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Abstract

The electrochemical behavior and the chemical composition of passive films formed on the Alloy 690
at room temperature in borate buffer solution (pH = 9.0) was studied with different techniques for two
surface finishings. XPS and quantum yield measurements showed the presence of Ni and Cr oxides and
hydroxides for passive films formed on both the as received and the mechanically polished one,
whereas the presence of mixed spinel type NijixFexCr,04 was only observed on the as received
material. Additionally, Electrochemical Impedance Spectroscopy (EIS) highlighted a higher corrosion
resistance for the as received alloy in comparison with the mechanically polished alloy, which was
linked to the chemical composition of the oxide film. Electrochemical measurements were performed
before, during, and after oxidation of the Alloy 690 of Steam Generator (SG) tube of Pressurized Water
Reactor (PWR) at high temperature and high pressure in the simulated primary circuit of PWR. At high
temperature, the interface becomes electrochemically active vyielding the precipitation of
the corrosion products which form a few tens of nm thick diffusion barrier for the released metal
cations. This overlayer is built on the top of a few nm thick, Cr rich inner layer at the alloy/oxide
interface which was found to behave similarly to that initially formed at ambient temperature. It is
concluded that high temperature oxidation in the static condition of an autoclave at 325°C does not
promote a better passivation state than the one already existing initially.
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1. Introduction

Nickel-base Alloys and in particular the Alloy 690 are the main manufacturing material for steam
generator (SG) tubes of pressurized water reactors (PWRs) due to their high corrosion resistance, in
particular to stress corrosion cracking. However, general corrosion of Ni-base alloys occurs in high
temperature water leading to the contamination of the PWR primary circuit with the *2Co radionuclide.
>8Co originates from the activation of Ni in the core of the reactor after being released from SG tubes.
The oxide film formed on the Ni-base alloys has a key role in Ni release, as well as the PWR environment
and the material characteristics that can also influence the passive film growth [1] [2].

The electrochemical and the oxide film properties have been extensively studied in order
to understand the mechanism of Ni release from Ni-base Alloys and elucidate the growth mechanism
of the oxide film at high temperature and high pressure [3] [4] [5]. The oxide film formed within the
PWR media is generally described as a duplex oxide layer with an inner layer enriched in Cr and an
outer layer that contains mainly nickel ferrite and nickel hydroxide [5] [6]. The internal part of the oxide
film results from anionic diffusion through grain boundaries and local dislocations of the material
surface [2] [7] generating an internal layer rich in Cr,0s. The external part of the film generally results
from precipitation, due to local saturation of the media, of Ni and Fe ions after being released from
the alloy forming nickel ferrite crystallites [6].

Hence, the Cr-rich layer within the passive film is considered to be the main factor of corrosion
resistance of these alloys [8]. Additionally, semiconducting properties are also observed for the passive
film formed on the Alloy 690 at high temperature, in agreement with the presence of rich Cr (n type
semiconductor). However, there is no straightforward link between semiconducting properties, which
are governed by the electron conduction, and corrosion resistance which is mostly governed by oxide
stability and ion migration. Hur et al. [9] reported that mainly a n-type semi-conductive behavior was
observed for the passive film formed on the Alloy 690 at high temperature. Interestingly, they also
linked this result with the higher Cr content within the passive film. However, it was also reported that
the oxide film growth and the Ni release depend on the sub-surface defects density of the material.
Jeuland et al. [2] showed a correlation between the defect concentration and the oxygen diffusion in
the oxide film. Moreover, the cold working of the surface state has an influence on the properties of
the passive film, and consequently on the corrosion resistance of the alloy [10] [11]. The native film
formed on Ni base alloy is described as an amorphous oxide layer with a duplex structure having an
inner part mainly formed of Cr,03 and mixed Ni and Cr hydroxides for the external part of the film [12].
Some authors mention the presence of a minor percentage of Fe within this native film [13]. At room
temperature, the mechanism governing the formation of the passive film is based on the oxygen
affinity of the alloy’s elements (Cr>Fe>Ni) that migrate and form the oxide film at the material surface
[14].

Most of the existing works on the Alloy 690 are performed at high temperature and high pressure [5]
[2] [6], and only few studies have focused on the chemical composition and the electronic structure of
the passive film formed on the surface of these alloys at room temperature [14] [15]. On the other
hand, some authors suggest that Ni-base alloy behavior regarding the Ni-release strongly depends on
the first stage of oxidation [16]. Although the chemical composition and electronic structure of the
passive film formed on Ni base alloy are extensively studied at high temperature, the relationship
between the film structure and its corrosion resistance properties still need to be investigated.
Therefore, we assume that the structure and the composition of the native passive film formed on
Alloy 690 govern the growth mechanism of the oxide layer on Ni-base alloy when exposed to
PWR environment. More specifically, the structural defects already existing within the native passive



film (thus formed at low temperature) may control the protective properties of the oxide film further
formed at high temperature.

The main objective of this work is to make a link between the native oxide film formed on Alloy 690
and the corrosion resistance of the material when it is used at higher temperature, which thus require
the study of the passive film formed at high temperature within PWR primary water. The investigation
at room temperature is thus required since it allows to obtain the characterization on the native
passive film at the Alloy/oxide which becomes the starting inner passive layer under high temperature
oxidation. In the following, it will be demonstrated that the inner layer formed at 325°C within static
autoclave conditions exhibits similarities with the native passive film.

This work investigates the composition and the electrochemical response of passive film formed on
the Alloy 690 at room and high temperature on the basis of electrochemical impedance spectroscopy.
Photoelectrochemical measurements and surface analyses were also performed in order to better
describe the general corrosion behavior of Ni-base alloys.

2. Experimental procedure

Industrial steam generator (SG) tubes of Alloy 690 were used as sample material in this study. Samples
were machined from SG tubes to obtain a straight section of a quarter of the SG tube of 1.09 mm
thickness and 19 mm outer diameter. Two different surface states of Alloy 690, mechanically polished
(MP) and as received (AR) made by cold-rolling, were studied in this work. Figure 1 shows SEM
observations of the both surface shapes before any electrochemical experiment. Moreover, the
samples were analyzed by XPS before electrochemical measurements. The XPS spectra highlighted the
presence of Ni and Cr oxides and hydroxides with the presence of the peaks related to the metallic
compounds which suggest the existence of a thin film on the alloy surface.
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Figure 1: SEM images of the surface state shape of the AR and MP samples

The general chemical composition of the alloy used in this work is reported in Table 1.

Table 1: Chemical composition of Alloy 690 (wt.%)

Material Ni Cr Fe Al Ti Si P Mn C S

Alloy 690 59 29 10.5 - 0.5 | <05 <0.01 <0.5 0.02 <0.015

The mechanically polished tube was grinded using SiC papers down to grade 1200, then it was
degreased and cleaned in ultrasonic bathes of successively ethanol and distilled water. The as received
tubes were simply cleaned and degreased before analysis. The samples were mounted as working
electrodes and their outer surface, as well as the cut borders, were covered by a commercial insulating




paint (Masking Aid Microshield). The working electrode exposed surface was in the range of 1 cm?
(accuracy of 1%).

A classic 3-electrode electrochemical cell of 200 mL was used for the electrochemical analysis. The
electrochemical cell is provided with quartz window for the photoelectrochemical experiments. A
platinum grid was used as counter electrode and a saturated mercury sulphate electrode (MSE,
E =-0.64 V/SHE) was used as reference electrode. All experiments were performed in a borate buffer
solution (pH = 9 — H3BO3 102 mol/L, Na;B04 3 102 mol/L) at room temperature. Borate buffer solution
was chosen since the oxide film formed on Ni base alloy is poorly soluble in this media, and it was
found to be appropriate for the study of the native passive film. Moreover, the presence of Boron in
the electrolyte was chosen in order to approach the primary water chemistry which contains boron
and lithium. The electrolyte pH at room temperature is slightly alkaline as the simulated primary
media. Electrochemical measurements were carried out with a potentiostat/galvanostat (Ref 600)
from Gamry Instruments. The passive films were formed at room temperature during 15 hours of
immersion at the corrosion potential (Ecorr) before electrochemical measurements.

Impedance measurements were also performed at corrosion potential during oxidation of the samples
at high temperature and high pressure. The high oxidation temperature was maintained for 1000 hours
in a static autoclave containing PWR simulated solution with H, concentration of at most 35 cm3/kg
(1000 mg/kg of B (H3BOs); 2 mg/kg of Li (LiOH)) at 325°C and 130 bars. In the autoclave, the
electrochemical measurements were performed using the alloy as a working electrode, a platinum
wire as a pseudo-reference and a stainless-steel wire as a counter electrode.

After the film formation, photoelectrochemical measurements were performed using a Xenon arc
lamp (Xenon lamp 150W CERMAX) as light source with wavelength varying between 200 and 400 nm.
The light beam, collimated by an optical lens, is split and the wavelength is fixed using a digital
monochromator. The monochromator position was controlled by a stepping motor with a scan rate of
1 nm/3 s. One of the split-beam is used as a reference and irradiates a calibrated silicon photodiode
for flux measurement, and a current-to-voltage converter delivers a voltage signal proportional to the
short circuit current of the photodiode. The second split-beam irradiates the electrochemical cell
through the quartz window. The quantum yield measurement was then calculated following the
Equation .

tN{ S I.(})
N=E (—)( ref )T‘V ( z ) Equation 1
I]( ) r SSample ’ Pref (’1)

where n is the quantum vyield, A the wavelength (nm), E the energy (eV), T% the transmission due to
the presence of a protective filter in front of the diode, Sref and Ssampie are the reference and sample
illuminated surface respectively, I. is the photocurrent (A), Pryis the measured light power (W) and t/r
a correction factor relative to the transmission t and reflection r of the beam splitter. The photocurrent
was determined from the global measured current after deduction of the corrosion current. The
corrosion current was recorded, during the same experiment, just before the illumination of the
sample.

Surface state morphology of the samples was characterized by Scanning Electron Microscopy (SEM)
(ZEISS Ultra 55).



The oxide film composition was investigated by X-ray Photoelectron Spectroscopy (XPS). Ni2p, Cr2p,
Fe2p, Ol1s and Cls spectra were recorded by an Omicron Argus XPS, equipped with a monochromatic
AlK, radiation source (hv = 1486.6 eV). The emission of photoelectrons from the sample was analyzed
at a takeoff angle of 90° under ultra-high vacuum conditions (< 10'°Torr). Measurements were carried
out with a 100 eV pass energy for the survey scan and 20 eV pass energy for the high resolution spectra.
The element peak intensities were corrected by Scofield factors [17]. The peak areas were determined
after the subtraction of the background using the Shirley method [18]. The spectra were fitted using
Casa XPS v.2.3.15 software (Casa Software Ltd., U.K.) and applying a Gaussian/Lorentzian ratio G/L
equal to 70/30.

The thickness of oxide film formed on Alloy 690 at high temperature was estimated by Nuclear
Reaction Analysis (NRA) using the following reaction 10 + D <> 70 + H*. The proton was generated by
a 857 KeV incident *0-beam and was detected at an angle 8 = 150°. A 13 um thick Mylar film prevented
back-scattered deuterons from swamping the detector.

3. Results
3.1. Electrochemical behavior of the oxide film formed at room temperature
3.1.1. Current-potential curves

Figure 2 shows the current-potential curves of the Alloy 690 after 15 hours of immersion in the borate
buffer solution (pH 9.0). 15 hours of immersion was considered as the required time for passive layer
formation and stabilization, from which a pseudo steady state was obtained.

The corrosion potential of the alloy with both surface states, MP and AR, was about -0.55 V/MSE. The
passive region extended to about -0.1 V/MSE for the MP tube and to 0 V/MSE for the AR tube.
Afterwards the activation peak, a second passive region barely extended over 200 mV with a higher
current density was observed. Then, the beginning of the transpassive domain is evidenced by the rise
of the current density at 0.4 V/MSE. The second passivation plateau was better evidenced when
current-potential curves were performed in steady-state condition (data not presented in this paper).
This second passivation plateau is generally attributed to the formation of an oxide film containing
mainly Ni and Fe. It can be noted that the activation peak occurred at more anodic potential, with a
significant current increase for the AR sample. At potentials greater than 0.4 V/MSE, the increase of
current density is related to the oxygen evolution reaction on the material.
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Figure 2: Potentiodynamic polarization curves of the Alloy 690 after 15h immersion at the corrosion
potential in borate buffer solution (pH 9.0) at ambient temperature, (v= 0.1 mV/s) for the AR and MP
samples

The main difference between both samples is the current density of the first passivation plateau. The
AR sample shows a lower passive current density in comparison with the MP sample. A difference in
the oxide film composition or thickness may be the origin of this disparity. Moreover, the chromium
oxidation occurred at lower potential for the MP sample. The second passivation plateau highlighted
similar current density between both materials, but it occurred on a slightly wider potential range on
the MP in comparison with the AR.

In order to understand the differences shown on the anodic behaviour, the electrochemical interface
of both alloys is investigated by electrochemical impedance spectroscopy after an initial immersion of
15h at the corrosion potential.

3.1.2. Electrochemical impedance spectroscopy

At the corrosion potential (Ecor), the global current is equal to zero and the impedance is the sum of
the cathodic and anodic contributions operating simultaneously at the electrode surface. In order to
determine if one of these contributions dominates, EIS measurements near the corrosion potential
(i.e. at Ecorr+ 50 mV and E.o- - 50 mV) are performed (Figure 3).
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Figure 3: Nyquist diagrams for the AR Alloy 690 (a) and the MP Alloy 690 (b) after 15 h of immersion
at E.orr in borate buffer solution (pH 9.0) at ambient temperature, measurements at Ecor-50 mV, Ecorr
and Ecorr 50 mV

The impedance diagrams in a Nyquist representation depicted a capacitive behavior showing a slight
bending at low frequency, suggesting that the system is tending to a resistance at very low frequency.
For both surface states, it was observed that the capacitive loop diameter decreases for a cathodic
polarization (Ec.orr - 50 mV), while the diagrams at corrosion and anodic potentials overlap quite
perfectly. This suggests that the impedance measured at corrosion potential is governed by the anodic
contribution of the impedance, which is ascribed to the oxidation of the alloy and dissolution of the

passive film.

Figure 4 allows to compare the impedance diagrams of both samples, measured after 15 hours of
immersion at the corrosion potential. The Nyquist diagrams (Figure 4.a) show the beginning of a
capacitive loop as previously described. However, the low-frequency limit decreases significantly for
MP alloy thus corresponding to a capacitive loop with a smaller diameter. The Bode diagrams highlight
the presence of one time constant at low frequency domain. However, the electrolyte resistance may
mask some relevant information on the phase evolution in the high frequency domain. For an easier
analysis of the impedance data, the impedance diagrams corrected from the electrolyte resistance are

presented in Figure 4.c and Figure 4.d.
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Figure 4: (a) Nyquist, (b) Bode, (c) imaginary part of the impedance part vs. frequency and (d) phase
vs. frequency (with and without the correction of Re) for the Alloy 690 after 15 h of immersion at the
corrosion potential in borate buffer solution (pH 9.0) at ambient temperature

The impedance measurements are analyzed with the equivalent electrical circuit presented in Figure
5.a. The circuit represents the oxide film impedance (Zsim), which is described by the power-law model
(see below), in series with the double layer capacitance, which is described by a constant phase
element (CPEg4), both elements being in parallel with the faradaic impedance of the system. For this
system and at the corrosion potential, the faradaic impedance is dominated by the anodic branch
associated with the film oxidation and the oxide film dissolution and is described by a single charge
transfer resistance (R:). Even though the experimental impedance diagrams are in fact describing the
beginning of a semi-circle, the adjusted spectra highlight diagrams in the form of flattened semi-circles,
thus justifying the use of a CPE and a specific film impedance to account for the interfacial capacitance.
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Figure 5: (a) Equivalent electrical circuit used to analyze impedance measurements of Alloy 690 after
15 h of immersion in borate buffer solution (pH 9.0) at ambient temperature and (b) Equivalent
electrical circuit used to analyze impedance measurements of Alloy 690 after 1000 h of oxidation in
PWR simulated primary water at 325 °C
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The representation of the imaginary part of the impedance vs. the frequency in a bi-logarithmic scale
(Figure 4.c) shows two linear domains with a slope lower than 1 between (i) 103 and 10 Hz and (ii) 40
and 2000 Hz. These two domains are ascribed to two different contributions, both showing a CPE
behavior. The correction from the electrolyte resistance is then applied to the experimental data for
plotting the phase angle as a function of the frequency (Figure 4.d) [19] . The corrected phase spectra
highlights two linear parts over the two same frequency domains previously described on Figure 4.c.
A deviation was observed in the high frequency domain, starting from 10* Hz, which is ascribed to the
geometric effect of the working electrode inducing a significant frequency dispersion that depends,
among other, on the electrode size [20].

Because of the non-ideal behavior of the electrochemical system, a constant phase element (CPE) is
commonly used to describe the capacitive behavior of the interface, and is expressed as:

1

Zcpg = W Equation 2

Q and a, the CPE parameters, independent of the frequency and w=2mnf.

The CPE behavior arises from the dispersion of time constants which are distributed either along the
electrode surface (2D distribution) or in the direction normal to the electrode surface (3D distribution).
A surface distribution can be generated by surface heterogeneity at the electrode surface such as grain
boundaries, crystallographic orientation or a non-uniform distribution of current and potential at the
interface due to the electrode geometry. A normal distribution can be expected in systems such as
oxide films, in which the distribution of conductivity in the oxide film may vary over a few orders of
magnitude, thus resulting in a CPE behavior [21].

Interestingly, the CPE parameters can be readily estimated using a graphical method presented by
Orazem et al. [22]. a corresponds to the absolute value of the slope of the curve presented in Figure
6.3, that is:

dlog|Z;
= ‘M Equation 3

dlogf

and Q is calculated from a using the following expression
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Q= —W sin (T) Equation 4
As shown in Figure 6.3, two linear parts are observed on the curves suggesting the coexistence of two-
time constants corresponding to two CPE in series. In the low frequency range corresponding to 10
to 10 Hz, the CPE is attributed to the double layer capacitance, while the CPE corresponding to the
oxide film is highlighted in the high frequency domain.

A normal distribution of time constants linked to the variation of the film resistivity through the oxide
film can be well described by the power law model:

-1
P _ (p_5 + (1 — p_5) gy) Equation 5
Ps Po Po

where po and ps are the resistivities at the interface Alloy/oxide and oxide/solution boundaries

respectively, and § is the dimensionless position within the oxide layer, & = %, 6 the oxide film

thickness, y is the power law constant linked to the CPE parameter a through y = ﬁ

Using this description of the interface, it is thus possible to access the intrinsic oxide film capacitance
and thickness. Assuming that the dielectric constant is uniform within the oxide layer, the impedance
of the oxide film is expressed by Equation 6.

1 Y pal/Y
Tor = Equation 6
fitm = 9 L (po +j2mfeg)¥ DIy
where g is an expression evaluated numerically [23]:
g=1+288y2375 Equation 7

Additionally, the impedance data presented in Figure 4 can be used in order to determine the oxide
film capacitance and thickness, using the complex capacitance representation. Figure 6 shows the
complex capacitance plots, obtained from the complex capacitance calculated with Equation 8.

1
j(Z () —Re)
In the high frequencies, the capacitance tends towards Cz and is attributed to the capacitance of the

Clw) = Equation 8

dielectric component of the oxide film. Hence, the oxide film thickness can be estimated using Equation
9.

€€g .
Cox = 5 Equation 9

where g is the permittivity of vacuum (gp = 8.85 10 F cm™), € is the dielectric constant of the oxide
film taken equal to 15.6 [24] [25].

10
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Figure 6: (a) Complex capacitance diagram calculated from the impedance measurements presented
in Figure 4 after 15 h of immersion in borate buffer solution (pH 9.0) and (b) determination of the
oxide capacitance

The calculated values of both CPE parameters, a and Q, and the oxide capacitance are presented in
Table 2. The error in the determination of the different parameters was about 5-10%. The oxide film
thickness is about 5 to 6 nm which is commonly encountered in the case of passive films on these
materials. Independently of the initial surface state, the oxide film formed on Alloy 690 after 15 h of
immersion exhibit the same film capacitance and thickness. Following the development of Brug et al.
[26] (Equation 10), the double layer capacitance is estimated to be between 10 and 30 uF cm?, which
corresponds to the values commonly encountered in the literature for the double layer capacitance.

(1—04)/“

1 .
Cprug = @ /a R, Equation 10

Table 2: Parameters determined graphically from the impedance measurements

Re (Q CPEy CPEfiim
Alloy 690 2 Ca (Fem??) Cox (Fcm™?) 6 (nm)
cm a Q(Q*ecm?sY) o Q(Q*ecm?sY)
AR 208 0.94 1.75 107 12.2 10° 0.78 4.39 10° 2.310° 5.9
MP 212 0.90 2.73 10° 15.4 10°° 0.74 7.0110° 2.410° 5.7

Using the calculated parameters and Equation 5 the distribution of the resistivity within the oxide layer
was calculated. At the Alloy/oxide interface (£=0), the oxide resistivity is equal to po. This resistivity
decreases along the oxide film thickness and at the oxide/solution interface (€=1), the oxide resistivity
is equal to ps. The shape of the resistivity distribution within the oxide film was similar for both samples
and show a similar value for the resistivity at both interfaces.

Impedance spectra were then fitted using the electrical equivalent circuit in Figure 5.a with a home-
made software. Figure 7 shows the simulated spectra. It can be noted that there is a good agreement
between the experimental data and the adjusted graphs. The low frequency domain can thus be
obtained by simulating the impedance diagrams for frequency that are not attainable experimentally
with the parameters determined from the fitting procedure.

11
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Figure 7: Simulated impedance spectra after 15 h of immersion in borate buffer solution (pH 9.0) at
ambient temperature using the electrical equivalent circuit presented in Figure 5.a

The extrapolation at low frequency leads to the determination of Ry, which is linked with the alloy
corrosion rate. The values of Ry was equal to 4.3 10° Q.cm? for the oxide film formed on the MP alloy
and was about 5 times higher for the AR sample (2.3 107 Q.cm?). Even though the passive film formed
on both samples of Alloy 690 has the same oxide capacitance and thickness, their corrosion behavior
is different. The comparison of Ry for both alloys suggesting the AR alloy undergoes a smaller corrosion
rate in comparison with the MP alloy.

In order to understand the origin of this disparity, the oxide film composition is investigated in the
following parts with quantum yield measurements and XPS analysis.

3.2. Oxide film characterization
3.2.1. Photoelectrochemical measurements

Quantum yield measurements were performed on both samples in order to determine and analyze
the composition of oxide films formed after 15 h of immersion at the corrosion potential in a borate
buffer solution. It is worth noting that the photocurrent measured was negative (data not shown)
which is ascribed to p-type semi-conductive properties of the oxide film formed on the AR and MP
materials.

The quantum yield measurements enable to determine the composition of passive films by extracting
the gap energy. However, it is generally described as more accurate to determine the band gaps using
the linear transformation with the following mathematical transformation [27] [28].

ipn hv = A (hv — Eg)" Equation 11a

where jgh is the photocurrent assumed to be proportional to the optical absorption coefficient, hv is
the photon energy, A a constant and E; is the gap energy. The exponent n is related to the type of
transition between the valence band and the conduction band. For amorphous films, such as passive
films, the transitions are generally indirect, and the value of n commonly used is %. In this work, the
guantum yield formula is used instead of iy,

12



Figure 8 shows the different contributions after the mathematical transformation (n x hv)*? vs hv. The
optical band gaps are extracted graphically from the linear parts of the graph at the intersection with
the x-axis. Table 3 gathers the different band gaps extracted at low energy, between 3.0 and 5.0 eV.
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Figure 8: Determination of band gaps from quantum yield measurements using the
transformation presented in Equation 11a

Table 3: Band gaps extracted from Figure 8

Alloy 690 C1 (eV) C2 (eV) C3 (eV) C4 (eV)
AR 2.9 3.3 4.0 4.8
MP 2.9 34 3.9 -

At low energy, three common contributions between 2.9 to 4.0 eV are observed on both samples of
the Alloy 690. A fourth contribution at ca 4.8 eV was only observed for the AR alloy.

The gap energy determined at 4.0 eV for AR and 3.9 eV for MP, is attributed to NiO. NiO is a p-type
semiconductor material presenting a band gap situated between 3.7 and 3.9 eV [29] [30] [31]. In some
other works, it is reported that the band gap of NiO can be extended till 4.0 eV [32] [33].

The value of 3.5 eV is commonly attributed to the Cr,0s [34]. However, and depending on the
experimental conditions and parameters, the band gap of Cr,0s5 can be located between 3.0 and 3.5
eV [35] [36] [37]. The contribution C2 exhibited values between 3.0 and 3.5 eV, and accordingly, C2 is
attributed to Cr,0s.

The contribution C1 is smaller in term of intensity than C2 and C3. Moreover, it overlaps with the tailing
of the curve resulting in a larger uncertainty in the determination of the band gap energy. However,
C1 showed values around 2.9 eV. This band gap can correspond to a minor contribution of Ni(OH),,
hydrated Cr(lll) oxide or a mixed Ni-Cr hydroxide. Indeed, for this contribution, the literature gives very
varied attributions. Hermet et al. [38] attributed to the 8-Ni(OH),a band gap equal to 2.9 eV. Similarly,
H.J. Jang et al. [39] analysed the photoelectrochemical response of passive film formed on pure Ni in
a pH 8.5 borate solution and they observed a band gap of Ni(OH), of 3.05 + 0.1 eV. It is also reported
in the literature that the band gap of hydrated Cr(lll) oxide is close to the value obtained for Ni(OH),.
Sunseri et al. [34] and Di Quarto et al [37] attributed a band gap of 2.90 to 2.95 eV to CrOOH. J.S.Kim
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et al. [40] measured on pure Crin a 8.5 pH borate solution, two gap energies at 2.75 and 3.0 eV, which
were attributed to Cr(OH); and CrOOH, respectively. Nevertheless, some other works attributed a band
gap of 2.5 eV to the Cr(OH)s; compound [34] [37] [41].

Thus, the photoelectrochemical response of the passive film formed on the MP and the AR Alloy 690,
mainly originates from NiO with minor contributions of Cr,03 and Ni-Cr hydroxides. These results are
in agreement with some previous works on Ni-based alloys at room temperature [15] [42].

The AR alloy exhibited a fourth photoelectrochemical contribution leading to a band gap of about 4.8
eV, which can be ascribed to the presence of the mixed spinel Ni(Fe,Cr),04. Marchetti et al. [43]
attributed to the mixed spinel phase Nij1xFexCr.04 a band gap between 4.1 and 4.5 eV. They measured
a band gap of 4.1 eV on the passive film formed on Ni-30Cr alloys, which was attributed to the NiCr,04
compound. On the Alloy 690, they measured a band gap ranged between 4.4 and 4.5 eV which was
attributed to the mixed spinel Nig-xFexCr.04 These authors suggested that the substitution of Ni by Fe
in the oxide film can induce such a change for the band gap, leading to a shift of the energy towards
higher values. Recent works confirm the attribution of the band gap in high energies (4.3 — 4.8 eV) to
the mixed spinel phase Nij1.FexCr.04 [44] [45].

It is well known that the oxide film formed on Ni base alloy has a duplex structure with an internal part
rich in Cr and an outer part mainly composed with Ni and Fe crystallites [4] [6] [46]. The internal part
of the oxide film to which is attributed the protective effect against corrosion is known to be composed
of a compact continuous layer of Cr,05 covered by a mixed spinel type nickel chromite Ni(Fe,Cr),0,.

The Alloy 690 once manufactured is in fact thermally annealed between 950 and 1100°C. Many studies
indicated the presence of nickel chromite oxide within the oxide film formed during this thermal
oxidation and its coexistence with Cr,03 and NiO on Ni-Cr Alloys [47] [48]. As a consequence, one can
admit that the passive film initially formed on the AR alloy is composed of Ni and Cr oxides with the
presence of mixed spinel Ni(Fe,Cr),04. This native passive layer is removed during the mechanically
polishing.

Such a chemical composition of the passive film of the AR sample is well supported by the quantum
yield measurements. The presence of this additional oxide on the AR alloy can also explain the
difference observed for the charge transfer resistance. In order to confirm these results, XPS analyses
were performed.

3.2.2. XPS analysis

XPS analysis were performed after 15 h of immersion in borate buffer solution in order to identify the
chemical composition of the oxide layers formed on both samples. Only the chromium, nickel and
oxygen profiles were analyzed. The iron is not one of the major compounds of the oxide film formed
with these conditions and was difficult to detect. Figure 9 shows the XPS profiles of the passive film
formed on both samples of Alloy 690.
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Figure 9: XPS spectra and deconvolution curves of (a) O1s, (b) Ni-2p3/2 and (c) Cr-2p3/2 of the passive
film formed on Alloy 690 after 15 h of immersion in a borate buffer solution (pH 9.0)

Table 4 gathers the experimental binding energies (BE) determined from the XPS spectra
deconvolution and their attribution to the oxide and hydroxide species on the basis of the BE in the
literature.

Table 4: Binding energies determined from XPS spectra deconvolution and their attribution to the
different compounds of the O 1s, Ni 2p3/2 and Cr 2p3/2

BE (eV)

Position Ref. MP AR
Oxide 530.0 + 0.4 [49] [50] [51] 530.1 530.5
O 1s Hydroxide 531.5+0.5 [49] [51] [52] [53] 531.6 532.0
Adsorbed H,0 533.2£0.2 [49] [51] 532.9 533.3
Ni(0) 852.9+0.3 [49] [51] [54] 852.5 853.1
. Ni2* (NiO) 854,4 + 0.4 [49] [54] 854.6 854.4
Ni 2p3/2 Ni2* (Ni(OH),) 856.4 + 0.4 [55] [56] 856.2 856.6
Ni2* (Ni(Cr,Fe)0) 855.8 + 0.2 [57] [51] - 855.8
cr(0) 573.9 + 0.4 [56] [51] 574.0 574.5
Cr 2p3/2 Cr3* (Cr03) 576.0+0.5 [50] [57] 576.4 576.8
Cr3* (Cr(OH)s) 577.0+0.5 [56] [58] [59] 577.8 578.4

XPS spectra performed on the passive films formed on both samples show that the films are mainly
composed of Cr and Ni oxides and hydroxides which is consistent with results reported in other works
[15] [60]. The presence of the Ni(Fe,Cr),04 mixed spinel compound is only observed on the AR alloy,
which is consistent with the quantum yield measurements performed in this work.

3.3. Oxide film behavior at high temperature
3.3.1 Electrochemical measurements

Figure 10 presents the impedance spectra on the MP and the AR Alloy 690 samples obtained at 325°C
in PWR simulated primary water at the corrosion potential during 1000 h of oxidation. The Nyquist
diagrams describe flattened capacitive loop. The loop diameter significantly increases with time
between 24 and 1000 h of oxidation time. Conversely to the impedance measurements performed at
room temperature, the MP and the AR alloys show the same electrochemical response. This suggests
that the passive film formed on both samples have the same physical properties and/or chemical
composition.
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Figure 10: Nyquist diagrams of the MP and AR Alloy 690 after (a) 24 h and (b) 1000 h of immersion at
Ecorr in a simulated primary water of PWR at 325°C and 130 bars

Moreover, at high frequency domain, the impedance spectra highlight a linear part along a slight
section which ends up describing a loop at low frequencies. The slope of the linear section corresponds
to a 45° angle thus suggesting the presence of a diffusion process. Assuming as previously that the
global impedance is governed by the anodic branch of the faradaic reaction, the impedance
measurements were analyzed with the equivalent electrical circuit presented in Figure 5.b. Conversely
to the behavior at room temperature, the impedance spectra at high temperature show a diffusional
contribution that can be related to the diffusion of ions through the corrosion products.

Figure 11 presents the experimental and fitted impedance spectra performed with the equivalent
circuit presented in Figure 5.b after 1000 h of oxidation at high temperature and pressure, and Table
5 gathers the different parameters obtained from the fitting procedure. The a parameter of CPEy is
about 0.8 while it is only 0.45 for CPEfim. Such a low value for a suggests that the film formed at high
temperature is porous, in agreement with the de Levie works [61].
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Figure 11: Adjusted impedance spectra of (a) AR and (b) MP samples after 1000 h of oxidation in
simulated primary water at high temperature using the equivalent electrical circuit presented in
Figure 5.b
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Table 5: Parameters extracted from the fitting of the impedance spectra at 1000 h immersion time

CPE Zs
Alloy | Re(Q « film Rec (Q Ro (Q
690 cm?) o Q(Qtcm? o Po(Qcm) | ps(Q cm) cm?) cm?)
s%)
AR 1750 0.82 1.8103 0.45 26 108 8.2103 25 1.310%
MP 1924 0.86 2.510°3 0.45 2.0 108 3.310° 56 1.3 10*

Both samples show similar properties in terms of oxide resistivity, diffusion and charge transfer
resistance. The latter strongly decreases at high temperature due to the thermal activation of the
(electro)chemical reactions.

The oxide films formed at high temperature were characterized again at room temperature and the
behavior initially depicted was re-observed. We could hence estimate the charge transfer resistances
using the equivalent circuit in Figure 5.a which were around 1.3 107 and 6 10° Q.cm? for the AR and MP
samples, respectively. These values are very close to the ones initially estimated at room temperature.

Moreover, the complex capacitance representation was used to determine the oxide film thickness
after 1000 h oxidation at high temperature. Values around 2-4 nm were obtained for both samples,
slightly smaller than the thickness estimated at room temperature. This difference is ascribed to the
elimination of hydroxides during the high temperature oxidation process.

One can conclude that the internal layer at the Alloy/oxide interface initially formed at room
temperature, is preserved after a 1000 hours oxidation at 325°C in autoclave conditions.

3.3.2. Oxide film thickness

Nuclear Reaction Analyses (NRA) were performed on both oxidized samples in order to determine the
oxygen concentration within the oxide film and the oxide layer thickness (Figure 12).
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Figure 12: NRA spectra obtained with incident energy of Deuterium with 857 keV for both oxidized
samples

The oxygen amount within the passive film formed on the MP alloy was higher than in the passive film
formed on the AR alloy. Assuming that the oxide film is compact with a uniform thickness and formed
by a single type of oxide, an equivalent thickness can be calculated from the NRA analysis as:
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A
= —— Qura Equation 1b

(SOx—pNy

where 6o is the thickness of the oxide layer, A is the molar mass of the oxide (g mol?), p is the oxide
density (g cm™), N is Avogadro number, y is the oxygen stoichiometry in the oxide film and Quga is the
guantity of oxygen measured by NRA.

Assuming that the oxide layer formed on both samples is mostly composed of inner layer of Cr,03 and
an external layer of a mixed Cr-Fe-Ni spinel, the oxide layer formed on the AR sample was estimated
to have a thickness of about 58 nm, and about 3 times thicker on the MP sample. These thicknesses
are in agreement with the observations reported in the literature [46].
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Figure 13: SEM observations of the oxide films formed on the AR (a) and the MP (b) Alloy 690 after
1000 h of oxidation in PWR simulated primary water

Moreover, SEM observations were performed on both samples (Figure 13). Conversely to the
experiments performed at low temperature and short immersion time, the presence of oxide particles
can be observed. The size of the oxide crystallites exhibits similar shape on both alloys, but there are
more of them on the MP alloy. Hang et al. [55] [62] studied the effect of surface state on the oxide
growth on Alloy 690 but for short duration of oxidation at high temperature and high pressure. They
concluded that the oxide films have the same composition for the oxide layer and only the film
thickness depended on the surface finishing and the surface roughness. Different authors mentioned
this effect of the surface finishing and suggest that polishing promotes oxide growth leading to thicker
oxide layer on alloys and stainless steel [62] [63] [64] [65].

The thicknesses estimated from NRA measurements (50-150 nm) are ascribed to the total oxide film
including mainly the corrosion product layer, while the thicknesses determined by EIS (2-4 nm) is
related to the internal layer at the Alloy/oxide interface, only.

4, Discussion

On the basis of the XPS analysis and quantum yield measurements, a model of the passive film formed
on the Alloy 690 at room temperature is proposed in Figure 14 to account for all the results presented
in this work.
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Figure 14: Model of the passive film formed on the AR (a) and MP (b) Alloy 690 in a borate buffer
solution (pH 9.0) at ambient temperature

The film formed on the Alloy 690 is composed of an inner oxide film enriched in Cr. For the AR alloy,
this layer is composed of Cr,03 and a mixed Ni-Cr spinel type Nia-«FexCr.04 while it only contains Cr,03
on the MP alloy. This internal part is overlayed by an external one mainly composed of Ni oxide and
Ni,Cr hydroxide. Our model is developed on the basis of the experimental results presented in this
paper and on the basis of literature depth profiling of passive film formed on Ni base alloy. AES depth
profiling studies [13] [66] [67] have demonstrated that the passive film formed on Ni base alloys is
formed with internal Cr oxide covered with Ni and Fe oxides. Similar results on the composition of
passive film formed at ambient temperature on the Alloy 690 mention the presence of Ni oxide as a
top layer coexisting with hydrated phase of Ni and Cr, over a Cr rich layer [15] [55].

It was shown that EIS is an efficient tool for analyzing the passivation behavior of the Alloy/oxide
interface. At room temperature, the initially formed passive film was found to be 4-6 nm thick. The
charge transfer resistance, Ry, around 107 Q cm?, is strongly related to the initial surface coverage with
Cr containing species. Due to the thermal activation, the interface becomes active with R values as
low as 20-50 Q cm?. At 325°C, electrochemical corrosion takes place at the alloy surface not covered
by Cr oxide, with the release of metal cations. In autoclave conditions, no temperature gradient exists
at the interface and the transport of cations including Cr ions by diffusion is efficient. As a consequence,
there is no Cr enrichment of the inner passive layer which becomes a few thinner (2-4 nm) probably
due to the disappearance of hydroxides. The precipitation of the corrosion products gives rise to a
porous, a few tens of nm thick layer acting as a diffusion barrier for ions. It is thus concluded that
oxidation process in autoclave at 325°C does not modify the passivating properties of the inner layer
as demonstrated by the same R values measured before and after the high temperature oxidation.
Additionally, the presence of mixed Ni-Cr-Fe spinel within the passive film (AR alloy) was found to be
beneficial for the protection of the alloy against corrosion.

Concerning the effect of illumination, a p-type semiconducting response was mainly obtained for the
passive films formed on the Alloy 690 at room temperature. This p-type semiconducting response is
attributed to the nickel oxide NiO, in agreement with the results of Park et al. [68] on pure Niin pH 8.5
buffer borate solution. Such a film exhibited p-type semiconducting properties and they have shown
that an increase in the solution temperature leads to an increase in the concentration of cation
vacancies.

On the other hand, the internal sub-layer of the oxide film formed on the Alloy 690 at high temperature
is composed of Cr,03 and mixed Ni-Fe-Cr spinel through which the transport of mainly Ni and Fe species
contributing to the oxide growth occurs through a solid state process [3]. It is believed that the internal
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layer is formed by an anionic diffusion process along a short-circuit network such as grain boundaries
[2]. However, Fe and Ni diffusion through the internal part proceeds to the edification of the outer part
of the oxide film and involves cationic vacancies within the alloy. The experiments presented in this
work give evidence for the already presence of Ni(Cr,Fe)O4 within the passive film on the AR alloy
resulting from the manufacturing process of the material. Increasing the oxidation temperature
involve so the preferential consumption of Cr and nucleation of Cr,03 [5], the insertion of Ni and Fe
and their diffusion through the Cr,0; layer leading to the formation of Nij1xFexCr,04, Moreover, it is
reported that surface dislocations of the material contribute to an increase in the anionic and cationic
diffusion coefficients during high temperature oxidation and oxide film growth [2]. Although the
internal part of the passive layer formed on the MP alloy at room temperature is only formed with Cr
oxide, oxidation at high temperature promote the growth of Nij1xFexCr.0. phase which is enhanced
by the surface defects resulting from the polishing. However, the characterization of the oxide film
performed at room temperature after high temperature oxidation gave identical parameters to those
obtained for the initial native film. Thus, from EIS experiments, it is shown that the oxidation at 325°C
in autoclave is not accompanied by Cr enrichment of the inner oxide layer, whatever the presence or
not of the spinel phase. This means that the Cr ions diffusion is the key parameter controlling Cr
deposition at the Alloy/oxide interface, which is a too fast process at 325°C in static thermal conditions.

Exposure to high temperature brings the passive film formed on the MP and the AR alloy to the same
composition with a significantly larger thickness than at low temperature, rising mainly from the
corrosion products layer. The oxide layer formed on the MP alloy is 3 times thicker than on the AR
alloy. This was directly related to the surface treatment and defect density, in agreement with the
work of Cissé et al. [63], who suggested that the grinding of the sample promotes the formation of
recrystallized areas. The thinner this recrystallized layer, the faster the diffusion of species forming the
oxide film happens and the thicker the passive film.

Conclusions

The electrochemical behavior and chemical composition of the passive film formed on two different
surface finishing of the Alloy 690 at room temperature were investigated in a pH = 9.0 borate buffer
solution. On the basis of the XPS analysis, it was shown that the passive film formed on the MP material
contains Ni and Cr oxides and hydroxides. The presence of mixed spinel type Ni1-FexCr,04 was only
evidenced on the AR Alloy. This finding was confirmed by quantum yield measurements. At room
temperature, the presence of mixed spinel type Ni(Cr,Fe)O, on the AR Alloy leads to higher charge
transfer resistance measured for the MP sample, thus corresponding to a better corrosion resistance.
For comparison with what found at ambient temperature, the AR and MP samples
were characterized at high temperature in a static autoclave simulating the PWR primary water
circuit. It was shown that the interface becomes electrochemically active with the temperature rising.
At a surface temperature of 325°C, diffusion of metal cations was found to be a fast process hampering
the Cr enrichment of the Alloy/oxide interface. EIS and NRA analyses allowed to characterize the
surface film actually composed of two layers: (i) an inner one, a few nm thick, very similar to the passive
layer initially formed at ambient temperature; (ii) an outer one, much thicker (a few tens of nm) but
less dense, due to the precipitation of the corrosion products electrochemically produced and acting
as a diffusion barrier for the released metal cations. The results presented in this paper are consistent
with the fact that it is demonstrated that the very thin and dense Cr containing layer at the Alloy/oxide
interface is maintained the same during and after high temperature oxidation in static thermal
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autoclave condition, without permanent modification of the passivation behavior after such

a high temperature oxidation sequence.
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