overview of characterization of passive films,
especially focusing on characterization of semiconductive properties, followed by the

purpose of the present thesis.

Chapter 2

The chapter 2 reports semiconductive properties of passive films formed on
pure Ni and Ni-Cr alloys in a pH 8.4 borate buffer solution and a sulfuric acid solution
using the photoelectrochemical response. Photoelectrochemical action spectra obtained
from observed photocurrent spectra are separated into two components exhibiting band
gap energies of 2.3 eV and 3.5 eV that are attributed to outer hydroxide and inner oxide
layers of the passive films, respectively. By considering the potential dependence of the
photoelectrochemical response and photocurrent transients, the passive films on pure Ni
and Ni-Cr alloys in the solutions are proposed to consist of p-type oxide layer and
n-type hydroxide layer. The pH of the solutions does not affect the electronic band
structures of passive films on pure Ni and Ni-Cr alloys, but significantly influences the

amplitude of photocurrent and the flat band potential.

Chapter 3

In the chapter 3, semiconductive properties of passive films on Alloy 600 and
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Alloy 690 in a 0.IM H2SO4 solution and a pH 8.4 borate buffer solution are
investigated using the photoelectrochemical response. From the analysis of
photoelectrochemical response obtained, it is proposed that passive films formed on the
alloys in the solutions consist of an inner p-type oxide layer with the band gap energy of
approximately 3.5 eV and a covering n-type hydroxide layer with the band gap energy
of 2.3 eV, analogy to passive films formed on pure Ni and Ni-Cr alloys in the both
solutions. By comparing to the photoelectrochemical responses obtained for Ni-Cr
alloys, it becomes clear that Fe included in Alloy 690 affects photoelectrochemical
responses when incorporated into the passive films, that is, in the sulfuric acid solution
the photoelectrochemical responses are not affected because only small amount of Fe is
incorporated into passive films due to the selective dissolution of Fe whereas in the
borate buffer solution passive films on Alloy 690 contain a certain amount of Fe, and as
a result larger photoelectrochemical responses are observed for passive films on Alloy
690 than for those on Ni-30Cr alloy. From the results obtained for high-purity Alloy 690,
it was clear that impurities included in commercial Alloy 690 led to no changes in
semiconductive properties of passive films even if impurities were incorporated in

passive films.

Chapter 4

In the chapter 4, passive films formed on Alloy 600 and Alloy 690 in high
temperature and high pressure water environments are investigated on focus on the
influence of the dissolved hydrogen and cold working. XPS revealed that passive films
formed on Alloy 600 and Alloy 690 consist of an outer hydroxide layer and an inner
oxide layer. The dissolved hydrogen changes the chemical composition of passive films

formed on the alloys, resulting in variation in photocurrent response depending on the
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dissolved hydrogen level. Photocurrent obtained for the passive films formed under low
concentration of the dissolved hydrogen is large compared to that for the films formed
under high concentration of the dissolved hydrogen. Cold working also affects the
photocurrent response only on Alloy 600. This can be related to more local strain in the

alloy, especially at grain boundaries, introduced by cold working.

Chapter 5

Oxide films of Alloy600 and Alloy690 formed during exposure to a solution
simulated as the primary side water of a pressurized water reactor were characterized
using hard X-ray photoelectron spectroscopy. Specimens were immersed in a solution
containing 500 ppm B + 2 ppm Li with or without dissolved hydrogen at 320 °C or 360
°C for 24 h. Photoelectrons generated in the oxide films of up to 25 nm in thickness and
also in the substrate alloy underneath the oxide films could be observed simultaneously
without any destructive techniques like sputtering. The oxide films were mainly
composed of Ni hydroxide and an oxide of Cr and Fe, accompanying needle-like oxides
distributed on the surface. Further, alloyed Cr was depleted from the substrate alloy
directly underneath the oxide layer. Although Cr was incorporated both in the hydroxide
and oxide, more Cr is included in the oxide film formed at 360 °C. It is considered that
the oxide film formed at 320 °C is less protective. Therefore, at 320 °C, more Cr and Fe
were dissolved in the solution and Ni may have remained in the substrate alloy and also

as a hydroxide in the oxide film.

Additionally, the author hopes that the photoelectrochemical response of
passive films obtained in this study will be contributed to reveal the electronic structure

and for semiconductive properties of passive film formed Ni-based alloys in various
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environments, in particular at high temperature and high pressure water as those

structures and properties are strongly related to corrosion resistance of the alloys.
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