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Abstract Passive films on AISI 316L stainless steel were
grown by exposure in high temperature (300 °C and
150 bar) water. X-ray photoelectron spectroscopy was
employed to study their composition as a function of immer-
sion time. A photoelectrochemical investigation, supported by
electrochemical and impedance measurements, allowed to get
information on the solid-state properties of the investigated
layers. The experimental results suggest the formation of a
stratified layer with an outer iron-rich layer and an inner Cr-
rich oxide layer, whose relative thickness and composition are
dependent on the immersion time.

Keywords Stainlesssteel - XPS - Photocurrent spectroscopy -
Pressurised water reactor

Introduction

One of the major materials challenge for continued safe, reli-
able and cost-effective utilisation of water-cooled nuclear re-
actors for electricity production is the development of im-
proved understanding of the synergistic fundamental mecha-
nisms responsible for corrosion and stress corrosion cracking
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degradation of austenitic steels and nickel base alloys [1]. A
key factor in determining the corrosion resistance of the ma-
terials is played by the properties of the passive films grown
on the employed stainless steel during operating conditions.
This explains the large interest that, during the years, has been
devoted to the structural, morphological and physicochemical
characterisation of the passive films grown on such alloys in
high-temperature water [2—15]. A survey of the already pub-
lished works shows that the passive films have a multilayered
structure and that the thickness of the film as well as the
compositional profile depend on the passivation conditions,
i.e., immersion time and water temperature. In spite the large
number of published papers, just a few investigations try to
study the electronic properties of the passive films, which are
expected to play a crucial role in the corrosion resistance of the
SS 2, 14].

In the last decades, photoelectrochemical techniques have
been employed increasingly for investigating thin photo-
conducting surface films and corrosion layers on metals and
alloys. The advantages are the simplicity of the experimental
setup, the insensitivity to surface roughness and the ability to
scrutinise very thin films. Moreover, direct information is de-
rived on the electronic properties of the surface films, which
are decisive for understanding the corrosion behaviour of
metals and alloys [16].

In this work, we studied the solid-state properties of passive
layers grown on 316L stainless steel in high-temperature wa-
ter, under conditions representative of pressurised water reac-
tor (PWR) primary water (300 °C and P=150 bar) for differ-
ent immersion times (from 2 min to 100 h).

A photoelectrochemical investigation was performed in or-
der to estimate the band gap, E,, of the oxide layers as a
function of the immersion time. The dependence of £, on
the immersion time has been rationalised considering changes
of the passive layer composition, which has been studied by
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X-ray photoelectron spectroscopy (XPS). Impedance mea-
surements were also performed in order to get information
on the electronic properties of the alloy/passive
film/electrolyte interface with particular interest in the conduc-
tivity type of the investigated layers.

Experimental

Electropolished 316L stainless steel samples (17.6 wt% Cr,
12 wt% Ni, 2.39 wt% Mo, 1.78 wt% Mn, 0.59 wt% Si,
0.08 wt% N, 0.028 wt% C and Fe) were exposed to high
temperature (300 °C) water at P=150 bar for different immer-
sion times (from 2 min to 100 h).

XPS analysis was carried out using a Thermo Electron
Escalab 250 spectrometer with a monochromated Al K« ra-
diation (1486.6 eV). The analyser pass energy was 100 eV for
survey spectra and 20 eV for high-resolution spectra. The
analysed area was 500 um?. The following core levels were
analysed: Fe 2p, Cr 2p, Ni 2p, Mo 3d, O 1s and C 1s. The
photoelectron take-off angle, between the surface and the di-
rection in which the photoelectrons are analysed, was 90°.

Curve fitting of XPS spectra was performed with the Ther-
mo Electron software Avantage. For the calculation of the
surface composition, the inelastic mean free paths calculated
by Tanuma et al. [17] and the photoemission cross-sections
determined by Scofield [18] were used. A Shirley background
was used.

The electrochemical and impedance measurements were
performed in 0.25 M Na,HPO, aqueous solution (pH~8.5).
The high conductivity of this electrolyte allows to minimise
the diffuse double layer contribution to equivalent
capacitance.

Photoelectrochemical investigation was carried out in
0.1 M (NH4),B40; (ABE) aqueous solution (pH~8.5) and
in 107 M FeSO, aqueous solution (pH~5.5).

The experimental setup for the photoelectrochemical mea-
surements has been described elsewhere [16, 19, 20]. A 450-
W UV-vis xenon lamp, coupled with a monochromator, al-
lows irradiation of the specimen through a quartz window. A
two-phase, lock-in amplifier, with a mechanical chopper, en-
ables separation of the photocurrent from the total current in
the cell. The photocurrent spectra are corrected for the relative
photon efficiency of the light source at each wavelength.

Electrochemical impedance spectroscopy (EIS) data were
obtained using a Parstat 2263 (PAR), controlled by a computer
via Electrochemistry PowerSuite software. A three-electrode
arrangement was used, consisting of the specimen, a reference
electrode (silver/silver chloride) and a Pt net having a very
high specific area, immersed in 0.25 M Na,HPO, (pH~8.5).
The impedance spectra were generated by applying a sinusoi-
dal signal of amplitude 10 mV over the frequency range of
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0.1 Hz-100 kHz. The recorded spectra were analysed with
Zview software.

A silver/silver chloride electrode was employed as a refer-
ence for all electrochemical and photoelectrochemical
experiments.

Results and discussion
XPS analysis

XPS experiments were carried out after 10 min, 1 h, 5h,25h
and 100 h exposure time. The thickness of oxide layers was
measured by TOF-SIMS depth profiling on two samples
(10 min and 25 h). The measured values are 12 and 16 nm,
respectively. Fe 2p; ., Cr 2p;, and Ni 2ps, core level spectra
are discussed here. For all exposure times, no metallic species
are detected in the spectra, meaning that the oxide layers are
thicker than ~10 nm in all cases. XPS analyses are so mainly
associated to the outer part of the oxide layers. A weak signal
of Mo 3d was detected, but it is not discussed here. Figure 1
shows Cr 2p;/, Fe 2p;/, and Ni 2ps3,, core level spectra after
1 h of exposure time. The Cr 2p;, core level spectrum exhibits
a peak at 577.4 eV associated to Cr' [21-23]. The Fe 2ps3n
core level spectrum presents three peaks at 709.8, 711.3 and
713.1 eV associated to Fe in the 2%, 3" oxidation states, and
satellite peak, respectively [24-28]. The Ni 2ps,, core level
spectrum shows a peak at 856.1 eV associated to Ni** [29, 30].
A satellite peak is present at 862.4 eV. It may be associated to
the presence of Ni(OH), and/or Cr, Fe and Ni spinel species.
The intensity ratio between the principal peak and the satellite
peak is linked to the chemical environment of Ni*": The
values are 0.28 for Ni(OH),, between 0.5 and 0.74 for
NiCr,04 and 0.69 for (Nig sFeq 5)CrO4 [14] The intensity
ratio between the Ni 2p3, principal peak and the satellite peak
is between 0.3 and 0.7 in our study and thus is associated to
Ni(OH), and/or spinel species like NiCr,Oy4, (Ni;
~Fe,”NCr,> 04 or possibly (Nij,* Fe,”")(Fe,.> Cr,* "),
O,. The spectra obtained for the various oxidation times
(10 min, 5 h, 25 h and 100 h) are similar to the spectra de-
scribed above. The same oxidation states have been observed;
only the atomic percentage are different. Table 1 gives the
chemical composition of the external part of the passive layer.
For the short exposure times of 10 min, 1 h and 5 h, enrich-
ment in Ni**and depletion in Cr** is observed when the ex-
posure time increases. For the longer exposure, times enrich-
ment of Cr’" is observed.

Figure 2 presents the Fe 2p3, core level spectra after 1 and
100 h exposure times. The intensity after 100 h is lower than
that after 1 h, showing decreasing iron oxide content in the
outer part of the passive film for longer exposure times. More-
over the Fe?"/Fe®" ratio is higher after 100 h as compared to
1 h exposure time. For long exposure times (25 and 100 h),
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Fig.1 Cr2psp, Fe 2ps,, and Ni 2p;), core level spectra after 1 h exposure
time to high-temperature water

oxidised iron depletion is observed (see Table 1) as well as
enrichment in oxidised chromium. The Fe?'/Fe** depletion
and Cr’" enrichment clearly increases from 25 to 100 h of
exposure time. The Fe**/Fe’" ratio is higher for longer expo-
sure times (0.64 and 0.82 for 25 and 100 h, respectively)
showing Fe*" depletion and Cr** enrichment for long

Table 1  Atomic composition of the outer passive layer and Fe*/Fe™
atomic ratio as a function of exposure time to high-temperature water

Atomic percent Fe** Fe?t cr’t Ni%* Fe?'/Fe*"
10 min 49 13.4 16.9 20.6 0.27
l1h 457 18.3 14.7 213 0.40
S5h 47 15.9 7.9 292 0.34
25h 32.7 21.1 23.6 22,6 0.64
100 h 17.8 14.6 422 253 0.82

:
Fesd* .

Fe2p,;,

100h Fe?*

Intensity / a.u.

4 kcounts/s

717 715 713 711 709 707 705
Binding energy / eV

Fig.2 Fe2p;, core level spectra after 1 and 100 h exposure time to high-
temperature water

exposure times compared to short exposure times (Table 1).
For long exposure time, the intensity ratio between the Ni
2ps, principal peak and the satellite peak is between 0.3 and
0.7 as for short exposure time. Ni could be associated to
Ni(OH), and/or spinel species like (Ni,Fe;—,)Cr,O4, NiCr,0y,
or possibly (Ni;_,Fe,)(Fe;_,Cr,),0s,.

In the early oxidation stage (10 min), a Cr*'-rich ox-
ide is formed in the inner part and an Fe*" ,Fe*'-rich
oxide in the outer part. The apparent chromium oxide
content in Table 1 is low because it was calculated as-
suming a single mixed oxide and not a multilayer model
in which Cr oxide would be in the inner layer (and thus
its signal would be attenuated). A significant amount of
Ni?" is detected, which may correspond to Ni(OH), and/
or a spinel.

For increasing oxidation times (1 and 5 h), the outer oxide
layer grows and the signal from the inner chromium oxide
layer is attenuated. For longer oxidation times (25 and
100 h), the spinel layer continues to grow at the expense of
the outer Fe’" oxide layer, and the signal from Cr’" spinel
oxide is less attenuated.

Electrochemical and photoelectrochemical
characterisation

We performed a photoelectrochemical investigation in
0.1 M ABE (pH 8.5) at the open circuit potential, Ugc,
and at slightly higher voltage. We tried to keep the in-
vestigated potential range in a narrow interval in order to
minimise the changes in film composition due to the
anodic polarisation. In Fig. 3, we report the photocurrent
spectrum recorded at the open circuit potential, Upc=
—0.03 V (Ag/AgCl) for the SS before immersion in
high-temperature water, thus relating to the passive film
formed by air exposure. Assuming indirect optical
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transitions, it is possible to estimate a band gap value of
3.37 eV according to Eq. (1):

(Iphh’/)Oﬁ“(hV_ Eg) (1)

where, for a photon energy in the vicinity of band gap,
Ly, the photocurrent is proportional to the light absorp-
tion coefficient, hv is the photon energy and E, is the
optical band gap.

A very similar Ugc was measured for passive films formed
by immersion in high-temperature water, but it was not possi-
ble to record any photocurrent spectrum due to the very poor
photocurrent intensity. However, by moving the polarising
voltage toward the anodic direction, we were able to record
photocurrent spectra and, thus, to estimate the band gap values
of the investigated AISI samples after immersion in high-

wavelength / nm

temperature water. In Figs. 4 and 5, we report the (Iphhv)o'5
vs hv plots, relating to passive films on as supplied SS and
after immersion in high-temperature water, recorded in 0.1 M
ABE at 0.3 V (Ag/AgCl), which is a potential slightly higher
than the equilibrium potential for chromium oxide dissolution
as chromate ions, according to the Pourbaix diagram relating
to Cr—H,O system at room temperature [31]. From the photo-
current spectra, by assuming non-direct optical transitions, it
was possible to estimate the band gap of the photoactive phase
in the investigated samples. As shown in Fig. 4, after 2 min of
immersion in high-temperature water, the band gap of the film
is very close to that measured for the stainless steel (£,=
3.23 eV), whilst it decreases to 2.57 and 2.39 eV after
10 min and 1 h of immersion, respectively. For longer immer-
sion times, it is possible to evidence the presence of two linear
regions in the (Iphhu)o'5 vs hv plots (see Fig. 5). From the high-
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SS after: a 5 h, b 25 h and ¢ 100 h of immersion in high-temperature
water. Sol: 0.1 M ammonium biborate (pH 8.5) at Ug=0.3 V (Ag/AgCl)

energy region, £,;=3.25+0.10 eV can be estimated, whilst a
long photocurrent tail is present in the low-energy region,
ending at £,,=2.55 eV, E;»=2.25 eV and E,,=2.08 ¢V for
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Fig. 6 Current vs time curves recorded at several potentials for SS after
2 min of immersion in high-temperature water: a 0.2 V (Ag/AgCl),b0 V
(Ag/AgCl), ¢ —0.1 V (Ag/AgCl). Sol: 10 M FeSO,. (pH 5.5). D dark
and L light (A=300 nm)

passive films formed after 5, 25 and 100 h of immersion time,
respectively.

In order to establish the sign of the measured photocurrent
and, thus, the kind of conductivity of the passive films, we
recorded current vs time transients under constant wavelength
by manually chopping irradiation. In order to increase the ratio
between photocurrent and total current, we used an electrolyte
containing Fe®" that can be easily photo-oxidised to Fe**. The
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Fig. 7 Polarisation curves relating to passive films on as-supplied AISI
316L and after 2 min, 25 h and 100 h of immersion in high-temperature
water, recorded by scanning electrode potential of the sample at 1 mV s ™'
in 0.25 M Na,HPO, (pH 8.5)
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corresponding photo-oxidation process is expected to be ther-
modynamically favourable and kinetically faster than oxygen
evolution reaction, which is the only anodic process occurring
in 0.1 M ABE. As shown in Fig. 6 for AISI 316L after 2 min
of immersion in high-temperature water recorded at three dif-
ferent potentials in 10> M FeSOy4 (pH~35.5), the photocurrent
changes from anodic to cathodic on going from 0.2 V (Ag/
AgCl)to—0.1 V (Ag/AgCl), being almost zero at intermediate
potential. This behaviour suggests that the photoactive phase
has a flat band potential, Ugp, very close to 0 V (Ag/AgCl) at
pH 5.5. For longer immersion times in high-temperature wa-
ter, the photocurrent is anodic at 0 V (Ag/AgCl) and goes to
zero at —0.1 V (Ag/AgCl). For such layers, no cathodic pho-
tocurrent was measured, as typical of n-type semiconducting
material.

Figure 7 shows the polarisation curves for the 316L SS in
0.25 M Na,HPO, solution at 25 °C (pH~8.5). From the
polarisation curves, the passive range is determined to be
strongly influenced by the immersion time. The corrosion
potential shifts toward the cathodic direction the higher is
the immersion time. The passivity region ranges from — 0.05
to 0.15 V (Ag/AgCl) for short immersion times, whilst it is
wider [from — 0.25 to at least 0.3 V (Ag/AgCl)] for the steel
after 100 h of immersion. At pH 8.5, the equilibrium potential
for Cr,O5 dissolution as chromate ions, CrO3 , is between
0.09 and 0.24 V (Ag/AgCl), depending on the hydration de-
gree of chromium oxide [31]. Thus, it seems that
transpassivity occurs due to chromium oxide dissolution for
immersion time up to 25 h. However, this oxidation process is
not present for film formed after 100 h of immersion in high-
temperature water, thus suggesting that the outer layer of this
passive film is chromium free.

Based on the polarisation curves, we select to record elec-
trochemical impedance spectra at 0 V (Ag/AgCl), a potential
inside the passive region of all the investigated samples. In
Fig. 8, we report the EIS spectra in the Bode representation as
a function of the immersion time. As a general trend, the
dependence of the impedance on the ac signal frequency is
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not strongly influenced by the immersion time. A single time
constant was observed in the entire potential region investi-
gated. The best fit was obtained for a simple circuit, including
the solution resistance in series with a constant phase element
~CPE,, in parallel with a resistance, R (see inset of Fig. 8a).
Impedance of the constant phase element can be expressed
according to the following equation:

1

Z(w) = (jw)'CPE (2)

The fitting parameters are reported in Table 2. According to
the equivalent circuit of Fig. 8a, the equivalent resistance can
be derived as low-frequency asymptote in the modulus vs
frequency plot. The Bode plots of Fig. 8 suggest that such
equivalent resistance is so high that it cannot be determined
accurately in the exploited ac signal frequency range. More-
over, the exponent n of the CPE is <1, thus suggesting that the
constant phase element is simulating a non-ideal capacitor.
From Eq. (2), it is possible to estimate the equivalent capaci-
tance, which, for samples before and after immersion in high-
temperature water, resulted to be ~90~150 uF cm 2, thus sig-
nificantly higher than the value expected for double layer in
aqueous solutions (Cyz~20 pF cm ). This poses the problem
of understanding its physical meaning, which is also crucial
for a correct interpretation of the dependence of the measured
capacitance as a function of electrode potential, usually ex-
plained in the frame of Mott—Schottky theory (see below).

Table 2 Parameters derived from the best fitting of EIS spectra Fig. 8

Exposure time R (€2 cm?) Req (22 cnr) Ocq (S s"em?) n

0 min 12.45 1.9 10* 110 0.75
2 min 11.58 1.0 10° 9.0107 0.85
25h 9.78 1.0 10° 1510 0.83
100 h 10.62 1.0 10° 1510 0.83
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Several authors attributed very high capacitance values
measured in the case of passive films on metals to the occur-
rence of both adsorption phenomena, which introduce a ca-
pacitance in parallel with Cy [32-35] as well as to the contri-
bution arising from the surface states, the latter being be po-
tential dependent [36]. Moreover, conductive atomic force
microscopy allows to evidence a resistance distribution all
over the surface samples after immersion in high-
temperature water even after short immersion time (i.e.,
2 min) [2]. These phenomena make the equivalent circuit nec-
essary to model the metal/passive film/electrolyte interface
very complicated, and its validation by a best fitting procedure
of the EIS spectra becomes trivial.

In Fig. 9, we compare the measured series capacitance, Cyy,
vs electrode potential as a function of the frequency of the ac
signal for AISI 316L as supplied and after 2 min and 100 h of
immersion in high-temperature water. It is clear that the mea-
sured capacitance is sensitively influenced by the ac signal
frequency, such dependence being not predicted by Mott—
Schottky theory [37-39]. Moreover, due the difficulty in the
quantitative interpretation of the EIS spectra, and the conse-
quent difficulty in extracting the passive film capacitance from
Cyy, fitting the curves of Fig. 9 would be misleading.

However, it is important to stress that the capacitance in-
creases by moving the polarising voltage toward the cathodic
direction, suggesting that all the passive films behave like n-
type semiconducting materials.

The effect of immersion time in high-temperature water on
the properties and composition of passive films on SS has
been extensively studied in the past [11, 14]. According to a

Ug /'V (vs. Ag/AgCl)

large number of authors, these films have a multilayered struc-
ture with an iron-rich Cr free outer part and Cr-rich inner part.
The precise composition of the films is difficult to be deter-
mined, due to the very low thickness of the layers and to the
difficulty encountered trying to get reliable information from
Raman spectroscopy or X ray diffraction [14]. A more sophis-
ticated approach based on local conductivity measurements
allowed to further support the formation of a passive film with
a Cr-containing inner layer and an outer Fe-rich layer (with Cr
oxide of the inner layer being enriched under the grain bound-
aries of the outer layer) [2].

The photoelectrochemical investigation performed in this
work allowed to determine the band gap values of the passive
films as a function of the immersion time in high-temperature
water. These results, properly matched with the experimental
findings provided by XPS, can provide information on struc-
ture and composition of the films.

In previous works [40, 41], we suggested and proved that
the band gap value of mixed oxides A,B;O, depends on the
difference of electronegativity of oxide constituents according
to the following relationship:

Eg=2Eum(eV) = 1.35(x0—X0) —1.49 (3)

Table 3  Electronegativity of major alloying elements of 316L SS

Phase Cr(IIT) Fe(Il) Fe(III) Ni(II)

1.60 1.80 1.90 1.80

XPauling
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where Yo is oxygen electronegativity (3.5 in the Pauling
scale), and y,, is an average electronegativity parameter, de-
fined as the arithmetic mean between the electronegativities of
the metal partners in the oxides, i.e.:

a

b
= - —_— 4
av a+bXA+a—|—bXB ()

X

AE,,=0 for crystalline oxides, whilst increasing values are
expected (up to around 0.5 eV) if the lattice disorder affects
both density of states distribution near the valence and con-
duction band edges [42]. Equation (3) allows to get informa-
tion on the passive film composition as a function of the im-
mersion time in high-temperature water starting from the band
gap values. In Table 3, we report the electronegativities of
Cr(IID), Ni(Il), Fe(Il) and Fe(III) according to the Pauling scale
and the band gap values of their oxides according to the liter-
ature [16]. The band gap value estimated for air formed film
(see Fig. 3) on as-supplied AISI 316L suggests that such layer
is mainly constituted by Cr,Os, as reported in the literature
[43]. Moreover, E, is slightly higher with respect to the band
gap of crystalline Cr,03, thus suggesting that the air formed
film is amorphous (AFE,,,~0.2 e¢V) and/or very thin. Due to
quantum confinement effect, a blue shift of the optical band
gap can be predicted for very thin oxide layers [44]. Anodic
polarisation at 0.3 V (Ag/AgCl) does not change significantly
the passive film composition, as suggested by the correspond-
ing band gap value (see Fig. 5a). However, it is important to
stress that a photocurrent tail in the low-energy region is in-
duced by such polarisation, which suggests that optical tran-
sitions at energy lower than £, of Cr,0O5 occur.

After very short immersion time (i.e., 2 min), £,=3.23 eV,
thus slightly lower than that measured for passive film on SS.
A significant change in the measured band gap occurs for
longer immersion time. More specifically, the band gap de-
creases, suggesting a change in composition which can be
rationalised in the frame of Eq. (3). The measured E, de-
creases with increasing immersion time from 2 min to 1 h,
and if we compare the experimental band gap value with those
estimated by Eq. (3) assuming the composition reported in
Table 1 for 10 min and 1 h (for which most of the layer
thickness is analysed by XPS), we can see that there is a good
agreement. However, for longer immersion time, the
photoelectrochemical behaviour of passive films changes
due the appearance of an appreciable photocurrent tail in the
low-energy region of the spectra. This behaviour can be ex-
plained assuming the formation of a passive film with a du-
plex structure constituted by an inner and outer layer with
different band gaps, i.e. composition. £, values suggest the
presence of a Cr rich oxide layer, whilst £y, estimated from
the low-energy region of the photocurrent spectra are compat-
ible with iron rich passive films. Interpretation of the
photoelectrochemical results taking into account the
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composition estimated by XPS suggests that, during the early
stage of immersion (i.e., 2 and 10 min), a chromium-rich pas-
sive film is present (£,=3.23 eV), but during immersion in
high-temperature water, a M(Fe, ,Cr,),04 spinel appears,
where M stands for divalent metals (Ni** and Fe*"). For lon-
ger immersion time, the spinel layer continues to grow at the
expense of the outer Fe*" oxide layer.

Conclusions

Passive films grown in high-temperature water on AISI 316L
were characterised by photoelectrochemical, electrochemical,
impedance measurements and X-ray photoelectron
spectroscopy.

The photoelectrochemical investigation allowed us to mea-
sure a band gap decreasing with increasing immersion time,
suggesting a change in the passive film composition. For short
immersion time (up to 1 h), the measured photocurrent comes
from a Cr-rich oxide layer whose Cr content decreases with
increasing immersion time. For longer immersion time (5, 25
and 100 h), we are able to measure photocurrent from a strat-
ified layer with an outer iron-rich layer and an inner Cr-rich
oxide layer associated to Cr,O3 and M(Fe,_,Cr,),04 spinel
species, where M stands for divalent metals (Ni** and Fe*").
For longer immersion time, the spinel layer continues to grow
at the expense of the outer Fe®* oxide layer.

According to the current transients recorded under irradia-
tion at constant potential and wavelength, the photocurrent is
anodic. This experimental finding and the information arising
from the dependence of the measured capacitance on electrode
potential suggest that passive films behave as n-type semicon-
ductors, as inverse spinel are expected to be. The presence of
cathodic photocurrent for passive films formed after short im-
mersion time (i.e. 2 min) is assigned to electron photoemission
processes possible due to the very low thickness of the film.
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