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The oxide film, formed on the alloy 182 due to the exposure to simulated Pressurized Water Reactor pri-
mary water conditions, is characterized using X-ray Photoelectron Spectroscopy, Scanning Electron
Microscopy and Raman spectroscopy. As a consequence of the low redox potential for nickel, loosely

bound oxide film consisting mainly of chromium oxide, is formed on the surface of the alloy. The oxide
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film is found to have a double-layer structure, with an inner layer rich in Cr,03, outer layer rich in
FeCr,04. Thin Ni(OH), and Fe;0,4 clusters were observed on top of the oxide film. The morphology and
thickness of the layers critically depend on the exposure times and surface treatments prior to the

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Primary water stress corrosion cracking (PWSCC) is known as
one of the most important degradation phenomena which occurs
in nickel-base alloys, exposed to harsh conditions of Pressurized
Water Reactors (PWRs). For example, the PWSCC of alloy 600 is
found in the primary side of actual PWRs [1]. In steam generators
made of Ni-base alloys such as alloys 600 and 690, the properties of
the oxide film formed due to exposure to the primary water of the
PWR are argued to be crucial for the release of nickel in the coolant
and stress corrosion cracking effects [2]. Previous studies of these
alloys [2-6] showed that the oxide film has double-layer structure
with an inner compact layer rich in chromium, and an outer layer
consisting of well-defined octahedral Ni-rich crystals. A short-time
experiment on alloys 690 and 600 in primary water conditions
suggested a film structure with an internal layer of Cr,05 and an
external layer of Ni(OH), [5]. It is also reported that the structure
of the oxide layer of alloy 600 can be greatly influenced by dis-
solved hydrogen content in PWR primary water [1]. However, in
spite of a detailed analysis, the reliable correlation between the
characteristics of the oxide film and SCC effect is not yet fully
established. In recent years, although significant field experience
involving PWSCC has been observed on weld metal alloy 182 [7],
the studies of oxide layer formed on it in PWR primary water
conditions have not been reported. Therefore, we study the oxide
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layers formed on alloy 182 after exposure to simulated PWR pri-
mary water conditions.

Here we report the results of the oxide film characterization
based on the X-ray Photoelectron Spectroscopy (XPS), Scanning
Electron Microscopy (SEM) and Raman spectroscopy. The XPS
was employed to study the chemical composition and thickness
of the oxide film formed at different exposure times. The morphol-
ogy of the oxide layers and the effects related to pre-treatments of
the samples are analyzed by using SEM. The chemical structure of
the oxide layer was obtained from the Raman scattering
measurements.

2. Material

The material used in this study was commercial alloy 182. Its
chemical composition is shown in Table 1. The exposure tests were
carried out with cylindrical specimens (/5 mm x 10 mm). In or-
der to investigate the effects of surface roughness on the formation
of the corrosion film, one surface of each cylinder was mechani-
cally grinded, and the other was electro-polished for 10 s after
mechanical grinding.

The prepared cylindrical specimens of alloy 182 were exposed
to high temperature, high pressure water in a flowing (20 I/h) auto-
clave facility in the laboratory. The water chemistry in the auto-
clave was kept similar to the water chemistry of the PWR
primary water (2ppm Li, 1000 ppm B, 25cc/kg H,, 300 °C,
150 bar) used in a nuclear power plant. The exposure times were
1, 4 and 8 weeks.
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Table 1
The chemical composition of alloy 182.

Chemical composition, wt.%

Fe Cr Mn Ti Nb Ta Si Ni
9.9 14.7 6.7 0.33 1.07 0.022 0.5 bal.

3. Experiment

The exposed specimens were characterized using three tech-
niques: the X-ray Photoelectron Spectroscopy (XPS: ESCALAB
220i-XL)/argon ion milling, the Scanning Electron Microscopy
(SEM: JEOL 6310), and the Raman spectroscopy (Jobin Yvon
T6400).

The oxide layer composition as a function of the thickness
(depth) formed of each corrosion specimen was investigated by
successively removing the surface material by argon ion bombard-
ment coupled with XPS. In XPS, a monochromated X-ray source
was used, consisting of a high power electron gun XR5, which pro-
vides AlKa X-rays (energy of 1486.6 eV), with an energy spread of
about 1 eV. The X-ray beam used for an analysis had a diameter of
500 um. The pass energy of the energy analyzer was 100 eV and
the step size was 0.2 eV. The 3 kV Ar* ions from an EXO5 ion source
were employed for layer-by-layer erosion at a pressure of
4 x 1078 mbar in the analysis chamber. The Ar* ion beam was inci-
dent at an angle of 45° and scanned for 100 s each time over an
area of 2 mm x 2 mm. The ion current was around 1 pA. As a rough

estimate, an etch rate of around 3 nm/min is assumed for the pres-
ent sputtering conditions according to operating experiences [8-
10].

The SEM was employed to characterize the gross features of the
oxidized surface, including morphology of the outer layer of corro-
sion oxides. The Energy Dispersive X-ray Spectroscopy (EDS)
attachment to the SEM probe was used to provide semi-quantita-
tive estimation of surface oxide crystal compositions.

The Raman spectra were measured in a backscattering geome-
try using a Jobin Yvon T6400 spectrometer equipped with a LN,
cooled charge coupled device camera. As an excitation source we
used the 514.5 nm line from an Ar* laser. The beam with an aver-
age power of 5 mW was focused on the sample surface, which is
kept under vacuum at room temperature. The measurement depth
in the Raman spectroscopy is determined from the optical constant
of the transition metal oxides. For example, in most of the Fe-, Cr-
and Ni-oxides this depth is approximately 50 nm, 600 nm and
25 pum, respectively [11].

4. Results and discussion
4.1. Effect of pre-treatment on oxide film morphology

Fig. 1 shows SEM images of the surfaces of alloy 182 which were
exposed to high temperature water for 8 weeks in the autoclave.

We found that the oxide film formed on the electro-polished
surface, Fig. 1a and b, has different morphology from that formed

Fig. 1. SEM images of the alloy 182 after exposure for 8 weeks in the autoclave of (a) and (b) the electro-polished surface, (c) and (d) the mechanically grinded surface.
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Fig. 2. Raman spectrum of electro-polished surface after 1 week exposure.

on mechanically grinded surface, Fig. 1c and d. In the former case,
an exposure in high temperature water resulted in the formation of
a uniform film consisting of small, needle-like crystals (0.25 pm
long), see Fig. 1b. On top of this uniform film, larger clusters are
deposited, see Fig. 1a. The EDS analyzes of these clusters revealed
that they are rich in O and Fe, with presence of Cr, Ni and Nb. The
uniform film contains more Ni and Cr, and less Fe and O than the
big clusters. However, it is important to underline that the EDS
spectra are also influenced by the signal from base metal, since
the thickness of the oxide film is typically around ~200 nm.

On the other hand, the exposure of mechanically grinded sur-
face did not result in the formation of uniform film. Instead, many
corrosion pits are observed on the surface. Fig. 1d shows one typ-
ical pit, with many small particles around it. The EDS analyzes re-
vealed the presence of Nb and Mn in these particles. The clusters
found on the mechanically ground surface after exposure, Fig. 1c,
have a similar composition to those observed in Fig. 1a. Different
morphologies shown in Fig. 1b and d originate from different sur-
face quality before the exposure, since surface quality often has a
marked effect on the pitting resistance. In the present work, the
electro-polished surface is smoother than the mechanically grin-
ded surface. Because of that, the pitting and localized corrosion
are less likely to occur on electro-polished surface [12], leading
to homogeneous corrosion and formation of uniform oxide film.
On the contrary, the mechanically ground surface was locally cor-
roded and pitted.

4.2. Raman spectrum of the oxide film

The Raman spectrum of the electro-polished surface after
1 week exposure is shown in Fig. 2. The strongest peak at about
700 cm ! and its shoulder peak at 662 cm~! can be assigned either
to NiFe,04 or to Fes04 crystals [13,14]. However, as it will be dis-
cussed later, Ni is present through the oxide layer as metallic Ni
so we attribute these two peaks to Fe304. The additional peak at
685 cm~! and the weak broad peak at around 500 cm™! are as-
signed to FeCr,04 [11,13,15].

4.3. The XPS study of the oxide film

4.3.1. Qualitative evaluation of XPS spectra

For both the mechanically grinded and electro-polished sur-
faces the oxide film thickness is found to be different depending
on the exposure time. The chemical states of the alloy elements

in the oxide film change in a similar way. Because of that, the elec-
tro-polished surface after 1 week exposure is taken as the refer-
ence for the qualitative evaluation of the XPS spectra.

4.3.1.1. Ni2p spectra. Fig.3 shows the Ni2p XPS spectra. At the spec-
imen surface before sputtering (0 s sputtering time), Ni2p spec-
trum consists of the intense peak (peak 1), corresponding to 2ps,
state at the binding energy of 855.9 eV, and its satellite peak (peak
2) at about 862.1 eV. The C 1s is at 285.0 eV. According to the liter-
ature data [16], these two features originate from Ni(OH),. Besides,
an additional low intensity peak (peak 1') at about 852.3 eV is
clearly visible on the lower binding energy side of peak 1. This peak
gains intensity after removing the Ni(OH), and becomes the most
dominant peak after 100 s sputtering. Its satellite peak (peak 2’)
appears at 858.3 eV. The spectra collected after longer sputtering
times (>200 s) have similar features, indicating no further change
of the single chemical state. Moreover, the intensity ratio between
the satellite and main Ni2ps, photoelectron peak is less than 0.20.
By comparing these data with published data on Ni2p in Ni [16],
NiO [16], NiFe;04 [17], NiCr,04 [17] and NiFe,Cr, 404 (x=0.5, 1.0
and 1.5) [17], we found that the observed chemical state of Ni char-
acterized by peaks 1/, 2/, 3’ and 4’ corresponds to metallic Ni. Here,
one has to be cautious of interpreting depth profiling of Ni oxide by
ion bombardment: NiO is very susceptible to reduction by ion
bombardment during XPS profiling, which can reduce NiO to
metallic Ni because of preferential sputtering of oxygen. However,
the produced Ni° peak is just a shoulder peak of the dominant/
main peak for the oxide, as confirmed by Oswald [18]. In our study,
after 100 s sputtering, the dominant peak in the Ni2ps, region is
Ni®2ps, peak. When Ni(OH); is completely removed (=200 s sput-
tering), pure spectra for metallic Ni is obtained. Furthermore, even
before sputtering the spectrum (0s in Fig. 3) already shows the
presence of metallic Ni. This is indicated by the weak Ni®2ps, peak
(peak 1) which is visible on the low binding energy side of Ni**2ps,
2 (peak 1) in Ni(OH),. Thus, we believe that the presence of metallic
Ni is not due to the preferential sputtering of oxygen from Ni-oxi-
des. Instead, Ni was not oxidized during exposure test.

1
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Fig. 3. The Ni2p XPS spectra taken from the electro-polished surface after 1 week
exposure. The peaks denoted as 1, 2, 3, 4, and 1/, 2, 3/, 4, correspond to Ni2ps/,,
satellite of Ni2ps;, Ni2pyj, and satellite of Ni2p;;, of Ni(OH), and metallic Ni,
respectively.



J.-H. Liu et al./Journal of Nuclear Materials 393 (2009) 242-248 245

Therefore, Ni is present in the sample surface with a single
chemical state, corresponding to Ni° or metallic Ni, except for a
5 nm thin Ni(OH), layer (the electro-polished surface after 1 week
exposure) on the top of the surface. The XPS measurements of elec-
tro-polished alloy 182 before exposure also revealed the existence
of a thin Ni(OH), layer. Thus, Ni(OH), is formed on the sample sur-
face as a result of the reaction of Ni with water vapor in air. The fact
that Ni was not corroded (oxidized) in the presence of PWR pri-
mary water environment can be explained on the basis of the cor-
rosion potential [1,19,20]. The corrosion potential of Ni in PWR
water at 300 °C is close to the equilibrium potential of the Ni/
NiO transition due to the large amount of dissolved hydrogen. In
the present simulated PWR primary water conditions, the potential
was lower than the transition potential, so Ni is thermodynami-
cally stable and should remain in the metallic state Ni° [21].

Since Ni, as the major alloy element, was not oxidized during
exposure, the formed oxide film is mainly composed of Cr-Fe-O
system oxide. The role of other minor components (Mn, Nb, Ti,
Si) in the oxide layer has been ignored in the present study. With
respect to the Cr-Fe-O system corrosion oxide, Ignatova [9]
showed that Ar* sputtering in XPS depth profiling introduced only
very little preferential sputtering. The XPS measurement of Ignat-
ova was performed at SCK-CEN. We have used the same instrument
in the present work. The sputtering conditions in both works are
very similar.

4.3.1.2. Cr2p spectra. The Cr2p XPS spectra are shown in Fig. 4.
Chromium initially appears in a completely oxidized state as
Cr**, since the binding energy of Cr2ps; is found to be 576.6 eV.
After 200 s sputtering, a new peak starts to appear at the binding
energy of 573.6 eV. Further sputtering gradually removes the Cr>*
oxide component. Finally, only peak at 573.6 eV remains, corre-
sponding to metallic chromium in the unoxidized base metal.

4.3.1.3. Fe2p spectra. In general, the identification of iron chemical
states is more difficult, since iron may exist in different valence
states as well as in mixed valence, with the chemical shifts close
to each other. The analysis of the XPS spectra of Fe>* (in Fe,03),
and Fe?* (in Fe,Si0,) ions [22] have shown that the binding ener-
gies of Fe3*2p3/2 and Fe2*2p3/2 are 711.0 eV and 709.0 eV, respec-
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Fig. 4. Cr2p XPS spectra of electro-polished surface after 1 week exposure. The
peaks donated as 1, 1/, 2 and 2’ correspond to Cr’2psp, Cr%2p;p, Cr**2p;;, and
Cr?*2py,, respectively.

tively. However, the binding energy of Fe2ps;, in Fe;04 is
710.6 eV [22], which is in between the values obtained for Fe**
and Fe3*. Moreover, nickel, as the major alloy element in alloy
182, has a strong Auger peak in the vicinity of Fe2ps, (for both
Fe,03; and Fe;0,4) when using Al anode in XPS, which makes the
identification of iron chemical states based on the chemical shift
of 2ps;; more difficult. In this study, the identification of iron
chemical states relies on the satellite peaks of Fe2p;,, and the peak
position of Fe2p;,. Typically, the satellite peak of Fe>*2ps, is lo-
cated at approximately 8 eV higher than the main Fe2psj, peak,
at 718.8 eV. The satellite peak of Fe?*2ps; is located approximately
6 eV higher than the main Fe2ps), peak, at about 715.5 eV. It has
been reported that Fe2ps,, state of Fe;04 at about 724.0 eV [22],
does not have a satellite peak [22-24].

The Fe2p XPS spectra are shown in Fig. 5. The longer sputtering
times (=300 s) does not change the spectra. Besides the strong Ni-
Auger peak, two main peaks for Fe2p;, (peak 1) and Fe2p,, (peak
2) appear at 706.8 eV and 719.8 eV, respectively, which is indica-
tion of metallic iron. Before sputtering, Fe2p,,, peak position is
found to be 723.8 eV (peak 3’). No satellite peak was found. This
indicates the presence of Fe;04 on the sample surface, which is
in accordance with the Raman measurement. Typically, Fe304 is
formed as a deposit on the surface, as already discussed and shown
in Fig. 1. The spectrum after 100 s sputtering revealed new oxida-
tion state at 722.7 eV for Fe2py; (peak 3) and the satellite peak of
Fe2ps, (peak 4) at 715.2 eV. This is characteristic of Fe** state in
the form of FeCr,04. The oxidized iron is completely removed after
200 s sputtering. By comparing the XPS spectra of Fe2p and Cr2p,
Figs. 5 and 4, we observed that it takes more sputtering time to
completely remove oxidized chromium than to remove oxidized
iron.

4.3.1.4. Nb3d and Mn3p spectra. Fig. 6 presents the Nb3d XPS spec-
tra. It is found that Nb initially occurs in completely oxidized state,
as Nb*, since the peak positions of Nb3ds, (peak 2) and Nb3ds,
(peak 2') are at 206.3 eV and 209.0 eV, respectively. After 100 s
sputtering time, the new components (peaks 1 and 1') start to ap-
pear. Further sputtering, up to 700 s, gradually removes Nb**, and
only the new component is visible in the spectra. The binding ener-
gies of peak 1 and peak 1’ are 202.3 eV and 205.0 eV, respectively.
They correspond to metallic niobium.
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Fig. 5. Fe2p XPS spectra of electro-polished surface after 1 week exposure. The
peaks donated as 1, 2, 3, 3/, 4 and 5 correspond to Fe®2ps,, Fe®2p,j, Fe*"2py ),
Fe2py; of Fe;0,, satellite of Fe2ps;; and satellite of Fe2p,,, respectively.
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Fig. 6. Nb3d XPS spectra of electro-polished surface after 1 week exposure. The
peaks donated as 1, 1/, 2 and 2’ correspond to Nb®3ds, Nb°3dsp, Nb**3ds), and
Nb**3ds),, respectively.

Due to the fact that Ni-Auger peak overlaps with Mn2pj3, peak,
Mn3p peak was taken for the evaluation of the manganese chem-
ical state. Initially, manganese also appears in completely oxidized
state. After 100 s sputtering a new component starts to increase in
intensity. The sputtering up to 700 s gradually removes the oxi-
dized state, and only the new component was left in the spectra.
The sputtering up to 1500 s does not change the shape of the
Mn3p peak. Therefore, this new component at 46.4 eV, should cor-
respond to metallic manganese in the unoxidized base metal. The
binding energy of the oxidized component, Mn™, is at about
47.5 eV. Therefore, Mn exists in the oxide layer as oxide.

4.3.2. The XPS depth profile of the oxide film

The depth profiles of all analyzed surfaces are similar, except for
the oxide film thickness which can be estimated on the basis of the
sputtering rate discussed in the experimental paragraph. Since nio-
bium and manganese contents in the oxide layer are below 2 at%,
only depth profiles of the main elements, nickel, chromium, iron
and oxygen, are discussed. Fig. 7 shows the elemental depth profile
of the electro-polished surface after exposure for three different
times, 1, 4, and 8 weeks. Since Ni is present throughout the ‘oxide
film’ as metallic Ni, a pure dense oxide film does not exist. There-
fore, we use the term ‘oxidation affected layer’ instead of the ‘oxide
film'. The oxide film in the ‘oxidation affected layer’ consists of Cr,
Fe and O. As discussed in Section 4.3.1, Fe and Cr exist in the ‘oxi-
dation affected layer’ as Fe?* and Cr>*. Furthermore, it is found that
it takes more time to remove Cr>* than to remove Fe?*. This indi-
cates that the ‘oxidation affected layer’ has a double-layer struc-
ture. In the outer layer Fe** and Cr3* co-exist in FeCr,0..
However, in the inner layer the oxide ion is Cr>*, most probably
in the form Cr,0s. Therefore, the ‘oxidation affected layer’ can be
defined as a layer in which Cr** could be found. The thickness of
this layer can be estimated from the depth profile of Cr**, which
is shown in Fig. 8. The sputtering times needed to completely re-
move Cr>" are 800s, 1400 s and >3000 s for the electro-polished
surface after exposure for 1 week, 4 weeks and 8 weeks, respec-
tively. Multiplying the sputtering time by sputtering rate of
3 nm/min, the thickness of ‘oxidation affected layer’ for these three

exposure times can be estimated, namely 40 nm, 70 nm and
>150 nm, respectively. By comparing Figs. 7 and 8, one can also
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Fig. 7. Depth profile of the electro-polished surface after exposure for 1 week,
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find that the complete removal of Cr>* is accompanied with Ni
reaching the plateau value.

As previously mentioned, the ‘oxidation affected layer’ has a
double-layer structure. In the outer layer Fe?* and Cr’>* co-exist
in FeCr,04. The inner layer is formed by Cr,0s. This is confirmed
by observing the depth profile of Cr® and Cr>* for the sample ex-
posed to PWR primary water for 4 weeks, see Fig. 8. As one can
see, the Cr*®" concentration has a constant value until around
400 s sputtering time. Up to that point, the Fe concentration
(see Fig. 7 for 4 weeks exposure) has constant value too, and
the chemical state of Fe is Fe?*. Accordingly, the outer layer
should be rich with FeCr,0,4. After removal of FeCr,O, layer,
metallic Fe is revealed, and Cr appears in two forms: Cr’* in
Cr,05 and metallic Cr.

Due to lack of pure dense oxide film formation, the ‘oxidation
affected layer’, especially the outer layer, is loosely bond to the
substrate. This is confirmed by measuring the XPS spectra of
the surface cleaned with soft pencil eraser. After eraser cleaning,
the specimen surface was cleaned with acetone in ultra-sonic
bath to remove contamination by eraser. Elemental depth profiles
of eraser cleaned surface are shown in Figs. 9 and 10. Both Figures
indicate that eraser cleaning reduced the thickness of the ‘oxida-
tion affected layer’ from 70 nm to about 35 nm. The Ni concentra-
tion reaches a plateau value at this thickness. Moreover, after
eraser cleaning the chemical state of Fe is found to be Fe®. This
proves that FeCr,0,4 is completely removed by eraser, and that
only Cr,03 remains on the surface (Mn and Nb are ignored in this
study).

Finally let us discuss the effect of surface pre-treatments. Even
though the XPS depth profile of mechanically grinded surfaces
have similar behaviour as for electro-polished surfaces, the esti-
mated thickness of ‘oxidation affected layer’ on the mechanically
grinded surfaces are not consistent with the exposure times. The
‘oxidation affected layers’ are thicker for the 1 week and 4 week
exposures of the mechanically grinded surfaces in comparison
with electro-polished surfaces. However, vice versa is found for
the 8 weeks exposed samples. This effect occurs due to different
surface roughnesses. In is interesting to note that although differ-
ent surface pre-treatments resulted in very different oxide mor-
phologies, see Fig. 1, the XPS depth profiles are found to be very
similar.

Depth, nm
0 25 50 75 100 125 150
75 1 " 1 " 1 " 1 " 1 " 1 "
.‘.o 02000 g0000g,%000 ,00
.o :
°
° ® Ni
% 50 ° o Cr
e - m O
k) g O Fe
[z .
Q.
IS
8 254 n
Oo;Oooooo oooooooooooooooOoOoI
DEDDDDD Ogoo0OopoopO0o00ogO0gpgBPoo
ogP? .
0 DD ...l EEEEgEEESgEEEgEgEgn
T T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000

Sputtering time, s

Fig. 9. Depth profile of the electro-polished surface after exposure for 4 weeks and
eraser cleaning.
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Fig. 10. Depth profile of Cr°/Cr3* for the electro-polished surface after exposure for
4 weeks and eraser cleaning.

5. Conclusions

We characterized the oxide films formed on alloy 182 in simu-
lated PWR primary water using SEM-EDS, Raman spectroscopy and
XPS. The main conclusions are:

(1) SEM-EDS results showed that sample pre-treatment has
remarkable effect on the formation of the oxide film. A uni-
form oxide film rich in nickel was formed on the electro-pol-
ished surface. However, the corrosion pits rich in Nb and Mn
were observed on the grinded surface. Both surfaces showed
the presence of clusters rich in Fe and O.

(2) Raman spectroscopy and XPS measurements revealed the
presence of Fes0, and FeCr,04. The former is probably a
deposit from the water.

(3) The XPS measurements showed that the major alloy element
Ni was not corroded, except for a thin Ni(OH), layer on the
top of the surface. Other alloying elements, Cr, Fe, Nb and
Mn, showed the transition from the oxidized states to metal-
lic states. Since Ni was not corroded during exposure, no
pure dense oxide film was formed during the exposure.
Because of that an ‘oxidation affected layer’ was introduced.
The thickness of this ‘oxidation affected layer’ can be esti-
mated on the basis of Cr>* XPS profiles. Longer exposure
time results in a thicker ‘oxidation affected layer’ on the
electro-polished surfaces. No consistent results were
obtained in that respect for the mechanically grinded sur-
faces due to non-controlled surface roughness.

(4) The XPS measurements revealed a double-layer structure of
the ‘oxidation affected layer’. The outer layer is rich in
FeCr,04, and the inner layer formed by Cr,0s.

(5) The ‘oxidation affected layer’, especially the outer layer, is
loosely bonded to the surface, and can be easily removed
by a soft pencil eraser.
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