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Characterization of oxide films formed on Alloy 600 and Alloy
690 in simulated PWR primary water by using hard X-ray
photoelectron spectroscopy
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Abstract Oxide films on Alloy 600 and Alloy 690 formed
during exposure to the simulated primary side water of a pres-
surized water reactor were characterized using hard X-ray
photoelectron spectroscopy. The specimens were immersed
in a solution containing 500 ppm B+2 ppm Li with or without
dissolved hydrogen at 320 or 360 °C for 24 h. Photoelectrons
generated in the oxide films with thickness up to 25 nm and in
the substrate alloy underneath the oxide films could be ob-
served simultaneously without any destructive techniques
such as sputtering. The oxide films were composed of an inner
oxide layer of mainly Cr and a covering hydroxide layer of Ni
and Cr, with needle-like oxides distributed on the outermost
surface. In addition, alloyed Cr was depleted from the sub-
strate alloy directly underneath the oxide layer. Even though
the Ni-based alloys examined were mainly composed of Ni,
almost no Ni oxide was present in the oxide films formed in
solution with dissolved hydrogen. Most of Ni was incorporat-
ed as hydroxide. However, Cr was incorporated both in the
hydroxide and the inner oxide layers.

Keywords Nickel-based alloy . High temperature and high
pressure water . Passive film . XPS . Corrosion . Stress
corrosion cracking . Synchrotron radiation

Introduction

Ni-based alloys are widely used in energy and chemical plants,
including light water nuclear reactors. The corrosion behavior of
Ni-based alloys in such environments, including the electrochem-
ical behavior, growth and properties of the oxide films, and the
corrosion kinetics, has been widely studied by many authors
[1–5]. Alloy 600 and Alloy 690 have been used as steam gener-
ator (SG) tubing materials for pressurized water reactors (PWRs).
SG tubing made of mill-annealed Alloy 600 has frequently suf-
fered from intergranular stress corrosion crackings (IGSCC) [6–9].
Therefore, Alloy 600 has been replaced with Alloy 690 [10].

The IGSCC of SG tubing of Alloy 690 has not been a signif-
icant cause of failure. However, precracks of cold-worked Alloy
690 have been confirmed in laboratory tests to propagate as
IGSCC in a PWRprimarywater environment [11, 12]. Therefore,
IGSCCofAlloy 690 employed in the PWRprimary side has been
an important issue, and numerous studies have been performed on
this topic. Since the properties of oxide films formed on a metals
and alloys may be correlated with their corrosion process includ-
ing SCC, many authors have studied oxide films formed on Ni-
based alloys in high temperature and high pressure aqueous envi-
ronments [13–27]. In the primary coolant water of commercial
PWR plants, in order to control the neutron absorption cross
section of light water, B is introduced as a neutron mediator in
the form of boric acid, which makes the coolant water slightly
acid. Hence, in order to adjust the pH, lithium hydroxide is added.
Furthermore, hydrogen is also added into the primary coolant
water in order to reduce the amount of dissolved oxygen (DO)
that is generated by radiolysis of water molecules at the reactor

* Shinji Fujimoto
fujimoto@mat.eng.osaka-u.ac.jp

1 Division of Materials and Manufacturing Science, Graduate School
of Engineering, Osaka University, 2-1 Yamada-oka,
Suita, Osaka 565-0871, Japan

2 Japan Synchrotron Radiation Research Institute, 1-1-1, Kouto, Sayo-
cho, Sayo-gun, Hyogo 679-5198, Japan

3 Present address: SK Innovation Co. Ltd., Daejeon, Korea
4 Present address: Japan Atomic Energy Agency, Sayo-gun, Hyogo,

Japan
5 Present address: VG Scienta Co., Tokyo, Japan

Received: 17 December 2014 /Revised: 4 March 2015 /Accepted: 6 March 2015 /Published online: 3 April 2015
# Springer-Verlag Berlin Heidelberg 2015

J Solid State Electrochem (2015) 19:3521–3531
DOI 10.1007/s10008-015-2817-8



core. In the present study, boric acid, lithium hydroxide, and hy-
drogen are added into a testing water in order to simulate a PWR
primary water environment. Since the concentration of dissolved
hydrogen (DH) in the commercial PWR plant varies depending
on the operation conditions, typical simulated PWRprimarywater
with and without DH was employed for the testing solution.

The properties of passive films have been studied using electro-
chemical techniques [28–30] and various surface analysis tech-
niques such as Auger electron spectroscopy (AES) [31] and X-
ray photoelectron spectroscopy (XPS) [32].XPS is quite suitable to
analyze passive films covering corrosion-resistant alloys including
stainless steels andNi-based alloys, because the inelastic mean free
path of photoelectrons is comparable to the thickness of passive
films. Therefore, the photoelectrons yielded over the entire thick-
ness of a passive film can be detected simultaneously without any
destructive process; hence, the thickness, composition, and chem-
ical states of passive films formed on stainless steels, Ni-based
alloys, and other corrosion-resistant materials have been success-
fully studied [33–37]. However, the oxide films formed in high
temperature aqueous solutions are too thick to be analyzed using
conventional XPS. Therefore, the characterization of passive films
on Ni-based alloys exposed to high temperature water environ-
ments is performed using AES [14] or XPS [13, 16] using
sputtering and other techniques. However, if the energy of the
incident X-rays is large, the kinetic energy of the photoelectrons
also becomes large, resulting in a much larger inelastic mean free
path that enables the characterization ofmuch thicker passive films.

In the present work, thick passive films (oxide films) of Alloy
600 and Alloy 690 were formed in simulated PWR primary
water and were then characterized by hard X-ray photoelectron
spectroscopy (HAX-PES) using high-energy X-rays generated
by a synchrotron radiation facility.

Experimental

The materials examined were mill-annealed Alloy 600 and
Alloy 690 sheets; their chemical compositions are listed in
Table 1. The sheets were cut into small coupon specimens
with sizes of approximately 3×8×3 mm3. The specimens
were brazed using SiC paper, mirror finished using alumina
paste, and then successively degreased in acetone, methanol,
and distilled water in an ultrasonic bath.

The specimens were immersed in a high temperature and
high pressure aqueous solution containing 0.046 M H3BO3+

2.9×10−4 M LiOH (500 ppm B and 2 ppm Li) for 24 h at 320
or 360 °C using an autoclave with a solution-circulating facil-
ity. The concentration of dissolved hydrogen (DH) was con-
trolled to be 0 or 2.75 ppm and that of dissolved oxygen (DO)
was maintained at less than 2 ppb.

The specimens were analyzed using a HAX-PES apparatus
at SPring-8, a large synchrotron radiation facility in Harima
Science Park City, Hyogo, Japan. The VG-SCIENTA R-4000
hemispherical electron energy analyzer at BL46XU was
employed in this study. The photon energy of the incident
X-rays was approximately 7940 eV. The energy resolution
of this system was 225 meV, as estimated by the measurement
of the Fermi edge of Au at a pass energy of 200 eV. The
photoelectron takeoff angle was 80° and was occasionally
changed to 30°.

The specimens to be analyzed were exposed to the labora-
tory atmosphere after being removed from the autoclave and
before being placed into the ultra-high vacuum (UHV) cham-
ber of the HAX-PES facility. The changes in the properties of
passive films during exposure to air for such a short period are
negligible based on the authors’ experience as well as that of
many authors involved with XPS analysis.

Results

XPS spectra

Figure 1 presents the photoelectron spectra obtained for Alloy
600 and Alloy 690 exposed to the simulated PWR primary
water with 2.75 ppm DH at 360 °C for 24 h. In this figure, the
spectrum of each element is separated into some chemical
states, and the binding energy, Eb, of each component is listed
in Table 2. These values were determined by referring to the
values reported in the literature [20, 35–39]. The peaks attrib-
uted to the metallic states of Ni, Cr, and Fe are clearly ob-
served for both Alloy 600 and Alloy 690. Photoelectrons of
metallic states are yielded in the substrate alloy, and they then
pass through an oxide film and are detected by an analyzer.
These results confirm that photoelectrons yielded over the
entire thickness of the oxide films were successfully obtained
for further analysis. In the Ni spectra, the intensity of the
oxide, Niox, is quite small compared with that of the hydrox-
ide, Nihyd, for both Alloy 600 and Alloy 690. However, peaks
for both the oxide and hydroxide of Cr and Fe are clearly

Table 1 Chemical compositions of the materials examined

(mass%)

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

Alloy 600 0.010 0.310 0.360 - 75.010 15.710 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 0.009 0.002 <0.001
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observed. Therefore, the amount of Ni oxide is quite
small in the oxide films formed on Alloy 600 and Alloy
690 exposed to this environment.

Figure 2 presents the spectra obtained for Alloy 600 im-
mersed in a solution with 2.75 ppm DH and without DH at
320 °C for 24 h. Large amounts of hydroxides and oxides of
Ni and Fe are formed on Alloy 600 exposed to the solution
without DH compared with that with DH. However, more Cr

is contained as hydroxide and oxide in the oxide film formed
on the alloy exposed to the solution with DH.

Surface morphology

The surface morphology of some oxidized specimens was exam-
ined using field emission scanning electron microscopy (FE-
SEM), and the images are presented in Fig. 3. Needle-like
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Fig. 1 HAX-PES spectra of a
Ni2p, b Cr2p, c Fe2p, and d O1s
measured for Alloy 600 andAlloy
690 immersed in simulated PWR
primary water at 360 °C with
2.75 ppm DH for 24 h
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corrosion products are distributed on the surface, with larger
amounts observed for Alloy 600 than for Alloy 690. In addition,
the amount of these products is larger for the specimens oxidized
in the solutionwithoutDH than that for the specimens oxidized in
the solution with 2.75 ppm DH. Some granular deposits are also
visible; however, their morphology does not appear similar to that
of the granular oxides commonly observed on stainless steels
exposed to a high temperature and high pressure water [40–42].

Parameters for quantitative analysis of XPS spectra

The passive films were quantitatively characterized based on the
integrated intensity of each component of the spectra. In order to
perform quantification, the photoionization cross section, σ, which
represents the sensitivity to yield photoelectrons, and inelastic
mean free path, λ, which represents the escape length of photo-
electrons, are required. In the present study, the photoelectron
spectra of as-received Alloy 600 were also obtained. The photo-
ionization cross section of an element, z, in an alloy, σz, is deter-
mined using the following procedure using the photoelectron
spectra obtained for as-received Alloy 600, which is covered with
a naturally formed passive film.Assuming that an alloy containing
an element z is covered with a thin passive film and an outermost
contaminant layer, the integrated intensity, Iz, of photoelectrons
that are yielded from element z in an alloy, and then pass through
the passive film and the contaminant layer is described as follows:

I z ¼ ΨXCzσzλz
metð Þ exp −dlayer

.
λz

layersinθ
� �

exp −tcon
.
λz

consinθ
� �

ð1Þ

where Ψ and X are the apparatus constant and intensity of
incident X-rays, respectively; Cz is the molar concentration
of element z for a unit volume of an alloy; dlayer and tcon are

the thicknesses of the passive film and contaminant layer, re-
spectively; λz

met, λz
layer, and λz

con are the inelastic mean free
paths of the photoelectrons yielded from element z and then
passing through the bulk alloy, passive film, and contaminant
layer, respectively; and θ is the takeoff angle of the photoelec-
trons. Since θ=80° in the present study, sinθ is 0.985; hence,
sinθ is assumed to be unity and subsequently ignored. The
inelastic mean free paths of the elements in the metal, oxide
and/or hydroxide, and contaminant hydrocarbon (C14H14)
were estimated using Quases-IMFP-TPP2M Ver. 2.2 software,
developed by Tougaard [43] based on the formula proposed by
Tanuma et al. [44]. The results are summarized in Table 3. The
thicknesses, dlayer and tcon, of the passive film that is naturally
formed and the contaminant layer that covers the passive film,
are assumed to be 1.5 and 2 nm, respectively, by referring to
the authors’ previous study [37]. Consequently, the photoion-
ization cross sections of Ni, Cr, and Fe are estimated to be
23.88×104, 6.26×104, and 10.23×104, respectively, provided
that ΨX is unity and unchanged throughout the present study.

Preliminary numerical characterization of oxide films

The thickness of the oxide films, dlayer, on the examinedNi-based
alloys could be estimated by intensity attenuation of the Ni me-
tallic spectrum from the substrate alloy using Eq. (1) as follows:

INi
met ¼ CNiσNiλNi

metð Þ exp −dlayer
.
λNi

layer
� �

exp −tcon
.
λNi

con
� �

ð1’Þ
dlayer ¼ λNi

layer ln CNiσNiλz
met

.
INi

met
� �

−tcon
.
λNi

con
n o

ð2Þ

where CNi is the molar concentration of Ni (0.108 and
0.0828 mol/cm3 for Alloy 600 and Alloy 690, respectively).
However, the initially obtained thickness of the oxide film is
calculated by assuming that the Ni content in the substrate
alloy remains unchanged during exposure to high temperature
water. The alloy composition directly underneath the oxidized
layer could be provisionally estimated from INi

met, ICr
met, and

IFe
met using Eq. (1) using the initially estimated thickness of

the oxide film, dlayer, obtained above. Then, dlayer was
recalculated using the provisionally estimated Ni content. Af-
ter several repeated calculations, dlayer and the alloy composition
underneath the oxide film converged, and the results are summa-
rized in Figs. 4 and 5, respectively. As observed in Fig. 4, the
thickness increases with increasing temperature; moreover,
thicker oxide films are formed on Alloy 600 than those on Alloy
690. In addition, a much thicker oxide film is formed on Alloy
600 oxidized in the solution without DH at 320 °C. Figure 5
demonstrates that the Cr content in the substrate alloy beneath
the oxide film decreases after oxidation. In particular, the Cr
content for Alloy 600 at 320 °C with DH is quite small.

Table 2 Binding energy of various states of elements examined in the
present study

Element Chemical state Binding energy (eV)

Ni Ni0 2p3/2 (metal) 852.8

Ni2+2p3/2 (oxide) 854.9

Ni2+2p3/2 (hydroxide) 856.7

Fe Fe0 2p3/2 (metal) 706.8

Fe2+2p3/2 (oxide) 709.5

Fe3+2p3/2 (oxide) 711.2

Fe3+2p3/2 (hydroxide) 713.2

Cr Cr0 2p3/2 (metal) 574.1

Cr3+2p3/2 (oxide) 576.4

Cr3+2p3/2 (hydroxide) 577.6

O O2− 1 s (oxide) 530.1

OH− 1 s (hydroxide) 531.7

O2− 1 s (H2O) 533.3

C C 1 s 285.0
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Discussion

Oxide films formed in high temperature and high pressure
aqueous solutions including PWR environments have been
extensively studied [13–27]. Nakagawa et al. [18] and Terachi
et al. [19] studied oxide films of Alloy 600 formed in simu-
lated PWR primary water environment for 1000 h using X-ray
diffraction (XRD) and transmission electron microscopy

(TEM). Granular NiFe2O4 and needle-like Fe-Ni spinel oxides
were deposited on the Cr-rich barrier type oxide layers that
were formed on Alloy 600 immersed in the solution with DH
at 320 °C. However, a Ni-rich thick oxide was formed on the
Cr-rich continuous oxide layer on Alloy 600 that was im-
mersed in the solution without DH. A Ni-rich metallic layer
was also formed directly underneath the oxide film of the
specimen immersed in solution with DH. Ohtsuka et al. [26]
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Fig. 2 HAX-PES spectra of a
Ni2p, b Cr2p, c Fe2p, and d O1s
measured for Alloy 600 immersed
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studied oxide films formed on Alloy 600 and Alloy 690 ex-
posed to similar environments for up to 500 h and reported
that granular Ni-rich spinel oxides are distributed on the
smooth oxide layer mainly composed of Cr. The thickness
of the oxide film was approximately 20 nm at 24 h, and then
increased with time to reach approximately 40 nm after 500 h.
However, Marcus et al. [20] studied the very early stages of
the passive film formation on Alloy 600 in a PWR primary
water environment at 325 °C. The specimens were exposed to
a high temperature aqueous solution for short periods ranging
from a few tens of seconds to 500 s. The specimens were then
characterized using XPS and scanning tunneling microscopy
(STM). In the periods, the thickness of the passive film was
less than a few nanometers; therefore, the photoelectrons over
the entire thickness of the passive film could be analyzed
using a conventional XPS apparatus. An ultra-thin layer (ap-
proximately 1 nm) composed of mainly Cr oxide, covered
with a hydroxide layer of Cr with a small amount of Ni was
formed from 0.4 to 4 min. Subsequently, the inner oxide layer

grew with time to reach a thickness of approximately 2 nm
after 8 min. The thickness and composition of the passive
layer were quantitatively analyzed based on the three-
layered structure model: Ni(OH)2/Cr(OH)3/Cr2O3.

As described above, it has been reported that oxide films
formed in the PWR primary water environment consist of a
Cr-rich barrier type inner oxide layer covered with a continuous
hydroxide layer and heterogeneous granular or needle-like ox-
ides over them. The formation of discontinuous, i.e., granular or
needle-like, oxides on the top surface of the oxide film are com-
monly observed for oxide films on stainless steels and carbon
steels exposed to high temperature water environment [40–42].
Granular magnetite deposits are formed from released Fe2+ ions
or hydroxide by commonly known Shikkor’s reactions [41]:

3Fe2þ þ 4H2O → Fe3O4 þ 2H2O þ H2 ð3Þ

or

3Fe OHð Þ2 → Fe3O4 þ 2H2O þ H2 ð4Þ

(a) (b)

(c) (d)

Fig. 3 SEM photographs of the
surface of specimens immersed in
simulated PWR primary water at
360 °C for 24 h. a Alloy 600 with
2.75 ppm DH, b Alloy 600
without DH, c Alloy 690 with
2.75 ppm DH, and d Alloy 690
without DH

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

(nm)

EK
** in Metal in NiO in Cr2O3 in C14H14

Ni (7100) 7.40 8.40 9.53 14.1

Cr (7350) 8.53 8.65 9.81 14.6

Fe (7250) 7.99 8.55 9.69 14.4

O (7650) - 8.70 10.14 15.1

C (7400) 15.14* 8.95 9.86 14.7

** Approximate kinetic energy (eV)
* In graphite
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Fig. 4 Thickness of oxide films formed onAlloy 600 andAlloy 690 exposed
to simulated PWR primary water at 360 and 320 °C for 24 h, estimated by the
intensity attenuation of the Ni metallic spectrum yielded in the substrate alloy
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The materials examined in the present study were mainly
composed of Ni. Dissolved Ni2+ or Ni(OH)2 also forms oxide
by similar reactions. Therefore, discontinuous spinel oxides of
Ni and Fe (NiFe2O4 and/or Fe3O4) are able to deposit on the
hydroxide layer. The SEM images in Fig. 3 reveal that the
smooth oxidized layer was covered with needle-like corrosion
products, which indicates that the oxide films observed in the
present study might also have a similar heterogeneous struc-
ture. A schematic model for the structure of the oxide films
studied is presented in Fig. 6a.

In previous studies using XPS, passive films were formed
at room temperature (less than a few nanometers in thickness)
and could be quantitatively analyzed without any sputtering
based on the duplex layered model (an inner oxide layer cov-
ered with a hydroxide layer) [33–37]. Although the oxide
films formed in the present study were thick (reaching few
tens of nanometers), photoelectrons yielded over the entire
oxide layer and from the substrate alloy were detected because
of the high photon energy of the incident X-rays. However, as
described above, the oxide film may have been heteroge-
neous; hence, the simple duplex layered model is difficult to
adopt. In the present study, an angle-resolved HAX-PES mea-
surement was attempted with a photoelectron takeoff angle of
30°; however, the detailed layered structure of the oxide film
could not be determined. Accordingly, considering the results
in the present study and in the literature, the structure of the
oxide films is assumed to be contaminant layer/outer oxide
layer/hydroxide layer/inner oxide layer/substrate alloy (from
top to bottom), provided that the needle-like oxides, distribut-
ed over the hydroxide layer, are assumed to be a continuous
outermost layer (Fig. 6b). By adopting this model, the thick-
ness and composition of each layer are calculated based on the
following procedure.

The intensities of the photoelectrons of an element z in the
outer oxide layer, Iz

oo, hydroxide layer, Iz
hyd, and inner oxide

layer, Iz
io, are described by Eqs. (5), (6), and (7), respectively:

I z
oo ¼ ΨXCz

ooσzλz
ox 1−exp −m

.
λz

ox
� �n o

exp −tcon
.
λz

con
� �

ð5Þ

I z
hyd ¼ ΨXCz

hydσzλz
ox 1−exp −l

.
λz

ox
� �n o

exp −m
.
λz

ox
� �

exp −tcon
.
λz

con
� �

ð6Þ
Iz

io ¼ ΨXCz
ioσzλz

ox 1−exp −d
.
λz

ox
� �n o

exp −l
.
λz

ox
� �

exp −m
.
λz

ox
� �

exp −tcon
.
λz

con
� �

ð7Þ

where m, l, and, d are the thicknesses of the outer oxide layer,
hydroxide layer, and inner oxide layer, respectively, and λz

ox

is the inelastic mean free path in the oxide or hydroxide layer
for photoelectrons yielded from element z. In the present
study, since the outer oxide layer is assumed to consist of an
oxide of Ni and Fe, z in Eq (5) is substituted by Ni, Fe, and O,
and the following equations are derived:

INi
oo ¼ ΨXCNi

ooσNiλNi
ox 1−exp −m

.
λNi

ox
� �n o

exp −tcon
.
λNi

con
� �

ð8Þ
I Fe

oo ¼ ΨXC Fe
ooσFeλFe

ox 1−exp −m
.
λFe

ox
� �n o

exp −tcon
.
λFe

con
� �

ð9Þ
IO

oo ¼ ΨXCO
ooσOλO

ox 1−exp −m
.
λO

ox
� �n o

exp −tcon
.
λO

con
� �

ð10Þ

Provided that Cz
oo is the molar concentration of z per unit

volume (mol/cm3, z: Ni, Fe,and O) in the outer oxide layer,
Eq. (11) is obtained:

MNiCNi
oo þM FeC Fe

oo þMOCO
oo ¼ ρOO ð11Þ

whereMZ is the atomic weight of element z (g/mol), and ρOO

is the density of the outer oxide layer (g/cm3). Eq. (11) is
modified to Eq. (12) using Eqs. (8)–(10).

MNiINi
oo

.
ΨXσNiλNi

ox 1−exp −m
.
λNi

ox
� �� �

exp −tcon
.
λNi

con
� �n oh i

þM FeI Fe
oo
.

ΨXσFeλFe
ox 1−exp −m

.
λFe

ox
� �� �

exp −tcon
.
λFe

con
� �n oh i

þMOIO
oo
.

ΨXσOλO
ox 1−exp −m

.
λO

ox
� �� �

exp −tcon
.
λO

con
� �n oh i

¼ ρOO

ð12Þ
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Fig. 5 Cr concentration in the substrate alloy underneath oxide films.
Specimens are as received and exposed to simulated PWR primary water
at 360 and 320 °C
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Fig. 6 a Schematic drawing of the oxide films formed on Alloy 600 and
Alloy 690 in simulated PWR primary water. b Simplified layered model
for numerical calculation of XPS results
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If ρOO is provided, the thickness of the outer oxide layer,m, is
obtained from Eq. (12) because only m is unknown in Eq. (12).
Consequently,CNi,CFe, andCO are obtained fromEqs. (8)–(10).
A similar procedure is to be applied for the hydroxide layer and
inner oxide layer using Eqs. (6) and (7), respectively. Finally, the
content and thickness of each layer can be estimated.

However, in the present study, the photo-ionization cross sec-
tion of oxygen, σO,was not available. Alternatively, it is assumed
that the outer oxide is composed of NiO+Fe2O3. Therefore, the
molar concentrations of oxygen, CO, are automatically deter-
mined to be CNi+1.5CFe. Hence, if σO and/or IO

oo are/is not
available, Eq. (11) should be modified to the following equation:

MNiCNi
oo þ M FeC Fe

oo þ MO 1:5CNi
oo þ C Fe

ooð Þ
¼ MNi þ 1:5MO

ooð ÞCNi
oo þ M Fe þMOð ÞC Fe

oo ¼ ρoo
ð11Þ

Accordingly, Eq. (12) should also be modified to Eq. (12):

MNi þ 1:5MO
ooð ÞINioo

.
ΨXσNiλNi

ox 1−exp −m
.
λNi

ox
� �� �

exp −tcon
.
λNi

con
� �n oh i

þ M Fe þMOð Þ I Feoo
.

ΨXσFeλFe
ox 1−exp −m

.
λFe

ox
� �� �

exp −tcon
.
λFe

con
� �n oh i

¼ ρoo

ð12’Þ

As mentioned above, a similar procedure was applied for
the hydroxide layer and inner oxide layer using Eqs. (6) and
(7), respectively. In the present study, the outer oxide, hydrox-
ide, and inner oxide are assumed to be composed of NiO+
Fe2O3, Ni(OH)2+Cr(OH)3+Fe(OH)3, and Cr2O3+FeO, re-
spectively. The obtained results are summarized in Table 4.
As mentioned above, the concentration of oxygen in each
layer is not calculated. The characteristics of each layer are
summarized as below.

The needle-like oxides (which might be Ni-Fe spinel
oxide, as mentioned previously) distributed on the top
surface were heterogeneous, as observed in Fig. 3, and
were incorporated in the model for quantitative calcula-
tion as the continuous outer oxide layer as shown in

Fig. 6b. Therefore, the calculated thickness of the outer
oxide layer corresponds to the amount of deposited oxides
over the top surface. As observed in Table 4, more oxides
were formed at 360 °C than at 320 °C. In addition, no Ni
oxide was observed at 320 °C with DH.

The hydroxide layer was mainly composed of Ni hydrox-
ide except for Alloy 690 immersed in the solution at 360 °C.
The amount of Cr hydroxide on Alloy 690 was larger than that
on Alloy 600, corresponding to the Cr content of each sub-
strate alloy.

The inner oxide layer is mainly composed of Cr oxide. The
Cr contents in the inner oxides on Alloy 600 and Alloy 690
exposed to solutions with 2.75 ppmDH are similar. The highly
Cr-enriched inner oxide layer may act as a barrier layer against
corrosion. Furthermore, a thicker, mainly Cr, inner oxide layer
is formed at 360 °C compared with that at 320 °C. However,
the Cr content in the inner oxide on Alloy 600 in the solution
without DH at 320 °C is slightly lower compared with that
formed in the solutions with 2.75 ppm DH.

The summation of the thicknesses of the layers for each
specimen listed in Table 4 is smaller than the estimated thick-
ness of the total oxide films observed in Fig. 4. The thick-
nesses of the inner oxide layer (from 0.95 to 6.1 nm in Table 4)
appear to be underestimated because these values are compa-
rable to those formed in aqueous solution at room temperature
except for that of Alloy 690 exposed to the solution at 360 °C.
The reason for the inconsistency in the estimated thicknesses
including the temperature dependence observed in Fig. 4 and
Table 4 is not clarified. It should be noted that the estimation
of the thickness of each layer using Eqs. (5)–(12) of the oxide
film partially composed of a heterogeneous layer, i.e., the
outer needle-like oxides in the present study, is not necessarily
reliable compared with the estimation for passive films com-
posed of homogeneous layers that are usually formed at room
temperature. However, the thicknesses of the films shown in
Fig. 4 might be reliable because the thickness is simply esti-
mated based on the attenuation of the photoelectrons yielded

Table 4 The calculated thickness and cation fraction of each layer in the oxide films formed on Ni-based alloys immersed in simulated PWR primary
water for 24 h

Specimen Solution temperature Thickness (nm) Cation concentration in each layer (molar
fraction in %)

Outer oxide Hydroxide Inner oxide

Outer oxide Hydroxide Inner oxide Summation Ni2+ Fe3+ Ni2+ Cr3+ Fe3+ Cr3+ Fe2+

Alloy 600 2.75 ppm DH 360 °C 0.19 14.4 2.3 16.9 29.2 70.8 67.0 28.6 4.4 79.7 20.3

320 °C 0.12 8.6 1.2 9.9 0.0 100.0 73.0 21.9 5.1 81.2 18.8

Alloy 690 2.75 ppm DH 360 °C 0.26 9.6 6.1 16.0 24.0 76.0 18.5 78.6 3.0 81.3 18.7

320 °C 0.1 6.5 1.2 7.8 0.0 100.0 42.4 49.9 7.7 89.9 10.1

Alloy 600 NoDH 320 °C 0.25 10.8 0.95 12.0 50.3 49.7 83.3 11.8 4.8 69.8 30.2
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in the substrate alloy during the passing through the entire
oxide film. Marcus et al. reported that a non-negligible
amount of B2O3 is incorporated in the oxide films formed in
simulated PWR primary water containing borate [20]. Al-
though B was not analyzed in the present study, boric oxide
can be incorporated in the oxide layer. If such cation oxides
are contained, the thickness of the inner oxide layer would be
much larger.

The corrosion process of stainless steels and Ni-based
alloys is driven by H2O and/or H+ reduction as cathodic
process in a deaerated neutral high temperature water
environment. Therefore, their corrosion potentials are
close to the H2/H

+ equilibrium potential [9] because
stainless steels and Ni-based alloys are stationary pas-
sivated. As discussed in the literature, the H2/H

+ equi-
librium potential is around the NiO/Ni equilibrium in
simulated PWR primary water [9, 18, 19, 45], which
indicates that in this environment, the anodic oxidation
of Ni is quite few, whereas Cr and Fe form their oxides.
Therefore, it is reasonable that oxide films composed of a
small amount of or almost no Ni oxide are formed on
Alloy 600 and Alloy 690, as observed in the present
study. In addition, based on thermodynamic calculations,
it has also been reported that the phase transition temper-
ature between NiO/Ni at 2.75 and 2.1 ppm DH is approx-
imately 330 and 320 °C, respectively [9, 18, 19]. There-
fore, NiO is stable at 360 °C, whereas Ni (metallic) is
stable at 320 °C. Actually, no Ni oxide is incorporated
in the outer needle-like oxide on Alloy 600 and Alloy
690 exposed at 320 °C with DH, as described in Table 4
(as an outer oxide).

As described previously, oxide films consisting of mainly
Ni hydroxide could be formed on Alloy 600 and Alloy 690.
Ni(OH)2 is an intermediate product before the formation of
NiO or NiFe2O4 (known as thermodynamically stable [19]).
As NiO and NiFe2O4 were confirmed to be formed more than
hydroxide after long-term exposure to the PWR primary water
environment [13, 19], the exposure period of 24 h in the pres-
ent study might be not sufficient to form a stable Ni oxide.

Although in the PWR primary water environment, Ni
scarcely dissolves or oxidizes, Cr and Fe are likely to dissolve
to form an oxide or hydroxide; hence, Cr and Fe are depleted
from the substrate alloy underneath the oxide film, as ob-
served in Fig. 5. However, in the solution without DH at
320 °C, NiO is thermodynamically stable asmentioned above.
In fact, fairly thick oxide films containing Ni, Cr, and Fe oxide
and hydroxide were observed on Alloy 600 with almost no
depletion of Cr in the substrate.

In conclusion, it might be possible in the PWR operating
conditions (approximately 320 °C with DH) for the passivity
of Ni-based alloys to be unstable because mainly less protec-
tive Ni(OH)2 films are formed, especially for low Cr-bearing
materials such as Alloy 600. In addition, the Cr content in the

substrate alloy becomes low particularly for Alloy 600 during
exposure to water at 320 °Cwith 2.75 ppmDH, as observed in
Fig. 5 (approximately 5 at.%). Such results might be a clue to
understanding the high susceptibility of Alloy 600 to IGSCC
in PWR primary water environments.

Conclusions

Oxide films of Alloy 600 and Alloy 690 formed in a simulated
PWR primary water environment for 24 h with and without
dissolved hydrogen were characterized using hard X-ray pho-
toelectron spectroscopy at SPring-8. The following results
were obtained:

1. Using HAX-PES, the photoelectrons generated in oxide
films of up to 25-nm thickness and in the substrate alloy
underneath the oxide film were simultaneously observed
without any sputtering.

2. The oxide films formed in the PWR primary water envi-
ronment consisted of an inner oxide layer of mainly Cr
and a covering hydroxide layer of Ni and Cr; further,
needle-like oxides covered the top surface.

The needle-like oxides might be Ni-Fe spinel oxides.
However, no Ni was present in the case of exposure at
320 °C with 2.75 ppm dissolved hydrogen. However, a
considerable amount of needle-like oxides, including both
Fe and Ni, was formed on Alloy 600 immersed in the
solution without dissolved hydrogen at 320 °C.

3. The substrate alloy adjacent to the oxide films was defi-
cient in Cr and enriched with Ni. In particular, the Cr
content in the substrate alloy of Alloy 600 immersed in
the solution at 320 °C with 2.75 ppm dissolved hydrogen
was approximately 5 at.%.

4. Although Alloy 600 and Alloy 690 are mainly composed
of Ni, almost no Ni oxide was contained in the oxide film.
Most of the Ni was incorporated as hydroxide. However,
Cr was included in both the hydroxide and oxide layers.
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