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1 | INTRODUCTION

Marina Bishara |

Hsiu-Wei Cheng |

Abstract

Understanding elemental corrosion currents and visualizing corroding topo-
graphies provides a detailed insight into corrosion mechanisms at the na-
noscale. Here, we develop a strategy to understand the elemental composition,
corrosion resistivity, and local stability of passive materials. Specifically, we
utilize a pulse voltammetry approach in a novel electrochemical atomic force
microscopy (AFM) cell and complement this data by real-time dissolution
currents based on spectroelectrochemical online analysis in an inductively
coupled plasma mass spectroscopy (ICP-MS) flow cell. We study the oxide
properties and their protective behavior when formed under different applied
potentials using Alloy 600 as a model sample. Both AFM and ICP-MS data
show that passive films formed on Alloy 600 at around +0.3 to +0.4V in
neutral 1 mM NaCl solution are most stable during anodic corrosion at +1.0'V,
while AFM further demonstrates that local dissolution occurs, indicating
locally varying defect levels in the passive film. In combination with both
techniques, our approach provides real-time elementally resolved and loca-
lized information of passive film quality under corrosive conditions, and it
may prove useful for other corroding materials.

KEYWORDS
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such as Alloy 600 can only be achieved when the chro-
mium content is more than 10%,[°’g] which is necessary for

Nickel-based alloys (NBAs) show outstanding corrosion
resistance under many extreme environments enabling
them to be used in broad applications such as steam re-
actors, aerospace, and chemical processing.[l’s] It is well-
established that the unique corrosion resistance of NBAs

the formation of a stable passive/chemically inert chro-
mium oxide enriched thin film (typically 1-2 nm"!) on the
alloy surface. With their outstanding corrosion inhibition
property, such thin films have attracted great attention
from researchers!"''! to study their passivation mechanism,
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as well as to characterize their physical structure, chemical
composition, and electronic properties.'*! While Alloy
600 is prone to pitting corrosion,!'*! under mild conditions
passive film breakdown is considered to be the critical
step[”’] leading to corrosive failure. Hence, understanding
the properties and anticorrosion mechanism of the passive
film is central for predicting the corrosion tendency of NBA
in mild environments.

Up to now, the formation of passive films has been
described using models such as the high field mechanism
(HFM),"'”! or the point defect model,'*! which can be
used to explain growth kinetics as well as their chemical
composition. These models suggest that changing the
conditions under which the passive layer is formed can
influence the formation kinetics that leads to grow dis-
tinct passive films, and therefore, result in varying cor-
rosion resistance.

The passivity of the chromium oxide thin film is often
understood as the formation of a dense physical barrier that
is limiting the permeability of ions across the film"! or a
change of the electronic structure (bandgap) that creates a
higher energy barrier for charge exchange at the inter-
face.l””! It is easy to picture when growing passive films
under different potentiostatic polarization, the created po-
tential drop across the oxide film can result in a different
degree of ion migration/permeability, which directly influ-
ences the passive film structure.

However, due to the nature of its extremely small film
thickness, characterizing its physicochemical properties

during a corrosive process remains challenging. Most of
the surface-sensitive analytical methods are ex situ
techniques and very often required to operate in specific
environments such as under ultra high vacuum. In this
aspect, obtained results from these techniques do not
directly reflect on the in situ passive film composition
and behavior.

Consequently, techniques capable of performing real-
time study such as scanning probe techniques, for ex-
ample, atomic force microscopy (AFM) and scanning
tunneling microscopy are more suitable in studying ac-
tively corroding surfaces, which has increasingly gained
more impact in recent years.!'*? >4

Most of the research conducted observed the growth
behavior of passive films, for example, during linear
sweep voltammetry (LSV). In this perspective, the cre-
ated oxide films are not well-defined and the composition
may vary with the varying potential, that is, properties of
a passive oxide from an LSV may be influenced by the
scan rate and applied solution conditions.

It is, therefore, crucial to develop a strategy to under-
stand the elemental composition, corrosion resistivity, and
stability of oxide films that formed under in situ conditions.
We considered passive films grown under potentiostatic
conditions as the most controlled conditions for system-
atically studying their behavior. In this study, we utilize a
pulse voltammetry approach in a novel ECAFM cell
(Figure 1b,c) as well as in a flow cell connected to an in-
ductively coupled plasma mass spectroscopy (ICP-MS)
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FIGURE 1 (a) Tafel characteristic curve of the examined alloy: nickel-based Alloy 600 (Ni,,FegCr;s.5) and Cr5 (NiggFeoCrs) for
comparison. The blue circles mark the regions of interest in this study. Inset shows a schematic of the home-designed inductively coupled

plasma mass spectroscopy coupled electrochemical flow cell. A stamp is used for establishing laminar flow across the surface of the working
electrode (WE; studied alloy). The counter electrode (CE; Pt) and reference electrode (RE; AglAgCl) are arranged to avoid WE being
contaminated by the reaction products from CE (hydronium or hydroxide that may vary the pH near the WE surface). (b) Design principle
of the home-designed three-electrode system equipped atomic force microscopy (AFM) liquid cell, bottom view. A platinum foil forms the
CE directly at the optical window of the used cantilever holder. Only a small section is left out for the AFM laser. The reference electrode
(AglAgCl) is located outside the cell with a tubing (green) connected. (c) Side view of the assembly with the sample (WE) at the bottom in
parallel with the CE, resulting in an even electric field distribution [Color figure can be viewed at wileyonlinelibrary.com]
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online analysis (inset in Figure 1a) to study the oxide
properties and their protective behavior, when formed un-
der different applied potentials. Both techniques provide
time-resolved information about the surface condition with
the ICP-MS having the focus on elemental composition and
the AFM providing topographic/structural information of
material during the corrosive breakdown of Alloy 600 as a
model system. Both AFM and ICP-MS data show that
passive films formed at around +0.3 to +0.4V in neutral
NaCl solution are most stable during anodic corrosion at
+1.0V, while AFM further demonstrates that local dis-
solution occurs, indicating locally varying defect levels in
the passive film.

2 | METHODS AND MATERIALS

2.1 | Chemicals and materials

Sodium chloride (Carl Roth, p.a.) and Milli-Q water (re-
sistivity >18 MQ-cm, total organic carbon <4 ppb) was used
for making electrolyte solutions. Alloy 600 was obtained
from VDM-Metals, Cr5 was provided by Hauke Springer
(MPI f. Eisenforschung). The metals were ground with
sandpaper of decreasing grain size (from P80 to P2500), then
polished with diamond pastedown to 0.05 um. Before elec-
trochemical experiments, the metals were maximum of
5min in situ in the ICP-MS flow cell by 5 min potentiostatic
polarization at —0.2'V versus open circuit potential (OCP).

2.2 | Atomic force microscopy

AFM topographies were taken on with AM-mode Cypher
ES (Asylum Research, Oxford Instruments) using Arrow™
UHFAuD (NanoWorld) and SCOUT 350 RAu (NuNano)
probes. blueDrive was used to oscillate the probes.
Embedded NBA samples were contacted with silver glue.
For embedded samples, a rectangular piece of metal of
about 5 mm side length was used. The block material was
embedded in methylmethacrylate-based VariDur 200
(Buehler). A PalmSens4 potentiostat (PalmSens) was used.

221 | Image processing

Prior drift correction and further analysis images were
only processed by applying flattening of first order. For
alignment in z-direction a minimum of 10 line profiles
were chosen per time-series and adapted in height to
match significant—and nonchanging—features of the
images, for example, deep scratches from polishing or
distinct peak features that remain over time.

2.3 | Cell design of the
electrochemical AFM

Our home-built electrochemical cell design (see
schematics in Figure 1b,c) is inspired by concepts of
Valtiner et al.l*°! and derives from a standard Perfu-
sion Cantilever Holder (Asylum Research). We mod-
ified it by placing a platinum foil as a counter
electrode (CE) at the bottom side of the cantilever
holder. When assembled the working electrode (WE)
and the platinum CE form a parallel plate geometry
resulting in a very evenly distributed electrical field.
A majority of the upper surface is covered with pla-
tinum foil to provide a high area, hence avoiding any
rate limitation from reactions at the CE. Only the
optical path for the laser of the AFM and a feed trough
to connect the reference electrode remain cleared. A
commercial silver/silver chloride reference electrode
is connected with the cell via a capillary. For com-
pensation of the expected high electrical current
especially during anodic dissolution and given that
the CE is in close vicinity to the sample a reduction of
the WE size is limiting the possibility of disturbance
through reactions happening at the CE (e.g., hydrogen
evolution and bubble formation). The size ratio of WE
to CE is at least 5:1.

2.4 | Inductively coupled plasma mass
spectrometry

Measurements were performed using an Agilent 7900
ICP-MS from Agilent Technologies. Calibration was
performed with multielement standard solutions
provided by Agilent and Inorganic Ventures. The
ICP-MS uses a collision cell with a 5ml/min flow of
helium as cell gas. Downstream of the electro-
chemical cell the analyte was mixed with a standard
solution. Cobalt was chosen as an internal standard
due to its similar mass with most of the alloy com-
ponents. Electrochemical experiments were con-
ducted in a home-built flow cell out of PEEK and
PTFE inspired by the Ogle and Mayrhofer de-
signs.!””??] The exposed electrode area is circular and
sealed with a 3mm inner diameter O-ring. Inset in
Figure 1a shows schematically the flow-cell used in
this study. Pumping with pressurized nitrogen estab-
lishes a stable and pulsation-free laminar flow of
electrolytes. The flow was monitored both by an in-
flow pressure sensor and by weighing the collected
waste electrolyte after ICP-MS. The flow is set to
6 +0.2mg of solution per second. Before each ex-
periment, the electrolyte was purged with compressed
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and filtered air for at least 30 min to guarantee the
same concentration of dissolved oxygen. A Biologic
VSP-300 potentiostat (Biologic) was used. All elec-
trochemical experiments were done using an Agl
AgCl-Electrode as a reference and presented data is
referenced to that potential.

3 | RESULTS AND DISCUSSION
The corrosion resistance of NBA increases with increasing
chromium content. Exemplary, a Tafel analysis shown in
Figure la for an NBA with 5% and 15.5% chromium
demonstrates the effect of chromium on the window of
passivity. When comparing the polarization curves, Alloy
600 exhibits a well-defined region of passivity from —0.1 to
+0.5V shown as the flat plateau in the Tafel plot (in-
dicated by gray arrow), whereas the Cr5 is showing an
earlier breakdown (light gray) around +0.2'V.

3.1 | Results of ICP-MS experiments

The linear polarization, shown in Figure 1a, changes the
passive film properties continuously, our interest is
however to study potential dependent passive film
properties and their protective characteristics. Hence, to
approach the passive film formation under thermo-
dynamic equilibrium, we introduced a multistep chron-
oamperometry sequence (see inset in Figure 2c) to
perform step-wise surface oxide growth, corrosion re-
sistance test, and reconditioning as shown in Figure 2.
Specifically, freshly polished Alloy 600 was first polarized
at a passivation potential of Epreycona OVer 5min for
growing a passive layer. Subsequently, the polarization
jumped to Eg;ss = +1.0 V for another 5 min for testing the
corrosion resistance of the material after passive film
formation at the given Eye)cona- At the end of the cor-
rosion test, polarization switched back to reconditioning
at Erecong=—0.3V for 2min to remove the remaining
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FIGURE 2 (a) Integration of collected mass during corrosion at 1.0 V over the course of single sequences (4 pulse periods), resolved by
elemental contribution. Error whiskers show standard deviation of value over three repetitions of the experiment with >4 pulse sequences.

(b) Relative dissolution during anodic polarization in comparison with bulk composition. (c) Overlap of four consecutive pulse periods of

recorded inductively coupled plasma mass spectroscopy mass-time profiles for all elements during one full sequence. Please note that the
scale for nickel is about one order of magnitude higher. Inset shows the schematic of the designed applied electrochemical pulse profile in
multistep amperometry [Color figure can be viewed at wileyonlinelibrary.com]
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surface oxides, which reset the alloys' surface chemical
state for the coming repetition sequences.

This approach can therefore provide a clear insight
into protective characteristics of passive films prepared
under different electrochemical potentials. Based on the
Tafel analysis shown in Figure 1a) we selected five po-
tentials of interest: E(pre)cona =—0.3, +0.2, +0.3, +0.4,
and +0.5V, where —0.3V was chosen as reference re-
gion. There we expect no or only minor oxide film for-
mation as it is located at the cathodic branch of the Tafel
plot and as is estimated from Pourbaix diagrams.[25] The
other potentials are well in the passive region.

We used ICP-MS and electrochemical AFM (EC-
AFM) (see the setup in Figure 1b,c) to identify the alloy's
potential dependent elemental dissolution tendency and
surface morphology change, respectively. The advantage
of such flow-cell coupled ICP-MS arrangement is that it
provides online corrosion product analysis at trace levels,
which can directly be correlated to the applied electro-
chemical polarization during a real-time process. In
combination with EC-AFM, we may further understand
local and microstructure effects.

Figure 2a shows the integrated dissolved mass of
nickel, chromium, and iron marked in blue, purple, and
red, respectively, from ICP-MS during polarization of
+1.0V averaging over four repetitions (see Figure 2c).
Among all the examined potentials, we surprisingly
found that Alloy 600 treated with passivation potentials
around +0.3 to +0.4V shows a statistical relevant de-
crease in material loss during active corrosion at +1.0V.
Comparing to the amount of measured dissolved mass at
E(precond = —0.3 V, where no passivation is expected, the
passivity at E(pre)cona = +0.3 V shows an expected reduc-
tion of the mass loss by around 50%. In the case of anodic
dissolution of the metal surface after Epreyconda = +0.5V,
the measured dissolved mass at +1.0V increased again
compared to passivation at +0.3 V. Hence, the corrosion
resistance of the passive film formed at this potential is
again reduced, which agrees well with the observed
passivity range and the increasing passive current in the
Tafel plot.

Further examination of the ratios of dissolved mass
surprisingly revealed that nickel, chromium, and iron
were demonstrating entirely different dissolution
trends depending on the passivation potential. Specifi-
cally, Figure 2b) shows the relative elemental ratio of
the dissolved mass of individual alloy elements nor-
malized by their bulk ratio, where zero, positive,
and negative values indicate equivalent, more and less
dissolved mass compared to the bulk composition,
respectively.

Comparing the trend of dissolution for the elements,
nickel exhibited a higher dissolution rate compared to its

bulk ratio at all passivation potentials, with a clear re-
duction by about 50% in the passive region above +0.3 V.
This is also associated with the main reduction of the
total mass loss observed in Figure 2a.

In contrast to nickel, chromium shows a weakly
passivation potential-independent dissolution below bulk
concentration. However, iron is showing a very clear
passivation-dependent dissolution trend. Iron dissolved
less compared to bulk ratio at lower potentials but gra-
dually shifted into over stoichiometric dissolution at
higher passivation potential of +0.5V.

The dissolution profile of iron shown in Figure 2c re-
veals another key feature, which may be relevant for un-
derstanding the underlying mechanism: As indicated in
the figure, the detected iron release exhibited a two-step
mechanism—anodic dissolution at +1.0V and cathodic
dissolution when jumping from +1.0V to —0.3V, in-
dicated by red dotted and shaded areas, respectively.

This observation suggests that the iron in the passive
film undergoes at least two types of dissolution mechan-
isms, occurring under different polarization potentials.
Based on Pourbaix diagrams the detected iron species at
anodic polarization potential of +1.0 V may originate from
the release of ferrate anion (FeO3"FeO,>). The additional
peak upon jumping cathodically back from +1.0 to 0.3V,
indicates the dissolution of a surface-bound excess iron
species formed during anodic corrosion.

In contrast to the two-step dissolution pattern of iron,
nickel shows a well reproducible profile over several re-
petitions, which is characterized by an approximately
one order of magnitude dissolution rate increase, above
bulk ratio, at +1.0 V. Similar reproducibility of dissolu-
tion profiles is observed for Cr. For this element the first
sequence in a repetitive set shows a delayed dissolution
kinetic, which may relate to an effect of the initial native
oxide, adapting to the flow cell environment after the
first cycle.

3.2 | Results of in situ EC-AFM surface
morphology probing

To complement integral ICP-MS data, we further visua-
lized the (local) evolution of the surface morphology
upon passivization using electrochemically modulated
AFM measurements.

Figure 3a shows representative real-time changes in
surface topography of Alloy 600 during corrosion after
different conditioning potentials Epre)cona Were applied
(similar to ICP-MS). The red dashed lines indicated in
the OCP topograms show line profiles that are compared
in Figure 3b, for E(pre)cona (blue), +1.0V (green), and
—0.3V (red), respectively.
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FIGURE 3 (a) Atomic force microscopy topography during different stages (E(preconds Ediss» Eprob) Of multiplestep voltammetry with
different (pre-)conditioning potentials Epre)cona = —0.3, +0.3, and +0.5 V. Red dashed lines indicate the position of the line sections shown
in (b). The root mean square of each picture and relative change compared to the initial open circuit potential (OCP) topography can be
found in Table 1 [Color figure can be viewed at wileyonlinelibrary.com]
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As a side note, for better visualization height changes
were overlaid on the recorded images. An increase in
height is indicated by green shading, while dissolution
from the surface is shown in magenta. Furthermore,
AFM topography does not provide information of abso-
lute but only relative heights. Hence, consecutively
measured topographies were shifted during postproces-
sing, using a referencing protocol described in the
methods section, to approximate the absolute change in
topography during corrosion. The selected images sum-
marize recurring patterns and characteristics seen in
repeat experiments.

The potential-dependent EC-AFM images reveal a
number of interesting details as described in the following.

First, during the passive film formation (pre-
conditioning) the surface morphology of all three ex-
amined precondition potentials show no significant
changes compared to OCP. Only very minor height var-
iations are observed. Jumping from precondition poten-
tial to dissolution potential, the alloy treated at Epre)
cond = —0.3 V shows a very vigorous dissolution. The root
mean square roughness increases significantly (see
Table 1), and most of the pronounced features (polishing
scratches, etc.) become indistinguishable, while only a
few areas remained stable for referencing the corrosive
height loss.

Second, and in sharp contrast, the surface mor-
phology during anodic corrosion has no significant
change when the passive film was grown under polar-
ization of +0.3 V. Obviously, the surface oxide film does
protect the surface very effectively, and dissolution oc-
curs homogeneously along with pre-existing features
such as scratches.

Third, surfaces passivated at +0.5V again show more
pronounced corrosive degradation at +1.0 V. Here, the
surface morphology did not undergo a similarly massive
dissolution seen for preconditioning at —0.3 V. However,
significant dissolution preferentially occurred along the
edges of the nanogranular features. In addition, in some
areas measurable material growth was observed, in-
dicating possible local reprecipitation reactions.

TABLE 1 Root mean square (RMS) values and their relative
change of images shown in Figure 3

Potential RMS (nm) (relative to OCP)

Eprecon = —03V +03V +0.5V
OCP 0.83 (1.0) 2.32 (1.0) 3.05 (1.0)
precon 0.84 (1.0) 2.36 (1.0) 3.27 (1.1)
+1.0V 2.37 (2.8) 2.57 (1.1) 412 (1.4)
—0.3V 2.09 (2.5) 2.86 (1.2) 4.98 (1.6)

Abbreviation: OCP, open circuit potential.

Fourth, upon switching the polarization from +1.0 to
—0.3V, the dissolution reactions stopped and only minor
topographic changes were observed for preconditioning
at +0.3 and +0.5V. However, for samples pretreated at
—0.3V dissolution was still observed at the top of parti-
cles. This correlates well with the observed significant
cathodic iron dissolution peak (see Figure 2c), which
further supports that the surface enriches in iron oxide
during active corrosion if corrosion starts without a sig-
nificant passive film presence.

3.3 | The overall discussion of results

In summary, the AFM topography analysis agrees
very well with the ICP-MS online analysis results,
which reveals that the passivation potential, that is,
the conditions during passive film formation are di-
rectly influencing the behavior during active corro-
sion. Together with the transition of the ICP-MS
dissolution pattern, our data suggest that the quanti-
tative elemental dissolution during active corrosion is
highly dependent on the passive film properties. In
the following, we want to discuss several interesting
aspects of our data.

First, if the material is directly corroded after polar-
ization at —0.3V, ICP-MS and AFM data suggested a
massive material loss. Given the Pourbaix diagram, one
may expect a pure chromium oxide layer, as the most
stable chromium phase is chromium oxide at —0.3 V at the
experimental pH. Furthermore, the passive film might be
much thinner, or even defect rich, or not complete. As a
consequence, any protective effect is limited or not even
present. Second, in line with this thought, we find clear
and pronounced cathodic iron dissolution only after cor-
rosion starting directly from —0.3 V. This suggests that a
steady-state surface film evolves during the anodic
breakdown, which is significantly enriched in iron,
and presumably iron oxide. This is consistent with the
Pourbaix diagram suggesting that chromium oxide is not
stable at corrosive conditions at 1.0 V. Our data may hence
indicate that iron oxide forms as a transient oxide during
corrosion, which is specifically growing at defects or areas
that are not covered by a stable chromium oxide. Fur-
thermore, during corrosion, this oxide is not sufficient
to suppress the material loss as effectively as a proper
passive film grown at passivation potentials within the
passive region. This iron oxide enrichment is evident from
the significant iron dissolution peak during repassivation,
after corrosion at 1.0'V.

Third, and along the same line, passivation at
>+0.3V establishes a passive film, which can sig-
nificantly decrease the material loss during active
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corrosion. Still, we find a small but detectable cathodic
iron peak after active corrosion. This may suggest that
the passive film breaks down locally, presumably at
defect-rich sites, and/or iron oxide accumulates at the
outside of the passivating chromium oxide.

Considering the AFM data at +0.3 V, which shows a
rather uniform material loss at defect-rich areas (i.e., pre-
existing polishing defects, etc.), our findings appear more
consistent with an increased iron dissolution across the
defect-rich areas of the passive film. Furthermore, as
seen in Figure 2b relative iron dissolution also increases
significantly if a passive film is grown between +0.30.5 V.
Hence, iron may accumulate at the oxidelwater interface
and/or get transported through the passive film at a
higher ratio during corrosive dissolution. This suggests a
change in the passive film chemistry.

Fourth, after passivation at +0.5V, the again increas-
ing iron content during cathodic polarization after corro-
sion, suggests a decisive role of defect levels on the
transport across the passive film during corrosion. As
such, the growth conditions apparently render the passive
film with different defect levels. Together with the in-
crease in iron ratio during corrosion (see again Figure 2b)
this suggests a structural change in the oxide that ac-
celerated iron diffusion across the existing passive film in
a high-field condition applied during corrosion at +1.0V.
This is further supported by AFM, where we see increased
dissolution at areas that are defect rich. The HEM!' 7>}
describing the built-up of the passive film during E,re)cond
provides an explanation for the differences in density of
defects, and hence, corrosion resistance.

Also, during the cathodic jump AFM data at +0.5V
shows further material loss at the pre-existing grain
boundaries. The passive film grown at +0.5V may hence
trigger faster oxide growth, due to an increase of defect-
rich areas, as indicated by the localized loss seen in AFM
topography.

We refrain from interpreting too much into the ap-
parent material growth areas at this point in time, as
AFM is not an absolute technique, and postprocessing
shifts may not truly reflect any growth areas, while ma-
terial loss is clearly distinguishable. Along this line, one
important aspect to consider when comparing the pro-
cesses observed in both the AFM and the ICP-MS flow
cell is their general differences: While the ICP-MS re-
quires a constant flow of electrolyte the AFM measure-
ments are conducted in a stagnant solution. The
quantitative comparison also indicates that corrosion is
more severe in AFM, where for instance after pre-
conditioning at +0.3V a few nm of material are lost
during corrosion at 1.0 V, while ICP-MS indicates only a
monolayer material loss per cycle (300ng/cm”=0.35

nm). This discrepancy is considerably lower when the
material corrodes less.

Hence, the dissolution in AFM is also accelerated due
to typical surface confinement in an AFM (typically the
AFM cantilever holder is separated by less than 200 um
from the probed surfaces), which renders this experiment
more effectively “crevice like,” where electrolyte of the
dissolving species may render the interface at a different
pH. This needs to be considered for AFM and scanning
probe techniques in general when studying corrosion and
may become a feature if properly controlled. How scan-
ning probe conditions can even compare to flow-cell
experiments, and other electrochemical cells is in our
view an aspect that will need further attention, for ex-
ample, by directly coupling AFM and ICP-MS, and by
further comparative studies with model systems.

4 | CONCLUSION

In this study, we successfully used two complementary
analytical techniques to study the influence of passiva-
tion potential on the formed metal oxide film quality in
real-time. We designed an AFM cell that performs very
well during corrosion. The scanning probe techniques
novel plate-plate geometry provides an idealized field
distribution. Using an ICP-MS flow cell and EC-AFM,
passivation and anodic dissolution were tracked with
both time-resolved elemental dissolution rates during
chronoamperometric pulse experiments and com-
plementary changes in morphology, respectively. Re-
garding the characterized passivation potentials on Alloy
600, we could find an optimum at around +0.3 to +0.4V
in neutral NaCl solution exhibiting the lowest dissolu-
tion, and therefore, forming the most stable passive film
during anodic corrosion at +1.0V.

Our results suggest the following specific conclusions:

« The quality of the passive film depends on the poten-
tial at which it is grown.

« The passivation potential controls the defect density
and ion-conducting properties of the passive film
during active corrosion.

+ A combination of in situ techniques provides in-
formation about stability, indirect composition, and
local stability of the passive film.

With the ICP-MS flow cell and the EC-AFM, it is
hence possible to relate two in situ techniques to con-
sistently describe the quality and stability of a passive
film. In combination, both techniques provide real-time
and localized information under operating conditions,
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and are much closer to realistic corrosion conditions,
compared to other surface-sensitive analytical methods.
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