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Effects of Film Formation Conditions on the Chemical Composition and
the Semiconducting Properties of the Passive Film on Alloy 690
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The chemical composition and the semiconducting properties of the passive films formed on Alloy 690
in various film formation conditions were investigated by XPS, photocurrent measurement, and Mott-Schottky
analysis.

The XPS and photocurrent spectra showed that the passive films formed on Alloy 690 in pH 8.5 buffer
solution at ambient temperature, in air at 400 'C, and in PWR condition comprise Cr,03, Cr(OH)s, 7-Fe,0s,
NiO, and Ni(OH).. The thermally grown oxide in air and the passive film formed at high potential (0.3
Vser) in pH 8.5 buffer solution were highly Cr-enriched, whereas the films formed in PWR condition and
that formed at low potential (-0.3 Vi) in pH 8.5 buffer solution showed relatively high Ni content and
low Cr content. The Mott-Schottky plots exhibited n-type semiconductivity, inferring that the semiconducting
properties of the passive films formed on Alloy 690 in various film formation conditions are dominated
by Cr-substituted y-Fe;Os;. The donor density, i.e., concentration of oxygen vacancy, was measured to be

12x10"~4.6x 10°" em™ and lowered with increase in the Cr content in the passive film.
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1. Introduction

Ni based alloys are widely used in many industrial
facilities which requires superior corrosion resistance even
to stainless steels. Particularly, Alloy 690 is recently em-
ployed as a steam generator tube material in nuclear power
plants replacing Alloy 600, due to its excellent resistance
to corrosion, especially to stress corrosion cracking (SCC).
The corrosion resistance of alloys is largely dependent on
the protective passive film formed on the surface. Since
the protectiveness of passive film is associated with its
structure, composition, and semiconducting properties,”'3)
elucidating the nature of the passive film on the alloys
is a prerequisite for understanding such an excellent
corrosion resistance of Alloy 690.

Generally, the higher Cr content in the ailoy or in the
passive film is known to be responsible for the better
corrosion resistance of Ni based alloys.” It is reported
that the stability of the passive film of Alloy 600 is
improved by increasing Cr concentration in the film by
potential cycling.” SCC susceptibility of Ni-Cr-Fe alloys
is low for the alloy with high Cr content” or that with
the passive film highly enriched with Cr oxide.” Other-
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wise, some authors explained the corrosion resistance of
alloys in terms of the semiconducting properties of the
passive film.””” Hur” proposed that the semiconducting
type of the passive film on the alloy contributes the corro-
sion resistance of Alloy 600 and Alloy 690 as well as
the Cr content. The passive film of Alloy 600 exhibited
n-type and p-type behavior at high and low potential
regions, respectively, while that of Alloy 690 showed only
n-type behavior in the Mott-Schottky plots in 10 % NaOH
solution at 315 C. He explained based on the Point Defect
Model” that the passive film of Alloy 690 is more pro-
tective than that of Alloy 600 because the n-type film is
dominated by oxygen vacancy, which leads to film growth
and inhibits dissolution of metal ion. On the other hand,
p-type passive film with high concentration of cation
vacancy easily becomes unstable since metallic ions move
readily to the film/solution interface and dissolve in
solution. Sato” also suggested that n-type passive film has
better protectiveness than p-type film by study on transport
behavior of ions through the oxide. Further, the stability
of the passive film is significantly affected not only by
the type of the vacancy but also by the concentration of
vacancy in that the flux of vacancy plays an important
role in growth and breakdown of the passive film."”
As mentioned above, both of the chemical composition
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and the semiconducting properties of passive film deter-
mine the corrosion resistance of alloys.”™® We can suppose
that different chemical composition of the passive film
should involve certain change of the defect property of
the film and consequently bring improvement or de-
gradation of the corrosion resistance of Ni-based alloys.
The objective of this study is to examine the chemical
composition and the semiconducting properties, especially
the density of defect, of the passive films formed on Alloy
690 in various film formation conditions and to find the
correlation between them.

2. Experimental procedure

Alloy 690, a commercially produced pipe of 1.09 mm
thickness and 19.05 mm outer diameter, was used in this
study. Specimens were machined from the tube and
flattened into a sheet form by press. The chemical com-
position of the alloy is shown in Table 1. All samples
were subjected to an isothermal solution annealing at 1150
‘C for 1 h, followed by a water quench, and then aged
at 700 C for 15 h. The working electrodes were mounted
in an epoxy resin with an exposed area of 0.2 cnr’.

A conventional three-electrode cell of 1 L-multi neck
flask was used for the electrochemical film formation and
tests. The cell was equipped with a platinum counter elec-
trode and a saturated calomel reference electrode (SCE).
All the electrode potentials are referred to the SCE. The
photocurrent measurement and Mott-Schottky analysis
were carried out in deaerated buffer solution (pH = 8.5).
The buffer solution was made of H;BOs;, CsHsO7 - Ho0O,
and Na3PO4 M 12H20.

The passive films were formed by the following 4 kinds
of formation methods:

« Applying 0.3 Vsce for more than 24 h in pH 8.5 buffer
solution at ambient temperature after cathodic cleaning at
-1.0 Vg for 5 min.

» Applying -0.3 Vsce for more than 24 h in pH 8.5
buffer solution at ambient temperature after cathodic
cleaning at -1.0 Vsce for 5 min.

« Exposing in air at 400 C for 2 h.

» Exposing in a pressurized water reactor (PWR)
simulated condition for 60 days.

The PWR simulated condition in this study means 325

Table 1. Chemical compositions of alloy 690 used in this study
(Wt.%)

C |Si{Mn| S |Al|Co|Cr|Cu|Fe|Ni|Ti

Alloy

690 0,014/ 0.28 | 0.26 |0.0030} 0.02 | 0.01 |30.43| 0.03 | 9.54 159.18] 0.20
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‘C water with 1200 ppm of B, 2 ppm of Li, and 45 cc/kg
of dissolved hydrogen. Dissolved oxygen was less than
5 ppb, and the pH was 5.8.

After film formation, the composition and semicon-
ducting properties of the passive film were analyzed by
XPS, photocurrent measurement, and Mott-Schottky
analysis. Photocurrent spectra for the passive films were
measured at an applied potential (U,,,) with continuous
illumination condition. A 300 W Xenon arc lamp was used
as a light source and a monochromatic light with wave-
length of 200 ~ 800 nm was provided by a scanning digital
monochromator controtled by a stepping motor at a scan
rate of 1 nm/s. Details in the photocurrent measuring
system were described elsewhere.'”"" For Mott-Schottky
analysis, the capacitance was measured with sweeping the
applied potential at a rate of -1 mV/s. The excitation
voltage was 10 mV (peak-to-peak) and the frequency was
1 kHz. PHI 5800 ESCA System with Al Ka anode (350
W, 15 kV) was used for XPS analysis. The reference
energies were the Cls signal at 284.5 eV and the Ols
signal at 531.0 eV. In-depth composition profiling of
passive film was performed using Ar ion gun (base
pressure = 2 X 10" torr, working pressure = 2 X 10 torr,
energy: 3 ~4 KkV). The sputter rate was calibrated with
SiOs.

3. Results and discussion

3.1 Potentiodynamic polarization response

Fig. 1 shows the potentiodynamic polarization response
of Alloy 690 in pH 8.5 buffer solution. The corrosion
potential of the alloy was measured to be -0.7 Vsce and
its passive region extended from the corrosion potential
to about 0.3 Vsce. The increase in current density at 0.3
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Fig. 1. Potentiodynamic polarization curve for Alloy 690 in pH
8.5 buffer solution at ambient temperature, measured at a potential
scan rate of 0.5 mV/s.
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Vet is due to transpassive oxidation of Cr'” to Cr*, and
that at 1.0 Vsce is associated with oxygen evolution
reaction on the passive film. The decrease in current
density at the potential between 0.5 Vscg and 1.0 Vge
is due probably to an unstable secondary passivation by
Fe and Ni. Based on the passive region in the polarization
curve in Fig. 1, both 0.3 Vg and -0.3 Vgce were selected
as the film formation potentials (Uy) for examining the
effects of film formation potential on the properties of
passive films.

3.2 XPS analysis

The depth profile for the concentration of Ni, Cr, and
Fe in the passive film formed on Alloy 690 in various
film formation conditions are shown in Fig. 2. The thick-
ness of the passive film formed in pH 8.5 buffer solution
at ambient temperature appeared to be about 2 ~ 4 nm and
was increased by increasing film formation potential (Figs.
2(a) and (b)). The thickness of the oxide films formed
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in air at 400 'C and in the simulated PWR condition were
about 30 nm and 50 nm, respectively (Figs. 2(c) and (d)).
For the passive films formed in pH 8.5 buffer solution
at ambient temperature (Figs. 2(a) and (b)), Cr was most
enriched at the surface of the passive film and its
concentration was gradually decreased with depth. From
the depth profiles for the passive films formed at high
temperatures (Figs. 2(c) and (d)), the concentration of Cr
exhibited the maximum at the midst of the passive film
where the concentration of Ni showed the minimum.
The passive film formed on Alloy 690 at 0.3 Vgcg in
pH 8.5 buffer solution and that in air at 400 'C appeared
mostly composed of Cr-rich oxide. In contrast, the con-
centrations of Ni and Cr were comparable in the passive
film formed at -0.3 Vsce in buffer solution. Cr content
was higher than Ni only at the inner part of the film formed
in the simulated PWR condition. Fe content in the passive
film was similar to or lower than that in the alloy except
for the film formed in PWR condition in which the
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Fig. 2. XPS concentration depth profiles for the passive films formed on Alloy 690 (a) at 0.3 Vscg, (b) at -0.3 Vs for 24
h in pH 8.5 buffer solution at ambient temperature, (c) in air at 400 °C for 2 h, and (d) in PWR simulated condition for 60

days.

CORROSION SCIENCE AND TECHNOLOGY Vol.5, No.4, 2006

143



HEEJIN JANG AND HYUKSANG KWON

(@)U, = 0.3V, pH 8.5 buffer solution at ambient temperature, 24 h

T T T v
Ni2p ¢ Ni Cr2p Fe2p

NiO } - ‘

Intensity / Arb. Units

855 850 580 575 715 710
Binding energy /eV  Binding energy / eV Binding energy / eV

(b) U, =-0.3 V., pH 8.5 buffer solution at ambient temperature, 24 h
N2p Cr2p ' Fe2p

Intensity / Arb. Units

855 850 580 575 715 710
Binding energy / eV Binding energy / eV Binding energy / eV

(c)airat400'C,2h

Ni2p I Ni Cr2p Fe2p
2 "
c
o Cr
g ‘ NO on . v
= NI(O":)2 | T 15 ]Eknmcr( )y | Cr,0;, 45.75 nm
¥ MN 15.75 nm MJ\WM
C .
£ W
£ 0nm

0 nm O nm
855 850 580 575 715 710

Binding energy / eV Binding energy / eV Binding energy / eV

(d) PWR condition, 60 days

Ni2p Cr2p Fe2p
Ni Yoo

[2] I Y
s 1 Fe,0,
- ' Fe,0,}| FeO Fe
8 i R
< INIOH), o B SO
2 ' ¢ 234nm|/ '
c
i)
c
- 0nm M

8é5 850 580 575 715 710

Binding energy / eV Binding energy / eV Binding energy / eV

Fig. 3. XPS high resolution spectra of Ni, Cr, and Fe with sputtering depth for the passive film formed on Alloy 690 (a) at
0.3 Vscr, (b) at -0.3 Vser in pH 8.5 buffer solution at ambient temperature, (c) in air at 400 °C, and (d) in PWR condition.
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Table 2. Binding energies (eV)m for chemical states referred
in Fig. 3.

N NETONE
Ni2p (NiO) (Ni(OH)a)
852.7 854.3 852.7
Cr or'” cr ™
Cr2p (Cr03) * (Cr(OH)3) (CrO3)
5743 576.8 577.4 578.3
Fe Fe™ Fe' or Fe™ Fe™
Fe2p (Fex0s) (Fe;0y) (FeOQ)
707.0 710.9 710.4 709.4

concentration of Fe was about twice in the film as that
in the alloy.

The XPS high resolution spectra (Fig. 3) of Ni, Cr, and
Fe for the passive films formed on Alloy 690 demonstrated
that various oxides containing Niz', Cr, ", Fe, and
Fe’ as well as hydroxides of Ni" and Cr'" are present
in the passive films. The spectral intensity of each element
varied depending on the film formation conditions and
sputtering depth. Ni and Fe oxides were hardly found from
the XPS spectra for the passive films formed in pH 8.5
buffer solution at ambient temperature (Figs. 3(a) and (b))
due to the small amount of these oxides as well as the
small thickness of the films. For the passive films formed
at 0.3 Vscg at which Cr-transpassive dissolution begins
to occur (Fig. 1), evidence of Cr®' was observed (Fig. 3(a))
while it was not detected for the film formed at -0.3 Vgcr
(Fig. 3 (b)). Both NiO and Ni(OH)~ was considered to
exist in the film formed in air at 400 C (Fig. 3(¢)). But
Ni*" in the film formed in PWR condition was mostly
in hydroxide form (Fig. 3(d)). For the passive film formed
in PWR condition, Cr was mainly in form of Cr' (Fig.
3(d)) unlike the thermal oxide in which Cr' and Cr*
coexisted (Fig. 3(c)). Fe oxides with Fe*" and Fe' appea-
red to be present in the passive film formed in air and
in PWR condition, from Figs. 3(c) and (d).

3.3 Photocurrent response

Photocurrent spectra for the passive films were mea-
sured to analyze the structure and the composition of the
films formed in various film formation conditions. Fig.
4(a) shows the photocurrent response of the passive film
formed on Alloy 690 at -0.3 Vscr. The photocurrent
spectrum is separated into three components with peaks
at about 3.7, 4.5, and 5.8 eV, respectively. From the
previous study,'” the passive film of Ni is suggested to
be composed of outer Ni(OH)- and inner NiO layers which
induce photocurrent peaks at 4.5 eV and 5.7 eV, respec-
tively. For the passive film of Cr,”" two photocurrent
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Fig. 4. Photocurrent spectra for the passive film formed on (a)

Alloy 690, (b) N () €1, and (d) Fe'” measured in pH
8.5 butfer solution.

spectral components with peaks at 3.6 ¢V and 4.7 eV were
measured and attributed to Cr.O; and Cr(OH)s, respec-
tively. It was reported that the passive film of Fe consists
of 7-Fe,05 involving d-d (Fe’ —Fe’") and p-d (02p —
Fe3d) electron transitions. Cho et al.'” suggested that
the passive films of Fe-(5 ~20)Cr alloys are composed
of Cr-substituted -Fe-Os, based on the photocurrent
spectra with peaks at the same positions but with much
low intensity compared with the spectrum for the film on
pure Fe. Comparing the photocurrent spectrum for the
passive film of Alloy 690 with those of Ni, Cr, and Fe,
the peak at about 3.7 eV in Fig. 4(a) is obviously origi-
nated from Cr»O;. The photocurrent component with peak
at 4.5 eV can be associated with Ni(OH),, Cr(OH);, and
also Cr-substituted 7-Fe-Os. The photocurrent peak at 5.8
eV evidently originated from NiO. Cr®" in the passive film
did not generate any additional photocurrent peak pre-
sumably because it is incorporated in Cr-substituted »
-Fe-0s'” without forming its own oxide phase.

The photocurrent spectra (Fig. 5) for the passive films
formed on Alloy 690 in various film formation conditions
exhibited the spectral components with peaks at about 3.7,
4.5, and 5.7 eV, associated with Cr,Os, Cr(OH);, Fe,Os,
Ni(OH),, and NiO. In Fig. 5, the applied potentials were
selected to recognize all of the photocurrent peaks for each
passive film, considering the intensity and the sign of each
photocurrent component in the spectra are varied with the
applied potential."™"*'* Besides, intensity and sign of
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Fig. 5. Photocurrent spectra for the passive films formed on Alloy 690 (a) at 0.3 Vicr, (b) at -0.3 Vscr: in pH 8.5 buffer solution
at ambient temperature, (c) in air at 400 °C, and (d) in PWR condition, measured at selected applied potentials to show all
of the photocurrent spectral components generated from the films.

photocurrent spectrum are affected by the film formation
conditions and the film formation time in solution as well
(described elsewhere'").

The photocurrent spectra in Figs. 4 and 5 suggest the
passive films formed on Alloy 690 in various film for-
mation conditions are composed of Cr,Os, Cr(OH)s, Fe,Os,
Ni(OH),, and NiO, complementing the XPS results.

3.4 Mott-schottky analysis

The type and concentration of point defect in the passive
film were examined by Mott-Schottky analysis. From Fig,
6, the Mott-Schottky plots for the passive films formed
on Alloy 690 at various film formation conditions exhi-
bited positive slopes at potentials above -0.5 Vgcg but the
slope was negative or nearly zero at potentials below -0.5
Vsce. These behaviors are similar to that of the passive
films formed on stainless steel and Fe'” as shown in F ig.
7. The flat band potential of the passive film of Alloy
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Fig. 6. Mott-Schottky plots for the passive films formed on Alloy
690 in pH 8.5 buffer solution at ambient temperature, in air
at 400 °C, and in PWR condition. Capacitance was measured
at 1 kHz with decreasing applied potential at the scan rate of
[ mV/s.
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Fig. 7. Mott-Schottkgf for the passive films formed on Fe-
20Cr-15Ni" and Fe' at 0.8 Vycr in pH 8.5 buffer solution,
presented for comparison with those for the passive films on
Alloy 690.

690 was determined to be -0.5 ~ -1 Vgt by extrapolating
the linear regions with positive slope in Fig. 4, being close
to those (-0.3 ~ -0.5 Vsc) for the films of stainless steet
and Fe'” (F ig. 7). Therefore, the capacitance of the passive
film is considered to be largely affected by Fe oxide rather
than Ni or Cr compounds, although Ni and Cr dominate
the chemical composition of the film (Fig. 2).

The negative slope observed at low potentials is known
to be caused by p-type Cr-Os, becoming steeper by in-
creasing Cr content in Fe-Cr alloys.”” The passive film
formed in PWR condition did not show the negative slope
due presumably to the relatively low Cr concentration and
high Fe concentration in the film as shown in the con-
centration profile in Fig. 2. For the films formed at 0.3
Vsce in pH 8.5 buffer solution and in air at 400 C, the
change in slope at about 0.1 Vgcr is explained by the
presence of deep donor attributed to Cr’ ion.”" The XPS
spectra shown in Fig. 3 confirm this suggestion in that
the second slope appeared only in the Mott-Schottky plots
for the passive film containing Cr°'.

The density of shallow donor (Np), i.e., concentration
of oxygen vacancy,” was estimated to be 1.2 10°' ~ 4.6
x 10" em” by Eq. 1 with ¢ of 12, and was higher in
the passive films with lower Cr content (Fig. 2), suggesting
that Cr reduces the concentration of oxygen vacancy in
the passive film.

1 2 kT
— = U-uU, -
(&S‘(,QNM X e

)
(1

3.5 The correlation between the chemical composition
and defect density

Cr content in Ni-based alloys is considered to be the
key factor in determining corrosion resistance.”® Ack-
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nowledging that the growth and breakdown of passive film
is controlled by transport of point defects”™ through the
film, the enrichment of Cr in the film should essentially
involve certain influences on the defect property of the
passive film. Therefore, we need to quantitatively investi-
gate the correlation between the Cr content and the
concentration of point defect, i.e., oxygen vacancy for the
passive film of Alloy 690.

Semiconducting properties of the space charge layer at
the film/solution interface are analyzed by Mott-Schottky
plots, from which useful information on the type and
concentration of point defects are explored.”™ In this con-
cept, we compared the donor density with the average
composition of the space charge layer (Fig. 6). The
average chemical composition in the space charge layer
was determined from the depth concentration profile in
Fig. 2 with the thickness of the space charge layer at -0.3
Vsce, at which all the Mott-Schottky plots showed positive
slope. The thickness was calculated from the capacitance
by following equation and summarized in Table 3;

C (2)

where W is the thickness of space charge layer.
From Fig. 8, increasing Cr content in the passive film
reduced the donor density. This result proposes a possible

Table 3. Thickness of the space charge region for the passive
film formed on Alloy 690 at various film formation conditions.

Film _ _

. Uy = Uy = . . PWR
formation 03 f\/~ 0 3"\/ airat400 C diti
Condition W3 SCE -U. SCE condition

W/ nm 1.11 0.86 1.53 0.33
@ a) Doner densit .
. (a) Y ) -
5] Ve
S 14 e
= ]
Ny Lo
[} -
z
014 ¥
° 0.94 (b) IAverage concentrelnions I
S in space charge region Alloy 690
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Fig. 8. Effects of film formation condition on (a) the donor
density and (b) chemical composition of the passive film of Alloy

690.
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explanation for the beneficial effects of Cr on the pro-
tectiveness of the passive film as reduction of the oxygen
vacancy concentration. In addition, Cr’ in the passive
films formed at 0.3 Vscg in buffer solution and in air at
400 "C may also contribute to reduction of oxygen vacancy
in that incorporation of Cr" causes excess positive charge
and hence could suppress generation of positive charge
with oxygen vacancy Vo).

4. Conclusions

The effects of film formation condition on the chemical
composition and the semiconducting properties were
examined for the passive film formed on Alloy 690 in
pH 8.5 buffer solution at ambient temperature, in air at
400 C, and in PWR simulated autoclave environment. The
findings based on using XPS and Mott-Schottky analysis
in this study are as follows:

« It was found from XPS analysis and photocurrent
spectra that passive film formed on Alloy 690 comprised
Cr0s, Cr(OH);, NiO, Ni(OH);, and Cr-substituted
-F€203.

» From the depth composition profile, the passive films
formed at high potential (0.3 Vsce) in buffer solution and
in air at 400 ‘C were highly enriched with Cr in forms
of Cr'” and Cr®', while the films formed at low potential
(-0.3 Vgce) in buffer solution and in PWR condition
showed relatively low concentration of Cr, mostly in cr.

« Mott-Schottky plots for the passive film on Alloy 690
exhibited positive slopes, confirming that the semicon-
ducting properties of the film is largely controlled by
n-type Cr-substituted 7-Fe,O; with donor density of 1.2 X
107 ~4.6x10" em™,

« By comparing the dependence of the donor density
and the chemical composition respectively on the film
formation condition, it was found that the concentration
of point defect, i.e., oxygen vacancy, was reduced with
increase in Cr content in the outer region of passive film.
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