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ABSTRACT

Al-Cr-Fe complex metallic alloys are new intermetallic phases with low surface energy, low friction, and
high corrosion resistance down to very low pH values (0-2). Flow microcapillary plasma mass
spectrometry under potentiostatic control was used to characterize the dynamic aspect of passivation
of an Al-Cr-Fe gamma phase in acidic electrolytes, allowing a better insight on the parameters inducing
chemical stability at the oxyhydroxide-solution interface. In sulfuric acid pH 0, low element dissolution
rates (in the pg cm~2 range after 60 min) evidenced the passive state of the Al-Cr-Fe gamma phase with
a preferential over-stoichiometric dissolution of Al and Fe cations. Longer air-aging was found to be
beneficial for stabilizing the passive film. In chloride-containing electrolytes, ten times higher Al
dissolution rates were detected at open-circuit potential (OCP), indicating that the spontaneously
formed passive film becomes unstable. However, electrochemical polarization at low passive potentials
induces electrical field generated oxide film modification, increasing chemical stability at the oxyhydr-
oxide-solution interface. In the high potential passive region, localized attack is initiated with

subsequent active metal dissolution.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Complex metallic alloys (CMAs) are a new class of crystalline
intermetallic phases characterized by a complex crystallographic
structure. They are organized in large unit cells, containing hundreds
of atoms arranged in highly symmetric clusters, and often considered
as stable approximants of quasicrystals [1,2]. Within the CMAs family,
Al-based CMAs are promising for future industrial application [2,3].
They are developed to be used as functionalized coatings [4-6] to
enhance the aluminum corrosion resistance. Al-based CMAs exhibit a
unique combination of surface properties [2,3,7,8], such as low surface
energy, low friction coefficient and high stability in a broad pH range
[9,10], which depend on their chemical composition rather than on
their structural complexity [9,11,12]. Consequently, many of these
properties are tightly related to the oxyhydroxide layer, which sponta-
neously forms on the surface [13]. This nm-thick oxyhydroxide layer,
also known as passive layer, continuously undergoes dynamic pro-
cesses associated with film growth at the metal-oxyhydroxide inter-
face and chemical dissolution at the oxyhydroxide—solution interface.
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A comprehensive understanding of these processes is therefore
necessary to guarantee the material's properties in operando
conditions for longer service times.

Surface analytical techniques provide useful information about
the surface chemical composition, structure, topography and mechan-
ical and electronic properties of passive films [14]. However, they are
mainly ex situ methods and consequently no mechanistic informa-
tion about film dynamics can be retrieved. They are usually used in
combination with electrochemical methods to determine kinetic
data [14]. However, none of these techniques allow full character-
ization of the dynamic of passivation (including chemical dissolu-
tion) at the oxyhydroxide-solution interface.

The electrochemical quartz crystal microbalance (EQCM) proved to
be suitable to monitor changes in the passive film induced by
electrochemical film growth and chemical dissolution processes at
the oxyhydroxide-solution interface with a sub-monolayer mass
change sensitivity [15-17]. It could be determined that an increase
in the polarization potential leads to an increase of the passive film
thickness associated with a significant cation dissolution from the
passive film surface. The obtained information remains nevertheless
averaged mass changes. Therefore, this method, despite its extremely
high sensitivity, only suits for model homogeneous materials.

Over the past years analytical chemistry methods have gained
increasing interest in corrosion science. They can provide quantita-
tive information about the element-specific releases even at early
corrosion stages, allowing better characterization of the passivation
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dynamics at the oxyhydroxide-solution interface, especially when
electrochemical methods are at their current detection limits. In
particular, plasma spectroscopy methods, i.e. inductively coupled
plasma optical emission spectrometry (ICPOES) and inductively
coupled plasma mass spectrometry (ICPMS), present interesting
characteristics, such as “fast” multi-element detection, high sensitiv-
ity and trace amount detection limits. Nonetheless, these methods
are currently mainly used offline, by means of immersion tests, in
which the dissolution of a sample in an aqueous environment is
followed over time by sampling aliquots of the solution. Analyses are
performed afterwards by ICPOES or ICPMS. The whole procedure is
consequently time- and sample consuming as well as affected by
sampling induced uncertainties.

Hyphenated methods, based on online coupling of an electro-
chemical flow cell and different downstream analytical techniques
[18-26], offer several advantages over conventional immersion
tests. Atomic Emission Spectroelectrochemistry (AESEC) [18,19,27-
31] or coupling of a microelectrochemical flow cell to an ICPMS
[20,21,26] allow determining instantaneous element-specific dis-
solution rates. Flow microcapillary plasma mass spectrometry on
the other hand provides local, time-resolved and element-specific
information of corrosion processes under low laminar flow, close to
natural convection. It was already successfully applied for corrosion
investigations of passive and active systems at open-circuit poten-
tial (OCP) [23,32-34]. Coupling of this element-specific technique to
electrochemical measurements can be particularly interesting,
especially for passive metals, because it provides combined infor-
mation about transient electrochemical processes at the metal-
oxyhydroxide interface and chemical element-specific dissolution
at the oxyhydroxide-solution interface.

An important aim of the current study is therefore to present
the specifically developed electrochemical microcell for flow
microcapillary-based analysis under potentiostatic polarization
and to demonstrate its applicability to investigate the dynamic
passivation processes of a polycrystalline Al-Cr-Fe gamma phase
in acidic electrolytes. This phase exhibits good passivation in
extreme pH ranges [9] and is ready to be implemented as a
coating in industrial application. Ura et al. [9] showed that the
stability of the Al oxyhydroxide layer formed on the Al-Cr-Fe
gamma phase relies on the Cr enrichment at the outermost layer.
Another relevant aspect for these Al-based alloys is the composi-
tion and thickness changes that will be induced in the passive film
at long air-aging times [35].

The effect of anodic potentiostatic polarization and air-aging on
element-specific dissolution rate were consequently investigated in
sulfuric acid at pH 0 by flow microcapillary plasma mass spectrometry
analysis under potentiostatic polarization. The strength of this novel
experimental method is the simultaneous characterization of both
interface reactivity and the identification of discrepancies in the
experimental results, which can arise from materials heterogeneities
or be inherent to each of the methods used. Most of the published
studies only consider one characterization method and, therefore, miss
some of the interface processes occurring during passive film forma-
tion. The passivation dynamic in a more aggressive environment, i.e. in
presence of chlorides, resulting in local destabilization of the oxyhydr-
oxide layer at the oxyhydroxide-solution interface, is also well
characterized.

2. Materials and methods
2.1. Samples and solutions
The investigated polycrystalline powder-sintered gamma phases,

Alg42Cra75Fegy (at. %), were prepared at the “Laboratoire de Science
et Génie des Matériaux et de Métallurgie” (Nancy, France) [36]. The

polycrystalline gamma phase consists of relatively large grains [9].
Small Al,Os inclusions located at the grain boundaries as well as
numerous pull-outs and pores can be observed on the alloy surface
due to the production by powder metallurgy. This very fine disper-
sion of defects may be detrimental for the macroscopic corrosion
resistance of the gamma phase [9,10].

The samples were mechanically ground down to 4000 grit
silicon carbide paper, polished with diamond paste in ethanol
down to 1 pm and then ultrasonically cleaned in ethanol. The final
rinsing was performed with isopropanol.

The samples were kept in a desiccator to keep the passive
surface in a controlled reproducible low humidity atmosphere.
Certain samples were exposed to controlled laboratory conditions
(T=22.2+0.2°C at 35+ 2% relative humidity) for a duration
between 30 min to 3 h to induce and determine the initial effect
of air-aging on the passive layer formation and subsequent
stability in acidic media.

Sulfuric acid at pH 0.0 +0.3 and hydrochloric acid at pH
2.0 + 0.3 were used as electrolytes. The solutions were prepared
respectively from suprapure sulfuric acid 96% and suprapure
hydrochloric acid 30% (Merck, Germany) diluted with MilliQ water
(Millipore, Switzerland, 18 M2, TOC < 3 ppb).

2.2. Flow microcapillary plasma mass spectrometry

The flow microcapillary plasma mass spectrometer setup
(Fig. 1) is based on the coupling of a polypropylene microcapillary
(epTips, Eppendorf, Switzerland) to a quadrupole ICPMS Elan 6000
(Perkin Elmer/Sciex, USA) via a FIAS 200 flow injection system
(Perkin Elmer/Sciex, USA). As shown in Fig. 2, the flow injection
system consists of two incorporated peristaltic pumps and an
8-port switching valve.

A microcapillary (inner diameter of 520 + 15 um) is placed on
the sample surface and filled with the chosen solution. The total
volume within the microcapillary line (microcapillary+tubing) is
450 pl. Continuous circulation of the solution within the micro-
capillary line is ensured by a peristaltic pump (P2 in Fig. 2) at
a flow rate of 600 pul min~1.

The flow injection valve is initially in position 1 (Fig. 2a). In
time intervals of 6 min over 120 min, the flow injection valve
switches from position 1 to position 2 (injection position), sending
the loop content (20 ul) to the ICPMS for element analysis (Fig. 2b).
The loop is directly refilled with fresh solution to ensure a constant
volume during the whole measurement time. The flow injection
valve is then switched back to position 1 (Fig. 2c¢). During the
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Fig. 1. Flow microcapillary plasma mass spectrometer setup.
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Fig. 2. Flow injection procedure (valve switching) and subsequent flow distribution
in the autosampler-ICPMS line.

switching, pump 2 is stopped to prevent volume loss and air
bubble formation.

When the aliquot is sent to the ICPMS line, fresh electrolyte is
introduced before and after it, as shown in Fig. 2, to limit diffusion
phenomena and allow a gain in resolution, since the peak width is
drastically reduced. Nitric acid is then continuously sent to the
ICPMS for about 3 min to rinse and prevent overload of the ICPMS
detector.

In addition, an internal standard solution (20 ppb Ge/Rh) is
continuously introduced at an adjusted flow rate of 100 pl min !
through a PEEK Tee (Idex, USA) to the solution stream, which is
sent to the ICPMS. It allows controlling the stability of the signal
over measurement and compensating the matrix effect due to
element dissolution. The internal standard is a stable element,
which is not present in the sample itself, but which is chosen in
the same mass range and with a similar ionization potential as the
measured elements. In this study, germanium (7*Ge) was used to
correct for non-spectral interferences aluminum signals (*’Al) and
rhodium (°®Rh) to correct for non-spectral interferences chro-
mium and iron signals (>2Cr, >3Cr, >*Fe, >"Fe).

A microscope unit was added to the flow microcapillary plasma
mass spectrometer setup to allow precise positioning of the
microcapillary on the sample surface, which subsequently ensures
measurements on the desired investigation area. A xy-scanning
stage SCAN 225 x 76 (Mdrzhduser Wetzlar, Germany) was there-
fore combined to a BXFM focusing module (Olympus, Switzerland)
equipped with MPLFLN objective lenses (Olympus, Switzerland).
The scanning stage is controlled by an in-house developed Lab-
View program. To start with, the distance between the micro-
capillary and the microscope needs to be newly determined each
time. The measurement spot can then be chosen, using the
microscope unit. The microcapillary is subsequently accurately
fixed at the selected spot with a few pm (43 pum) precision.
A Dino-Lite Pro (DinoLite Europe, Netherlands) ensures control of

the distance between the microcapillary and the sample surface to
avoid leakage or unwanted corrosion phenomena, such as crevice
corrosion at the microcapillary borders, if too strongly pressed.

2.3. ICPMS analysis

The multi element-specific analysis was performed using an
Elan 6000 ICPMS. The ICPMS operating conditions are reported in
Table 1. The measured transient signals are normalized through
the internal standard intensity. The data are then smoothed by
applying a Savitzky Golay filter and peak height is used for the
quantitative analysis.

The ICPMS calibration was performed by a flow-injection system
using blank solutions and matrix-matched multi-element standard
solutions in a concentration range from 2 ug1~! to 100 ug 1~ . Five
readings per standard were usually run to assess the reproducibility
of the obtained data. Limits of detection were determined as three
times the standard deviation of the blank solution (3¢ method). Only
concentrations above the detection limits were taken into account.
Typical limits of quantification, calculated as the blank mean
value-+nine times the standard deviation of the blank solution, are
given hereafter: 2.35 + 0.90 pg I'! for 27Al, 2.47 + 1.15 pg 1~ ! for >2Cr,
762 + 2.4 pgl~1 for >3Cr and 12.93 + 2.0 pg 1! for *’Fe in H,SO, at
pH 0, and respectively, 1.83+0.10ugl~!, 197 +0.04pugl™’,
5904010 pugl~ "', and 8.67+15ugl~ ! in HCl at pH 2. >*Fe was
not considered for data analysis because of the high background
created by several interferences on this mass (*°Ar'4N, >4Cr).

The measured concentrations are corrected with regard to the
dilution, which occurs each time an aliquot is sampled out and
replaced by fresh solution. The “real” amount of dissolved element
at each step can therefore be determined as the sum of the actual
measured element concentration and the amount, which was
previously sampled, considering the whole microcapillary line
volume.

2.4. Electrochemical measurements

Flow microcapillary spectrometry was realized at open-circuit
potential (OCP) and under potentiostatic control, using a 200 pm
AglAgCl wire (Science Products, Switzerland) as quasireference
electrode (RE) and a 250 pm Pt wire as counter electrode (CE), the
sample being the working electrode (WE). The effective surface
area exposed to solution at the microcapillary tip is 0.0021 cm?.
The electrodes are directly introduced into the microcapillary. To
measure the potential as close as possible to the sample surface,

Table 1
ICPMS operating conditions.

ICPMS instrument Elan 6000
Operating parameters

Rf Power (W) 1300
Coolant gas flow-rate (I min~") 15.0
Auxiliary gas flow-rate (I min—1) 1.0
Nebulizer gas flow-rate (I min~') 0.95
lon-sampling parameters

Sampling and skimmer cones Nickel
Nebulizer Micromist 100 pl min~!
Spray chamber Cinnabar
Data acquisition parameters

Dwell time (ms) 25
Reading per replicate 300

Number of replicates
Analytes monitored
Internal standard

5 (standards)/20 (measurements)
27A1 52¢r 53Cr, 54Fe. 57Fe
74Ge IOBRh
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RE was connected to a Nafion® salt-bridge (SB) introduced in the
microcapillary.

The measurements were realized with a modified low-noise
battery operated 1002T-NC-3 potentiostat (Jaissle, Germany). Poten-
tiodynamic polarization curves were performed from —0.6 Vscg to
1.0 V¢ at a scanning rate of 1 mV s~ . The potentiostatic measure-
ments were realized at an applied voltage of 0 or 0.5V versus the
quasireference electrode, corresponding respectively to 0.18 V and
0.68 V versus the saturated calomel electrode (SCE), for 120 min
with the sample surfaces first kept 5 min at OCP. ICPMS analyses
were performed in parallel runs for every 6 min. This can induce
some perturbation current transients in the potentiostatic polariza-
tion transient curves.

For all data presented in the paper, the potentials were corrected
to be expressed versus the SCE true reference electrode. The potential
of the AglAgCl wirel Nafion® salt-bridge versus the SCE reference
electrode was therefore measured before and after each measure-
ment (180 4+ 20 mV) and this value was used for correction.

A conventional macroscopic three-electrode cell was used for
comparison purposes with a SCE as reference electrode and a Pt
grid as counter electrode. The exposed area was in this case
0.20 cm?.

2.5. Nafion® salt-bridge preparation

Nafion® salt-bridges were preferred to Agar ones under the
more acidic conditions of the investigated solutions. The salt-
bridges were produced from a mixture of 0.306 + 0.005 g Nafion®™
NR50 pellets (Sigma Aldrich, Germany) and 10 ml MilliQ water,
conditioned for 20 min at 220 °C in a microwave reactor (Star
1500, MLS GmbH, Germany). The obtained water swelled Nafion®
pellets were removed from the aqueous solution. They were then
heated in a 2/3 mixture of ethanol and MilliQ water for 120 min at
90 °C. Microloader pipette tips (Eppendorf, Switzerland), used as
salt-bridges, were introduced to this gelatinous solution and
further heated for 30 min. During baking, the tips are filled by
capillary effect. Sulfuric acid was added at the end of the
procedure to charge the salt-bridges. The obtained salt-bridges
were kept immersed in this solution.

2.6. Qualitative estimation of the passive film thickness

The thickness of the passive film can be determined using the
amount of dissolved passive film or the passive film growth at the
metal-solution interface with regards to the measured charge
transferred. For well passivating, laterally perfect homogeneous
materials, both methods should ideally provide similar results but
in reality, discrepancies in the determined equivalent thickness
can be expected as soon as lateral heterogeneities with different
chemical stability are present on the material surface.

The passive film formed on the Al-Cr-Fe gamma phase is
assimilated to AIOOH boehmite, based on the XPS analysis reported
in [9]. The film density pgm can be expressed as follows (1):

Pritm = Calgitm Mai (M

in which ca, smm is the Al concentration in AIOOH bohemite
(0.0509 mol cm~3) and My, is the molar mass of Al (27 g mol~1).

The thickness of dissolved passive film (— Ad) can be estimated
using Eq. (2):

In this equation, Am represents the dissolved mass during the
measurement, S the effective area, p g, the film density
(1.37 gcm™3) and r, a rugositiy factor defined by ry=Aea/Ageom
where Areq is the real surface area and Ageom the geometrical
surface area [15]. The rugosity factor was taken equal to 1 in this

study. The dissolved mass, Am, can be quantitatively determined
using ICPMS analysis results, based on chemical dissolution reac-
tions. The equivalent dissolved passive film thickness is expressed
as -Ad to emphasize the aspect of dissolution.

On the other hand, electrochemical measurements allow esti-
mating the thickness of the formed passive film by considering the
cumulated charge transferred during the potentiostatic polariza-
tion current transient. From the mass-charge balance, Eq. (3) can
be deduced.

Ad=Q/(n Frx pyipm) 3

In which Q is the integrated charge transferred during the
polarization time, n is the number of electrons, F is the Faraday
constant, psm is the film density (137gcm~3) and 1y is the
rugosity factor taken equal to 1.

3. Results
3.1. Nafion™ salt-bridge and electrode stability in acidic electrolytes

The potential stability of the quasireference electrode, AglAgCl
wire and of the AglAgCl wirel Nafion® salt-bridge used in sulfuric
acid pH 0 media was assessed over 12 h versus a saturated calomel
electrode. As shown in Fig. 3, the potential of the AglAgCl wire is
relatively stable over 12 h (drift within 10 mV). Using a Nafion®
salt-bridge, a large drift was observed in the first 120 min in the
range of 35-40 mV. The potential stabilized after 120 min. The
salt-bridges were therefore kept at least 120 min in H,SO, pH
0 prior to the measurement.

The potential of the AglAgCl wirel Nafion® salt-bridge was
additionally measured versus a SCE reference electrode before and
after the measurements to estimate the drift. The potential drift
was within 10 mV over 120 min, which illustrates that excellent
stability was maintained over the measurement time.

3.2. Comparative electrochemical potentiodynamic polarization
curves

To examine if the electrochemical response of the gamma
phase is changed by the use of the flow microcapilary-based setup
(AglAgCl wire, flow hydrodynamic conditions) and in particular to
determine the influence of the salt-bridge on the measurement,
comparative potentiodynamic polarization curves were realized
with a conventional macroscopic electrochemical cell and the flow
microcapillary-based setup under static and hydrodynamic condi-
tions. As shown in Fig. 4, there is no significant difference between
the polarization curves recorded using a conventional macroscopic

260 ‘ 1. AglAgCl wire

E/mVgee
[3+]
3

2. AglAgCI wire | Nafion SB |

0 100 200 300 400 500 600 700 800
time / min

Fig. 3. Electrode potential evolution over 12 h in H,SO4 pH 0. 1: AglAgCl wire and
2: AglAgCl wirelNafion SB.
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Fig. 4. Polarization curve on Al-Cr-Fe gamma phase in H,SO4 pH 0. 1: flow
microcapillary-based setup under static conditions after air-aging a. for 30 min b.
for 1h c. for 2h; 2: flow microcapillary-based setup under hydrodynamic
conditions; 3: conventional electrochemical cell.

electrochemical cell (curve #3) and the flow microcapillary-based
setup (curves #1 and #2). As already reported in [9,10], gamma
phase exhibits passivation in HSO, solution at pH 0 up to around
900 mVscg when the Cr oxyhydroxide containing passive film is
further oxidized to chromate species. Chromium transpassive
dissolution then occurs. These electrochemical polarization mea-
surements show that the Nafion™ salt-bridge does not affect the
measurement of the electrochemical response of the studied
samples.

Three polarization curves (#1 in Fig. 4) were performed on the
same sample surface under static conditions but after different
exposure time, namely 30 min (#1a), 1 h (#1b) and 2 h (#1c), in
controlled laboratory air conditions. Under potentiodynamic
polarization, longer air-aging time leads to higher stationary
passive current density (curve #1c in Fig. 4), suggesting the presence
of a different initial passive oxyhydroxide structure, which is more
difficult to stabilize electrochemically.

Under hydrodynamic conditions, the Al-Cr-Fe gamma phase
does not exhibit a typical passivation behavior with a current
plateau. The potentiodynamic polarization curve (#2 in Fig. 4)
shows small but steady current density increases in the passive
domain. This suggests that the hydrodynamic conditions in the
microcapillary nonetheless slightly change the passivation dynamic.

Nevertheless, these comparative measurements demonstrated
the applicability of flow microcapillary-based electrochemical char-
acterization to study the dynamic passivation response (including
chemical dissolution) of an Al-Cr-Fe gamma phase in acidic electro-
lytes. The analytical setup then offers the advantage of local, time-
resolved and element-specific investigations under potentiostatic
control, which allows simultaneous characterization of both inter-
faces. The following sections will investigate the chemical dissolution
mechanism inducing instability in the passive film at the oxyhydr-
oxide-solution interface in more detail as well as the dynamics of
oxide film formation/dissolution at OCP that cannot be assessed by
electrochemical methods.

3.3. Influence of anodic polarization on the element-specific
dissolution of Al-Cr-Fe gamma phase

To get a better insight into the passivation mechanisms of the
gamma phase and in particular on the processes at the oxyhydr-
oxide-solution interface, flow microcapillary plasma mass spec-
troscopy analysis was comparatively performed at OCP, 0.18 V and
0.68 V (versus SCE) in H,SO4 at pH 0 on samples aged for 30 min

under controlled laboratory air conditions. The two polarization
potentials were chosen in the passive region.

As shown in Fig. 5, Cr passive dissolution is extremely low.
Polarizing the sample at 0.18 Vs or 0.68 Vs, slightly increased the
Cr dissolution rates in comparison to the one at OCP but they
nevertheless remain very small (< 1.2 pg cm~2 after 120 min). At
OCP, Al dissolution is relatively small as well (10 pg cm~2 after
120 min) but clearly over-stoichiometric compared to Cr with an Al
to Cr ratio respectively equal to 200 compared to 2.3 of the alloy
composition. Polarizing the gamma surface at 0.18 Vscg leads to no
change in Al release. However, increasing the polarization potential
to 0.68 Vsc leads to significantly higher Al dissolved amount (about
30 ug cm~2 after 120 min). On the contrary, the polarization of
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Fig. 5. Dissolved Al-Fe-Cr gamma phase (air-aged for 30 min) in H,SO4 pH 0 at
OCP and under polarization at 0.18 Vscg or 0.68 Vscg. 1: Cr dissolution rates; 2: Al
dissolution rates; 3: Fe dissolution rates.
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gamma at 0.18 Vscg or 0.68 V¢ slows down Fe release compared to
the one observed at OCP.

The overall element dissolution rate is relatively low. This
corresponds to a slow dynamic passive film growth and dissolu-
tion. Since neither Al nor Fe is stable as a pure element in this
acidic pH [37], chromium is therefore essential to ensure the
passive film stability. It helps stabilizing the Al cations within the
passive film, as evidenced by the low Al release over 120 min,
possibly forming a mixed oxyhydroxide compound. The high
dissolved amount of Fe cations detected - with a constant rate
over the measurement time - suggests that Fe migration through
the passive film to the oxyhydroxide-solution interface occurs.
Anodic polarization at 0.18 Vscg or 0.68 Vscg allows slowing down
Fe dissolution. Upon polarization at the considered potentials,
Fe?* [Fe*>* oxidation can take place, leading to the formation of
more stable Fe containing mixed oxyhydroxide. But as evidenced
by the higher Al dissolution rate, in the high potential passive
region, the chemical stability of the passive film at the oxyhydr-
oxide-solution interface is again lowered.

These changes in the passive film stability associated to
polarization at high anodic potential can also be observed on the
potentiostatic polarization transient curves, shown in Fig. 6. The
typical initial sharp current peak resulting from the charge transfer
(and capacitive charge of the double layer) is not observed under
hydrodynamic conditions, as reported in Fig. 6. However in the
steady-state region, the current under static (#1b) or hydrody-
namic (#1a) conditions reached the same value, determined by
the dissolution of the unstable oxyhydroxides.

Higher current densities were measured at 0.68 Vscg (#2 in
Fig. 6) compared to 0.18 Vscg due to the transfer of larger amount
of cations and a lower chemical stability of the passive film formed
at 0.68 V(.

The dynamic passivation mechanism is related to the fact that
the cation dissolution occurring at the oxyhydroxide-solution
interface (® in Fig. 7) is compensated by additional film growth
at the metal-oxyhydroxide interface (® in Fig. 7). The thickness of
the passive film can therefore be estimated using Egs. (2) or (3),
which provide respectively the thickness of the dissolved and the
formed passive film. For very well passivating materials, the
thickness of the formed passive film determined through charge
transfer should ideally be similar or slightly larger compared to the
dissolved thickness determined by ICPMS analysis.

j/Acm?

0 20 40 60 80 100 120 140
time / min

Fig. 6. Potentiostatic polarization curves on Al-Cr-Fe gamma phase (air-aged for
30 min) in H,SO,4 pH 0 and HCl pH 2, recorded using the flow microcapillary setup.
1: polarization at 0.18 Vscg in H,SO4 pH 0 - a. under hydrodynamic condition - b.
under static condition; 2: polarization at 0.68 Vscg in H,SO4 pH O under hydro-
dynamic condition. 3: polarization at 0.18 Vscg in HCl pH 2 under hydrodynamic
condition.
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Fig. 7. Schematic showing the dynamic of passive film evolution on an Al-Cr-Fe
gamma phase: charge transfer reactions at the metal-oxyhydroxide interface ®
and element dissolution at the oxyhydroxide-solution interface @.

Table 2
Qualitative estimation of equivalent passive film thickness (nm).

Solution Air-aging Applied Dissolved passive Formed passive
potential film thickness (nm) film thickness (nm)
H,SO,pHO 30min  OCP 106
0.18 Vscg —55.6 +8.4
0.68 Vscg — 153 +6.9
3h ocp —116
HCl pH 2 30 min ocp —880

0.18 Vscg  —147 +24.6

The strength of the present study lies in the ability to determine
simultaneously the thickness of the formed and dissolved passive
film, which consequently allows proposing a full characterization
of the passivation mechanisms. Table 2 reports the qualitative estima-
tion of the equivalent formed and dissolved passive film on the
Al-Cr-Fe gamma phase.

The equivalent dissolved passive film thickness after 120 min in
H,SO,4 pH 0 determined by ICPMS measurements represents about
50 nm, corresponding to about two times less than at OCP. Anodic
polarization in low potential passive region therefore stabilized
the passive film. But when polarizing at a more positive potential,
the dynamic between passive growth at the metal-oxyhydroxide
interface and dissolution processes at the oxyhydroxide-solution
interface is faster. Preferential Fe and Al dissolution can be
observed because at a potential close to the chromium transpas-
sive region, stabilization through Cr is no longer sufficient to
compensate the instability of the passive film. The equivalent
dissolved passive film thickness is estimated at 150 nm after 120 min.

The overall current densities measured during the electroche-
mical polarization transients however remain in the sub pA cm—2
range, evidencing the passive state of the gamma phase in H,SO4
pH 0. The equivalent thickness increase of the passive film formed
after 120 min under potentiostatic polarization at 0.18 Vscg, deter-
mined through the charge transfer, corresponds to 8.4 nm and to
6.9nm at 0.68 Vscg. This a priori contradicting result in fact
evidences the large uncertainty of the current transient signal at
the very early stage. The thickness of the passive film formed at
0.68 Vscg is namely expected to be larger compared to the one
formed at 0.18 Vscg.
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Furthermore it must be pointed out that between the thickness
of the formed passive film and the one of the dissolved passive
film, there is a factor 10 difference (Table 2). The agreement between
the two methods therefore seems very poor. But with a more in-depth
analysis of the results, following reasons can be attributed to this
difference. On one hand, most of the detected “mass” loss, mainly Al
dissolution, occurs at the very early stage of immersion and polariza-
tion (ms to s). The ICPMS method presents the advantage of integrat-
ing the signal and picking all the Al dissolution. On the contrary,
integration of the current transient signal at the very early stage of the
transient can be affected by a large uncertainty, especially if the major
dissolution should be occurring during a very short time period. In
fact, there can be a very short activation period related to the potential
step, resulting in an active-passive transition and consequently the
current transient might be massively underestimated.

On the other hand, at longer polarization times, ICPMS mea-
surements can also overestimate the dissolved element amount
for a very stable passive surface because then any contamination
in the microcapillary will become relevant, Al and Fe being critical
elements. In case of the Al-Cr-Fe gamma phase investigated here,
very fine dispersion of Al,05 inclusions, formed during the powder
sintering processes [9] may certainly additionally play a significant
role in the discrepancy. Upon exposure to sulfuric acid and even
more to hydrochloric acid, dissolution of Al,Os3 inclusions may
occur. The chemical dissolution of these inclusions will be
detected by the ICPMS but not by the electrochemical methods,
leading to an important overestimation of the dissolved Al
amount.

A comparison between both methods is therefore very useful
due to the complementarity of the obtained information on
heterogeneous materials. Moreover several important conclusions
can nevertheless be retrieved from the result discrepancies.

3.4. Effect of air-aging on the element-specific dissolution of
Al-Cr-Fe gamma phase

Al-Fe-Cr gamma phase samples were kept respectively 30 min,
2 h and 3 h under controlled laboratory air condition (35 % RH,
T=22 °C) after polishing to estimate the air aging effect on the
passive film stabilization and related element-specific dissolution.
The open-circuit potential (OCP) evolution, reported in Fig. 8,
shows a slight decrease of its value with aging time.

From an element-specific dissolution perspective, Cr remains
marginally affected by air-aging with a slightly higher dissolution
rate on the air-aged passive layer. Indeed, passive film structure
modification might favor Cr cation release. As shown in Fig. 8, Al
dissolution rates are much more influenced, its dissolution being
slowed down by a factor of 5 after 3 h exposure under controlled
laboratory conditions. Unfortunately, the Fe contamination back-
ground was too high for the 2 h-aged sample, but the gamma
phase sample aged for 3 h under controlled laboratory conditions
exhibited a higher Fe dissolution rate than the 30 min air-
aged one.

Air-aging seems to promote Al oxyhydroxide film stability. But
the structural modification of the passive film during air-aging
does not appear to prevent Fe migration to the oxyhydroxide-
solution interface and even results in more Cr oxide dissolution.
Veys et al. [35] showed that the thickness of the intermediate
layer, mainly constituted of Al oxyhydroxide, evolves with aging
time and reaches a stable state only after several days.

3.5. Influence of chlorides on the element-specific dissolution of
Al-Cr-Fe gamma phase

To determine the effect of aggressive chlorides on the oxyhydr-
oxide-solution interface stability and the related element-specific
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Fig. 8. Effect of air-aging on element-specific dissolution of Al-Cr-Fe gamma phase in
H,SO4 pH 0 at OCP. 1: Cr dissolution rates; 2: Al dissolution rates; 3: Fe dissolution
rates; 4. OCP evolution.

release from the Al-Cr-Fe gamma phase passive surface, measure-
ments were performed at OCP and 0.18 Vscg in an HCI solution at
pH 2. As shown in Fig. 9, the gamma phase surface exhibits much
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Fig. 9. Element dissolution of Al-Cr-Fe gamma phase (air-aged for 30 min) in HCI
pH 2 at OCP and under polarization at 0.18 Vscg. 1: Cr dissolution rates; 2: Al
dissolution rates; 3: Fe dissolution rates.

higher Al dissolution in HCI at pH 2 compared to H,SO4 at pH 0. At
OCP, Al dissolution quickly reached 180 pg cm~2 while Cr releases
(1.6 ng cm~2) remained low over 120 min even in this aggressive
electrolyte. The high Al dissolution rate suggests that Al oxyhydr-
oxide will be destabilized even faster under the action of chloride
ions on the surface. Chromium still stabilizes the passive film and
consequently protects the gamma phase from “more” severe
localized corrosion attack. The dissolution rate of Fe was very
over-stoichiometric in sulfuric acid with a Fe to Cr ratio equal to
240 compared to 0.30 in the alloy and remains unchanged in
presence of chlorides. But in hydrochloric acid, the Fe/Cr ratio
drops to 8, since the Cr dissolution is much higher compared to
that in sulfuric acid solutions. These results point out clearly that
iron does not participate in the passive film stabilization and

consequently simply dissolves at the diffusion rate that can be
established through the surface passive oxyhydroxide.

The potentiostatic polarization curve at 0.18 Vscg in HCI pH 2,
shown in Fig. 6, presents five times higher current densities
compared to the ones measured in H,SO4 pH 0. This can again
be related to the lower chemical stability of the passive film at the
oxyhydroxide-solution interface, resulting in higher cationic dis-
solution rates (Fig. 9), but the effect seems to be compensated by
electrochemical oxide change. What is essential to notice is that
the Al dissolution rate during polarization is massively slowed
down in comparison to the high dissolution rate observed at OCP.
Polarizing the Al-Cr-Fe gamma phase surface at 0.18 Vscg is
beneficial, leading to the formation of more stable Al oxyhydr-
oxides by stabilization of the AI>* cations within the passive film.
The passive layer formed under low potential polarization in HCI
solution at pH 2 is therefore expected to be more stable compared
to the spontaneously formed film. Iron dissolution rate remains
unaffected by the polarization. It shows once again that Fe
dissolution is purely controlled by its migration in the passive film.

The thickness of the dissolved passive film (about 900 nm) at
OCP in HCI pH 2 is much higher than in H,SO4 pH 0. But even in
this aggressive environment, potentiostatic polarization at
0.18 Vscg slowed down the dissolution processes at the oxyhydr-
oxide-solution interface by a factor of 8 (Table 2).

4. Discussion

The present study demonstrates the applicability of flow micro-
capillary plasma mass spectrometry under potentiostatic control to
follow the dynamic passive response, namely the passive film
formation and dissolution processes at different interfaces, of a
material like the Al-Cr-Fe gamma phase in acidic electrolytes. The
high element sensitivity of the ICPMS allows a detailed character-
ization of the chemical stability and dissolution processes occurring
at the oxyhydroxide-solution interface. This time-resolved informa-
tion cannot be retrieved from conventional electrochemical or XPS
measurements but is essential to understand the passivation
mechanisms and the stability of the Al-Cr-Fe gamma phase.

Fig. 8 illustrates the dynamics of the passive film evolution on an
Al-Cr-Fe gamma phase as function of time. The oxidation of the alloy
elements at the metal-oxyhydroxide interface (® in Fig. 7) results in
the formation of cations which migrate into the passive film. The
dissolution rate at the oxyhydroxide-solution interface (® in Fig. 7)
then depends on the solution, namely presence of sulfates or chlorides,
and the capacity to form stable corrosion products competing with
water induced passivation, etc. The corrosion resistance (uniform and
localized) of the Al-Cr-Fe gamma phase is therefore tightly related to
this passivation dynamic behavior and cannot be purely assessed with
electrochemical methods.

The flow microcapillary plasma mass spectrometer and elec-
trochemical results will be discussed with regards to the XPS
analysis realized by Ura et al. [9] on the exact same material.

In sulfuric acid at pH 0, the spontaneous air formed passive film on
Al-Cr-Fe gamma phase completely dissolves during the first 120 min,
as indicated by the estimated dissolved passive film thickness, but
simultaneously reforms. The passive film consequently undergoes
structural and composition changes. In H,SO, a thin Al oxyhydroxide
layer forms, stabilized by enrichment in Cr at the oxyhydroxide-
solution interface, which was not observed on air formed passive films
[9,35]. Fe simply dissolves at the migration rate that can be established
through the surface oxyhydroxide, as evidenced by its non-detection
in the passive oxyhydroxide film. Air-aging of the samples before
immersion in sulfuric acid at pH O seems to promote passive film
stability through the formation of a thicker Al-enriched oxyhydroxide
layer at the oxyhydroxide-solution interface. Air-aging probably leads
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to structural changes and dehydration of the intermediate layer,
which have a beneficial effect on the Al stabilization within the
passive film. But it does not limit Fe migration through the
passive film.

A qualitative estimation of the dissolved passive film based on
the ICPMS analysis showed that anodic polarization in low passive
region stabilizes the passive film and therefore slows down the
Al-Cr-Fe gamma phase dissolution. However when applying a
more anodic potential (0.68 Vscg), instabilities are induced in the
passive film. In fact, the more anodic the potential the closer is the
Cr transpassive potential. Chromium will therefore not manage to
ensure the integrity of the passive film any longer.

The detrimental effect of chlorides is fortunately limited in the case
of the Al-Cr-Fe gamma phase due to the stable Cr-enriched oxide
layer near the surface. However, due to the preferential formation of
aluminum oxy-chloride species at the oxyhydroxide-solution interface
[38], Al stabilization within the passive film through chromium is less
effective in HCl solutions and results in higher passive Cr dissolution
rates at early stages compared to those in sulfuric acid solutions. The
formation of these soluble oxy-chlorides at very low pH can favor even
faster and more severe dissolution of the microscale Al,Os inclusions
present in the powder metallurgical prepared samples. On the other
hand, electrochemically anodic treatment of the sample induces the
stabilization of Al cations within the passive film again. The corrosion
resistance in HCl under potential polarization at 0.18 Vsc is conse-
quently highly increased in comparison to the spontaneously formed
passive film at OCP.

Al-Cr-Fe gamma phase exhibits a good passivation in acidic
solutions but the surface processes are quite complex. The sample
surface can benefit from an electrochemical anodic treatment at low
passive potentials, which will stabilize the Al-rich part of the passive
layer structure and enhance its corrosion resistance. However, the
localized corrosion attacks, especially in chloride-containing solu-
tions, make the choice of the polarization potential critical.

5. Conclusions

Flow microcapillary plasma mass spectrometry under poten-
tiostatic control allows a detailed characterization of the passiva-
tion dynamics of the Al-Cr-Fe gamma phase. The high element
sensitivity of the ICPMS combined to potentiostatic polarization
measurements provide valuable information about the passive
film growth at the metal-oxyhydroxide interface and dissolution
processes at the oxyhydroxide-solution interface, information
which cannot be retrieved purely from electrochemical methods.

The low detected Cr dissolution rates indicate its enrichment
within the passive film, and result in very good protective
passivation of the Al-Cr-Fe gamma phase.

In sulfuric acid, preferential over-stoechiometric dissolution of
Al and Fe cations is observed. Interestingly, Fe can be stabilized by
further oxidation in the passive film under polarization although
polarization in the high potential passive region leads to increas-
ing Al passive dissolution rates. Air-aging induces structural
changes in the passive film, mainly related to dehydration, and
therefore Al oxyhydroxides can be stabilized. The passive film is
therefore more stable in sulfuric acid but at the same time Fe and
Cr dissolution is enhanced.

In presence of chlorides, the passive film spontaneously formed
at OCP is very unstable resulting in high initial Al dissolution
whereas electrochemical polarization in the low potential passive
region leads to stabilization of the passive film again.

Polarization in the low potential passive region consequently
allows modifying the passive film structure, slightly thickening the
oxide and significantly improving its stability. At higher applied
polarization voltage, Cr does not manage to ensure the integrity of

the passive film and therefore local passive film breakdown can occur,
resulting in lower chemical stability at the oxyhydroxide—solution
interface.
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