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Abstract

Surface engineering of magnesium alloys requires adequate strategies, processes and materials
permitting corrosion protection. Liquid formulations containing corrosion inhibitors often are to
be optimized according to the demands of the respective substrate and following the service con-
ditions during its application. As an interdisciplinary approach, a combination of several tech-
niques for instantly monitoring or elaborately analyzing the surface state of magnesium was ac-
complished in order to characterize the performance of new adsorbing sustainable amphiphilic
polymers which recently were developed to facilitate a multi-metal corrosion protection approach.
The application of established techniques like Contact Angle measurements and X-ray Photoelec-
tron Spectroscopy investigations was supplemented by introducing related and yet faster on-
line-capable and larger-scale techniques like Aerosol Wetting Test and Optically Stimulated Elec-
tron Emission. Moreover, an inexpensive setup was configured for scaling the inset and the extent
of degradation processes which occur at local electrochemical circuits and lead to hydrogen bub-
ble formation. Using these analytical tools, changes of the surface state of emeried AM50 samples
were investigated. Even in contact with water, being a moderate corrosive medium, the online
techniques facilitated detecting surface degradation of the unprotected magnesium alloy within
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some seconds. In contrast, following contact with a 1 weight% formulation of a polymeric corro-
sion inhibitor, surface monitoring indicated a delay of the onset of degradation processes by ap-
proximately two orders of magnitude in time. Mainly based on the spectroscopic investigations,
the corrosion inhibiting effects of the investigated polymer are attributed to the adsorption of a
primary polymer layer with a thickness of a few nanometers which occurs within some seconds.
Immersion of magnesium for several hours brings up a protective film with around ten nanome-
ters thickness.
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1. Introduction

Magnesium alloys have been used in transport and especially automotive industries due to their mechanical
properties combining light weight and high specific strength. Magnesium is also an excellent functional material.
Its alloys are attractive battery electrodes, sacrifice anodes, and hydrogen storage materials. However, when ex-
posed to ambient atmosphere and wet environments, unprotected magnesium is too reactive and susceptible to
corrosion [1]. Evidently, applications and devices profiting from the structural properties of magnesium alloys
must be reliable [2]. In this way, corrosion protection is a relevant aspect to be considered.

A large amount of approaches based on material engineering have been used to improve the corrosion resis-
tance of Magnesium alloys, for example decreasing the impurity level, increasing the amount of Aluminum and
producing a more homogeneous microstructure by rapid solidification [3] [4]. Furthermore, nanostructured su-
perhydrophobic films [5], self-assembled monolayers [6], and polymeric corrosion inhibitors have been shown
to provide corrosion protection for different types of metals. Inhibitors are often easy to apply and offer the ad-
vantage of in-situ application without causing any significant disruption to the manufacturing process [3].

Different analytical techniques have been used to investigate the corrosion behavior of Magnesium alloys.
X-ray Photoelectron Spectroscopy (XPS) is a vacuum-based technique for surface analysis providing insight in
the elemental and chemical composition of an approximately ten nanometer thin surface layer, and XPS is es-
tablished for evaluating the performance of corrosion protection systems for magnesium alloys [5] [6].

Aiming at instant online analysis under ambient conditions, secondary electron emission or the interaction
between magnesium (alloy) surfaces and water may be assessed.

Optically Stimulated Electron Emission (OSEE) may be considered a non-destructive technique to detect con-
taminants on adherent surfaces due to the change of electron emission characteristics, e.g. the work function [7].
Modifications of the surface state of metals [8] or metals covered with self-assembled monolayers (SAM) [9], of
ceramics [10], of polymers and also of CFRP [11] may result in a change of the detected electron flow [12] [13].
In case of metals, the presence of electrically nonconductive substances or films on the surface would interfere
with the surface photoemission, resulting in a lower value read in the scale of arbitrary units [14]. This OSEE
ability of giving evidence about layers on surfaces may be useful, for instance, to determine the optimal duration
of surface treatments for various substrates, as degreasing or etching. However, the technique alone will not fa-
cilitate to clearly discriminate effects of different surface treatments, since identical values may be obtained
from different chemical states of the surface under investigation [9]. In this way, the technique is supposed to
work in its best condition when it only differentiates an initial and a final surface state by the presence or ab-
sence of a surface contaminant [14]. On the other hand, the device also facilitates to follow the effects of a sur-
face treatment as a function of time, as for example to determine the growth law of an oxide film on the surface
of freshly emeried copper [9].

Upon interaction between water and magnesium (alloy) surfaces, hydrogen is formed resulting from the cor-
rosion of magnesium. The overall reaction for the degradation of magnesium with a thin layer of water can be
expressed as Equation (1) [1].

Mg, +2H,0,) — Mg(OH)Z(s

)+H2(g) @
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The thin layer of a protic electrolyte which is in contact with the surface of an aluminum [15] or magnesium
alloy may locally become supersaturated due to the fast formation of hydrogen upon metal degradation. In this
way, around local galvanic cells hydrogen bubbles may be formed [15].

Based on this principle, a procedure called Hydrogen Bubble Formation Test (H,BT) was set up and used to
observe and follow inset and extent of hydrogen bubble formation on a magnesium alloy. Using a digital light
microscope, videos were recorded and images of several appearing, growing and finally ascending hydrogen
bubbles were evaluated.

Moreover, wetting properties of magnesium surfaces can be investigated. Theoretically, on an ideal, flat, rigid
and homogeneous surface the contact angle (©) is used to determine the surface energy and the surface tension
to describe solid-liquid interactions [16]. The contact angle (®) of a liquid drop on a solid surface is defined by
the mechanical equilibrium of the drop under the action of three interfacial tensions (y): solid-vapor ys, sol-
id-liquid y5 and liquid-vapor y,,. This equilibrium relation described in Equation (2) is known as Young’s equa-
tion [17].

7|VCOS€:7/SV_7/SI (2)

In general, the surface energy of a material depends on the chemical composition and surface charge [18].
Under ideal conditions, the contact angles values do not only depend on the surface energy between the inter-
faces [19] as they are also influenced by the surface geometry of the solid which changes depending on rough-
ness [19] and type of porosity [20]. A non-spectral method like a contact angle measurement is a simple, rapid
and inexpensive technique used extensively to characterize changes in the surface wetting behavior [21] due to
processes for surface modification [22] or surface contamination [16]. The water contact angle indicates the
surface wettability based on the spreading behavior of one droplet of water on a surface [21].

The Aerosol Wetting Test (AWT) is a method to rapidly characterize the wetting properties of large-scale
surfaces [23]. This technique was developed to overcome some limitations of contact angle measurements with
respect to their speed and, as well, to overcome the limitations of the fast water break test with respect to ob-
taining continuous data for quantitatively describing wetting properties. With the AWT, two sides of a sample
can be measured separately, curved surfaces can be investigated, large samples can be measured, and a quick
access to surface wettability maps is facilitated. Moreover, the AWT adds high material throughput because it
can be applied to measure areas of approximately ten square centimeters in less than five seconds.

The expedient applicability of the AWT for identifying regions covered with release agent or hydraulic fluid
and, in as another scenario, thermally degraded surfaces was reported for Carbon-Fiber Reinforced Plastic
(CFRP) substrates in the frame of an Extended Non-Destructive Testing (ENDT) approach [24]-[26]. However,
investigations concerning the potential of the AWT to detect the presence of corrosion inhibiting layers or to in-
vestigate early stages of corrosion starting from a material interface were not yet reported.

In this work, for the first time a combination of several techniques for monitoring or analyzing the state of
metal surfaces was used to investigate magnesium corrosion protection, reporting the potential of new adsorbing
sustainable amphiphilic polymers which recently were developed to facilitate a multi-metal corrosion protection
approach. The Hydrogen Bubble Formation Test (H,BT), Contact Angle (CA), Aerosol Wetting Test (AWT),
Optically Stimulated Electron Emission (OSEE) and X-Ray Photoelectron Spectroscopy (XPS) were applied to
investigate the surface state of emeried AM50 samples covered with a polymeric corrosion inhibitor.

2. Experimental Procedure

Samples of magnesium alloy AM50 (Rocholl GmbH, Aglasterhausen, Germany) were cut and manually emeried
using dry and flat SiC sand paper with a grit size of 800 mesh, in order to create a fresh surface under ambient
conditions. After grinding, two sets of samples were investigated. The first set comprises samples which were
immersed in demineralized water, and the samples of the second set were immersed in an aqueous liquid formu-
lation containing 1 weight% of a polymeric corrosion inhibitor (p.c.i.). The investigated times of immersion
were five, ten, 30 and 90 seconds, three, ten and 30 minutes (180, 600 and 1800 seconds, respectively), one,
three and six hours (3600, 10800 and 21600 seconds, respectively). After the pre-defined times of immersion,
samples were withdrawn from the formulation, and the liquid film was blown away from surface using air pres-
surized with a hand bellow. In case of the second set of samples, which were immersed in the formulation to be
investigated with respect to its corrosion inhibiting effects, sample specimens were submitted to water rinsing
for 25 seconds immediately after finished the immersion. This procedure was applied in order to remove possi-
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bly remaining polymer physisorbates on the surface before the drying with a bellow. Sketches of both proce-
dures are shown in Figure 1.

One portion of each set of samples was next scanned with the OSEE technique and imaged with the AWT
technique, and then a cut sample piece was taken to XPS measurements. Another portion of samples was cha-
racterized with measurements of contact angle (CA) or the Hydrogen Bubble Formation Test (H,BT).

For the CA and AWT measurements, Silicon (110) wafer and Glassy Carbon samples were used as reference
samples to verify the reproducibility of the water deposition in both tests. Both samples were used after ap-
proximately twenty AWT spraying cycles, with no cleaning process done before the measurements.

2.1. Description of the Polymeric Corrosion Inhibitor (p.c.i.) Solution

A water-based formulation G50 wb of Additive G50 (Straetmans High TAC GmbH, Hamburg, Germany) was
used. Based on a 50 wt% containing parent formulation, a 1 wt% formulation was prepared by diluting the par-
ent solution with demineralized water. Attached to a polymeric polyoxyalkylene backbone, the metalophilic
anchors comprised in polymers of the G50 type are the conjugate base of acidic groups [27]. The polar groups of
the amphiphilic polymers may interact with various cations in oxide, hydroxide or carbonate-based reaction lay-
ers on distinct metals and alloys. The development of such multi-metal protection capacity of the amphiphilic
polymers which are contained in G50 wb was governed by computer-based simulation [28].

2.2. Contact Angle (CA)

The apparent contact angles were measured using a goniometer (OCAL15 Plus, Data Physics Instruments, Ger-
many) by a sessile drop technique, and HPLC grade water (Across Organics) was used as probe liquid; the vo-
lume of the drops was kept constant (20 ul) for each measurement. The contact angle values reported are an av-
erage value of at least nine separate drops on different substrate areas. The recorded images were analyzed using
SCAN 20 Data Physics software.

2.3. Aerosol Wetting Technique (AWT)

When applied to surfaces, droplets of an aerosol can form wide or narrow drops, according to the surface state
and surface energy. The Aerosol Wetting Test can be related to the principles of contact angle measurements:
for a defined volume of a liquid, the droplet size in contact with a solid surface depends directly on the contact
angle [26]. In this case, the droplet diameter is measured instead of the contact angle itself. In Figure 2, the rela-
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Figure 1. (a) Sketch of procedure for immersing the surface of a magnesium
sample in water; (b) Sketch of procedure for immersing a magnesium sample in
a liquid formulation of polymeric corrosion inhibitor.
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Figure 2. Sketch displaying the relation between the contact angle and the drop
diameter; D and d are drop diameters (with d < D), and 6, and 6, are contact
angles (6, < 8,). (a) Higher contact angles and poor wetting, resulting in smaller
drop sizes d; (b) smaller contact angles and higher wetting, resulting bigger drop

sizes D.
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tion between the contact angle and the drop diameter is illustrated. This means that the wetting properties of a
surface can be characterized by the droplet size distribution.

As a quick résumé, higher contact angles imply poor wetting and smaller drop diameters (Figure 2(a)); and
smaller contact angles imply higher wetting and bigger drop sizes (Figure 2(b)). If the surface energy of a sam-
ple (locally) is low, e.g. due to contaminations like release agents (silicones, fluoropolymers), small drops will
be formed on the surface. If the surface energy of a sample is high, wide drops will form [26]. The Aerosol Wet-
ting Test evaluates the mean drop size of droplets after application of an aerosol.

The Aerosol Wetting Test system consists of a spray-mist ultrasonic atomizer, a linear motion table, an illu-
mination unit composed by parallel lights, an image detection system and a computer with software for image
analysis. Small primary water drops with a narrow drop size distribution, forming a fog, were created using an
ultrasonic atomizer nozzle (Sonotek, Impact, 120 kHz). This nozzle was fed by a syringe pump (Sonotek 997)
ensuring a constant water flow of 5.0 ml/min. With a constant airflow, these drops were sprayed towards the
sample surface, which was exposed to the spray for one cycle with two applications. Depending on the surface
energy of the sample, these drops form a particular pattern, with wide or narrow secondary drops (formed by
confluence of primary drops) on the surface. A camera (Olympus, Color View I11, 2576 x 1932 pixles?, field of
view: 13 x 10 mm?), positioned perpendicularly to the surface, was used to acquire images of these drop patterns
in a pre-selected region of the tested surface. The pictures were processed (background subtraction and quality
refining) using an image analysis software (Soft Imaging System, analy SIS 5.0). This step is necessary to re-
move structures or scratches on the sample. Afterwards, the perimeters of the drops were identified, and the
areas of the drops were measured and classified. Using a two parameter fit, the results were fitted to match a
Rosin-Rammler drop-size distribution [24]. The mean distribution width was used to rate the fitting results. The
results obtained for each condition were compared among themselves and statements about the wetting proper-
ties were done [23].

2.4. Hydrogen Bubble Formation Test (H:BT)

Using a light microscope Keyence VHX500 under ambient conditions, samples with a size of 25 mm x 25 mm
were submitted to the H,BT. A sample was placed on the table of the microscope, and a silicon mold with an
opening with a diameter of 20mm was pressed against the sample surface as depicted in Figure 3. Images were
taken before and during the contact of the AM50 surface with ca. 0.27 mL of water or the aqueous G50 wb for-
mulation. Videos with a duration of ten minutes were recorded. Light microscopic images of the initial and the
final state of the sample surface were taken. Before each measurement the mold was cleaned with pure water
and isopropanol in order to guarantee that no silicone material, which might influence the corrosion behavior of
the sample, becomes released from the mold. Additionally, the wetting behavior of samples having passed the
H,BT was inspected with the AWT.

2.5. Optically Stimulated Electron Emission (OSEE)

OSEE experiments were performed under ambient conditions with a Surface Quality Monitor SQM200 (Photo
Emission Tech., Inc. (PET), USA). During an OSEE measurement, the sample surface is exposed to ultra-violet

o
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Figure 3. Sketches displaying the experimental procedure of the Hydrogen
Bubble Formation Test (H,BT); (a) Set-up with sample on microscope table; (b)
metal sample with silicone mould on top.
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light of a mercury vapor lamp with intensity maxima at wavelengths of 254 and 185 nm, corresponding to 4.9
and 6.7 eV, respectively. The emitted photoelectrons exhibit a maximum kinetic energy of less than approx-
imately 2 eV which effects a sub-micrometer information depth for the surface of a solid and an interaction with
the atmosphere as low as to permit sensor-surface distances in the millimeter range. An electric potential of 40 V
causes the attraction of the emitted photoelectrons to the collector, generating a current which is measured by a
solid state electrometer. The measured photocurrent values are converted to a scale of arbitrary units, denoted as
OSEE intensity, and may be interpreted in terms of integral band intensities of the underlying contributing elec-
tronic spectra [29], appending the respective photoionization cross sections. The device is operated with a mov-
ing table being electrically conductive and earthed, in which samples are placed during the procedures. Due to
sample dimensions in the range of 25 mm x 25 mm, an aperture of 1.6 mm diameter was used in front of the UV
lamp standing about 5.5 mm from the surface. The samples were scanned with a step size of 1.016 mm in or-
thogonal directions, covering the whole sample area. For purposes of evaluation, a mean OSEE signal value was
calculated by averaging the OSEE intensities obtained within an area of 10 mm x 10 mm around the central por-
tion of the sample. For each time of immersion of magnesium samples, measurements in different samples were
repeated at least three times and an average of all measurements realized were plotted along with the thus ob-
tained standard deviation.

2.6. X-Ray Photoelectron Spectroscopy (XPS)

The XPS spectra were taken using a Kratos Ultra system applying the following acquisition parameters: base
pressure: 4 x 10~ Pa, sample neutralization applying low energy electrons (<5 eV), hybrid mode (electrostatic
and magnetic lenses are used), take off angle of electrons 0°, pass energy 20 eV (or, respectively, 40 eV in case
of some less concentrated constituents) in high resolution spectra and 160 eV in survey spectra, excitation of
photoelectrons was done by monochromatic AlK, radiation. The analysis area is elliptically shaped with main
axes of 0.3 mm x 0.7 mm. The binding energy calibration was performed by referring the C1s component of
aliphatic carbon species to 285.0 eV. Elemental ratios were calculated based on the area of the peaks and consi-
dering the percentage of the elements provided by XPS.

3. Results and Discussions

In this chapter, the results obtained when investigating the changes of AM50 surfaces in contact with water or
with an aqueous G50 wb formulation containing a polymeric corrosion inhibitor (p.c.i.) will be reported. Special
focus will be put to experimental and analytical procedures revealing changes within a few minutes. Based on
details about the adsorption behavior of p.c.i. molecules, the chronology and the effects resulting from the inte-
raction of p.c.i. with AM50 surfaces will be elaborated.

3.1. Simulations of the Dynamical Behavior of a Polymeric Corrosion Inhibitor

Investigations based on Dissipative Particle Dynamics (DPD) simulations indicate that the attachment of the
first layer of G50 type p.c.i. polymers to hydrophilic surfaces formed by reaction layers on metal samples occurs
via the polar groups of the p.c.i. and the surface. As indicated by the sketch depicted in Figure 4, the wettability
of the polymer-covered metal surfaces is dominated by rather hydrophobic molecular moieties. In detail, Figure 4
shows two time-steps of the concomitantly occurring association processes of the p.c.i. molecules in water and
at the presence of a hydrophilic surface like, for instance, a hydroxylated magnesium oxide surface. The rounded
moieties in the sketches represent the superatoms or beads used for the mesoscale DPD simulation. It is worth-
while mentioning that each one of the DPD beads representing water comprises three water molecules and that
water beads are not shown for clarity. Moreover, p.c.i. aggregates on the hydrophilic surface may incidentally
result to be positioned close to the walls of the simulation cell; then they will be depicted in two seemingly se-
parated parts due to the periodic boundary conditions applied during the simulation. In total, the simulation cell
contains ten p.c.i. molecules. The DPD calculations reveal the chronology of the adsorption of amphiphilic po-
lymers: following an association of several molecules in the liquid medium, the associates become adsorbed.
That is in contrast to the behavior for anionic low-molecular surfactants like sodium dodecyl sulfonate (SDS)
[30] at metal oxide surfaces, which is effected by the adsorption of single anions followed by a subsequent asso-
ciation and formation of hemimicelles. However, the simulations do not yet reveal the minimum time needed for
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Figure 4. Two snapshots obtained during modelling the association of poly-
meric corrosion inhibitor (p.c.i.) molecules in water and in presence of a hy-
drophilic surface as revealed by Dissipative Particle Dynamics (DPD) simu-
lations. The water solvent beads are not shown for clarity. In total, the simu-
lations cell contains ten p.c.i. molecules. In the simulation cell depicted on the
left side (Image (a)), each aggregate in the aqueous formulation contains two
p.c.i. molecules and the aggregate adsorbed on the hydrophilic surface con-
tains four p.c.i. molecules. A later time-step of the simulation (Image (b)) re-
veals p.c.i. agglomeration in the water phase.

polymer adsorption in a closed layer or, technologically even more relevant, the time required until an effective
protection of the metal surface is secured. In the subsequent sections, an experimental approach to locate such
time scale for the p.c.i. adsorption on magnesium will be presented.

3.2. Contact Angle

The static contact angle was measured by establishing the tangent (angle) @ of the water drop with a solid sur-
face at the base as shown in Figure 2. The AM50 substrate was freshly emeried, then immersed in the p.c.i.
formulation during 3 min, 30 min and 3 h, and finally rinsed. After this treatment the contact angle was meas-
ured. The freshly emeried substrate shows high wettability (6 < 25°); contact-angle average values from differ-
ent immersion times in the p.c.i. formulation are depicted in Figure 5(a).

The drops were observed not to be round but more or less elongated, and this finding is attributed to the in-
fluence of the roughness of the emeried substrate which is lower along the grooves than perpendicular to the
grooves. For the sample obtained after an immersion of 3 min, a clearly higher contact angle than observed for
the freshly emeried surface was found. This indicates a change from a highly hydrophilic to a more hydrophobic
surface with a lower surface energy as a consequence of the immersion in the p.c.i. formulation.

As references for a substrate wettability, a Silicon wafer and a glassy carbon substrate were used, and the
contact angle of 52° measured for the silicon wafer indicated that it has got a more hydrophilic surface than the
glassy carbon featuring a contact angle of 71°.

Contact angle measurements performed with AM50 samples immersed in the p.c.i. formulation for 3 min up
to 3 h did not reveal significant changes of the surface wettability depending on the immersion time.

3.3. Aerosol Wetting Test

Like the contact angle (CA) measurements, the Aerosol Wetting Test (AWT) measurements are based on the
contact between water droplets and substrate surfaces. While the CA measurements are done considering the
side view according to different viewing directions on elongated drops, the measurements in the AWT are done
performing a top view imaging of the drops and evaluating the area of these drops. The droplet areas are consi-
dered to calculate the drop sizes, and finally a Rosin-Rammler drop-size distribution fit is used.

The results obtained with the AWT for samples immersed in water and in the liquid corrosion inhibitor for-
mulation are evidenced by the plot shown in Figure 5(b). It may be perceived that for samples immersed just in
clean water the drop size obtained after ten seconds of immersion is smaller than the drop size obtained after

288
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Figure 5. (a) Contact Angle variation and (b) mean droplet sizes obtained from Aerosol Wetting Test measurements after
different immersion times in clean water and in an aqueous p.c.i. formulation, respectively.

five seconds of immersion, which is smaller than the drop size for the freshly emeried samples.

For samples immersed in the p.c.i. formulation, there is a distinct difference of the observed drop sizes as
compared to the ones obtained for the freshly emeried sample. This holds true already for the AM50 samples
which had been immersed for five seconds. Considering the error bar of the AWT results, there is not a signifi-
cant difference between the surface wettability obtained after 5 s or after longer immersion times of up to six
hours.

Subsequently, the wettabilty of the p.c.i. covered AM50 samples will be referenced to the wettability of the
Silicon wafer and the glassy carbon (GC) sample used as references. The drop size for the freshly emeried
AMS50 samples, in both cases, were almost the same as obtained for the Silicon wafer sample, considered as the
hydrophilic reference sample. The drop size obtained for the Glassy Carbon (GC) sample, the hydrophobic ref-
erence, was close to the drop size of the AM50 sample immersed for ten seconds in water. The AM50 samples
immersed in the p.c.i. formulation showed clearly lower droplet sizes in the AWT. Neither the average droplet
size nor the width of the droplet size distribution was observed to significantly depend on the time of immersion.
The categorization of the wettability based on these results is consistent with the one based on the results ob-
tained in the Contact Angle measurements.

Remarkably, the immersion in a p.c.i. formulation changed the mean droplet size after an immersion as short
as five seconds. That indicates that the p.c.i. in the aqueous formulation rapidly changes the wettability of the
AMS50 surface.

The observations done may indicate a change of the wettability of AM50 surfaces upon immersion of only
five seconds. Such surface modification may be related to a layer formation on the surface of the AM50 samples.
On freshly emeried AM50 samples exposed to air, probably an oxide layer is formed, as the magnesium is high-
ly reactive with oxygen, and upon immersion in water a hydroxylated surface layer may be formed as magne-
sium is highly reactive with water. For samples immersed in the aqueous p.c.i. formulation, the change of the
wetting behavior can be explained by the formation of a polymer layer in less than five seconds of immersion.
As indicated by the results of the DPD simulation, in contact with the aqueous p.c.i. formulation an adsorption
of the amphiphilic molecules on the surface may occur.

As the AWT results refer to the topmost layer of the surface, it is possible to affirm that modifications on the
surface happened within five seconds of immersion. After this time, there is not any huge difference of wettabil-
ity between the samples immersed in the p.c.i. suspension, even though longer times of immersion might imply
more polymer adsorption. Therefore, subsequently investigations referring to the possible corrosion protection
properties of such layer will be reported. Moreover, OSEE and XPS analyses were done to investigate the sur-
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face with methods providing a higher information depth, to verify an oxide layer formation and the polymer
layer deposition, and also to evaluate changes in the polymer layer that could have happened with longer im-
mersion times.

3.4. Hydrogen Bubble Formation Test (H:BT)

The hydrogen bubble formation due to the reaction of liquid water and the surface of magnesium alloy AM50 at
especially active sites was monitored. After emerying, the AM50 substrate surface reveals grooves resulting
from the emerying treatment which were imaged with Laser Scanning Confocal Microscopy (LSCM) as shown
in Figure 6(a). Moreover, elevated and some micrometer wide particulate structures are evidenced. They are
interpreted to be harder and, thus, more wear-resistant during the emerying treatment than the surrounding
matrix. They are attributed to intermetallic phases like, for instance, the S-phase (Mg;;Al;,), of AM50. Such
intermetallic phases may be more noble than the surrounding matrix material and form local galvanic cells at
which the corrosion is promoted locally. The results obtained in the Hydrogen Bubble Formation Test (H,BT)
are shown in Figure 6(b). It is possible to observe that, on an unprotected AM50 surface immersed in water,
hydrogen bubbles appear after approximately three seconds, and the area density of bubbles generated on the
surface of the AM50 is around 100 per mm? Such hydrogen bubble area density fairly accords with the
interpretation of the LSCM image displayed in Figure 6(a) which was tentatively explained to show one area of
intermetallic phases within 0.01 mm? When the aqueous p.c.i. formulation is applied over the sample instead of
clean water, the hydrogen bubble formation decreases significantly only in presence of the p.c.i. molecules. This
holds true as well for the onset of bubble formation which is delayed to 120 seconds as for the area density of
hydrogen bubbles, which is approximately two orders of magnitude lower when compared to the immersion in
clean water. These observed differences indicate that the adsorbing p.c.i. postpones the time after which the first
hydrogen bubbles appear by a factor of 40.

Assuming that the incidence of the hydrogen bubbles is related to the galvanic corrosion at noble intermetallic
phases exposed at the surface of magnesium alloys, in clean water an electrochemical contact between the two
metal phases and the aqueous electrolyte occurs. The observation based on the AWT indicates that with the
application of the p.c.i. on the surface of the AM50 a polymer deposit is formed within less than five seconds.
On the other hand, the results obtained in the H,BT suggest that this deposit effectively acts against galvanic
corrosion after latest three seconds. The respective deposit covers the surface of the alloy in a way that the
contact between the metal phases and the electrolyte is diminished. Concluding, the adsorption of the polymer
avoids the hydrogen formation and consequently induces corrosion protection.

3.5. Optically Stimulated Electron Emission (OSEE)

Effects of the formation of layers and films on the surface of AM50 samples as a consequence of the immersion
in water or in aqueous polymeric corrosion inhibitor (p.c.i.) formulations were investigated using Optically Sti-
mulated Electron Emission (OSEE). The plot displayed in Figure 7(b) represents the results obtained with the
OSEE technique.

The immersion in water causes a very steep and fast loss of OSEE signal within some seconds of immersion.
After five seconds of immersion, the OSEE intensity decays by a half, and after 20 seconds of immersion no
emission is found. This is interpreted as an indication of the formation of a hydroxylated reaction layer on
AM50. On the other hand, when samples are treated with the aqueous p.c.i. formulation, significant OSEE sig-
nals are detected until reaching an immersion time of three hours. After six hours of immersion in the polymer
formulation, no emission is found. Observing the course of the OSEE signal with an increasing time of immer-
sion, it is also noticeable that upon prolongated immersion in the p.c.i. formulation the OSEE signal decreases.
This is interpreted to be due to layers on the AM50 surface which effectively grow in thickness with time. If a
less photo-emitting layer system is formed, its effect on the OSEE signal will be the higher the thicker the layer
system is and the more electrons emitted from the metallic substrate sample are scattered and attenuated.

These OSEE results show, for all situations, a decrease of intensity when immersed samples are compared to
the freshly emeried surface of the AM50 alloy. Both upon immersion in clean water and upon immersion in the
aqueous p.c.i. formulation, a layer is formed on the metal surface. Considering the differences of wettability
identified using the AWT, different layers are formed in contact with clean water and, respectively, in contact
with the p.c.i. formulation. By means of OSEE, a slower layer growth is indicated for the immersion in the p.c.i.
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Figure 6. (a) Laser Scanning Confocal Microscopy (LSCM) image of a freshly emeried AM50 surface, and (b) incidence of
hydrogen bubbles on AM50 samples immersed in clean water and, respectively, an agqueous polymeric corrosion inhibitor
(p.c.i.) formulation as a function of immersion time.
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Figure 7. Effects of immersing AM50 in clean water and, respectively, a formulation of polymeric corrosion inhibitor (p.c.i.):
(2) Concentration ratios of [Mg®//[Mgal and [Cootal/[M0ioa] as function of immersion time, obtained by XPS; (b) OSEE
signal as a function of immersion time.

formulation as compared to the immersion in clean water. However, a differentiation cannot be performed con-
cerning the chemical composition of a formed layer system, since both thinkable layers, namely magnesium hy-
droxide and polymer layers, are less photo-emitting than the metallic surface of the alloy, a finding also reported
in the studies of aluminum surfaces by Romand et al. [9].

From the OSEE investigations a kind of efficiency concerning the corrosion protection properties of the ad-
sorbing p.c.i. can be obtained. Based on the time duration until the OSEE signal of an AM50 surface having
been immersed vanishes, the alloy protection is around three orders of magnitude more effective in the presence
of the p.c.i. formulation as compared to clean water. The OSEE technique can also follow, with quick and sim-
ple procedures, the formation and growth of layers on the alloy surface. For a clear characterization of this layer
system, a spectroscopic surface analytical technique will be used.

3.6. X-Ray Photoelectron Spectroscopy (XPS)

Finally, X-ray Photoelectron Spectroscopy (XPS) investigations of AM50 surfaces obtained after immersion
were performed with the samples selected based on the inexpensive and fast characterizations achieved with on-
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line-capable techniques. The most relevant results obtained are depicted in the Figure 7(a). A set of two plots
refer to the concentration ratio between metallic magnesium species and the total of magnesium species: the first
plot was found for samples immersed in water and the second plot was obtained for samples immersed in the
aqueous p.c.i. formulation. Moreover, the concentration ratio between carbon and magnesium species for the
samples immersed in the p.c.i. formulation is displayed.

For the immersion in water, a clear decrease of more than 70% of the metallic magnesium content is observed
upon less than one minute of immersion. This decrease is due to the formation of a hydroxylated reaction layer
resulting from the formation of undissolved magnesium species in contact with water.

However, when samples are immersed in the aqueous formulation of p.c.i., two concurrent effects may hap-
pen: the oxidation of the alloy and the chemisorption of the polymeric layer. Therefore, the respective signals
are discussed. First, the decrease of the ratio between metallic magnesium species and the total of magnesium
species is less than 50% even after six hours of immersion. That indicates that the increase of the hydroxide
layer thickness on magnesium is drastically diminished in the presence of the p.c.i. as compared to the immer-
sion in pure water. The reaction layer formed is thin, in the range of a few nanometers. Second, the content of
carbon species increases with time, and it is most pronounced after times of immersion longer than 30 minutes.
Even after only 30 seconds of immersion in the p.c.i. formulation, a thin organic film can be detected. As for
longer times, the relative content of carbon species increases while the relative content of magnesium within the
topmost surface region decreases. It is noticeable that a layer of carbon-containing species becomes deposited on
top of the AM50 surface.

The time-dependent behavior dominated by the increase of organic species on the AM50 surface seems to be
somewhat inversely related to the behavior of OSEE signal which decays. Within shorter times of immersion,
the OSEE intensity decay is less steep, as well as the growth of carbon content observed by XPS. For times
higher than three hours, however, the OSEE signal falls quickly as the polymeric layer becomes thicker and
more close-packed as concluded from the XPS investigations.

4. Conclusions and Outlook

A combination of several techniques for instantly monitoring or elaborately analyzing the surface state of mag-
nesium was applied in order to characterize the performance of new polymeric corrosion inhibitors. Fast on-
line-capable and large-scale techniques like Aerosol Wetting Test and Optically Stimulated Electron Emission
and, additionally, an inexpensive microscopic hydrogen bubble formation test for following effects of galvanic
corrosion processes occurring at active sites were employed to investigate characteristic properties of polymeric
corrosion inhibitors on a time-scale between some seconds and a few hours. Targeted samples selected based on
the thus obtained results were characterized using an established technique like X-ray Photoelectron Spectros-
copy.

The surface-sensitive techniques allow early detecting occurring degradation and, respectively, corrosion in-
hibition effects. Following the combined investigations, molecules of the investigated polymeric corrosion inhi-
bitor become adsorbed on a freshly emeried AM50 surfaces within less than three seconds, forming a few na-
nometers thin layer inhibiting galvanic corrosion processes of the AM50 in contact with the aqueous inhibitor
formulation. Moreover, a long-term corrosion inhibition effect for at least several hours is obtained in presence
of the aqueous formulation of a polymeric corrosion inhibitor. This effect is related to a growing organic layer
which becomes closely packed and reaches a thickness of around ten nanometers within some hours.

Ongoing investigations focus on the corrosion protection properties of distinctly thick films with the poly-
meric corrosion inhibitor when applying accelerated ageing tests like salt spray tests.
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