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The effect of varying Al concentrations on the electrochemical corrosion resistance of binary Mg-Al solid solu-
tions thin films under alkaline immersion conditions was investigated via a combination of in-situ flow-cell,
scanning vibrating electrode technique and microscopy analysis. These spatially resolving characterization
techniques are employed along the Al concentration gradient of the combinatorically grown thin films enabling
efficient screening of the Al concentration dependent electrochemical corrosion behaviour. The analysis revealed

an increasing corrosion resistance with increasing Al concentration, as a consequence of Al induced hydroxide
reinforcement. Specifically, the addition of >4 wt.% Al decreases the corrosion current density in the range of

70-90 % compared to pure Mg.

1. Introduction

Magnesium (Mg) and Mg alloys represent a versatile material class
for structural and functional light weight applications in the aerospace
[1], medical [2-4] or energy [5,6] sector. However, the high chemical
activity in conjunction with a partially protective oxide/hydroxide film
leads to a low corrosion resistance under aqueous immersion conditions
[7,8]. The native oxide formed in air on Mg-Al solid solutions comprises
an Al-enriched Mg/MgO interface and a dense MgO layer beneath a thin
plate like Mg(OH), layer [9,10]. For Mg-Al alloys under alkaline im-
mersion conditions (pH > 10.5) a dense Mg(OH), layer (Mg(OH)2 _dense)
beneath a porous flake-like Mg(OH) layer (Mg(OH)3 fiake), Was recently
reported, with Mg/Mg(OH)2_dense and Mg(OH)2_dense/Mg(OH)2_ﬂake in-
terfaces enriched in Al [11]. While the Mg(OH)2 gense layer tends to
affect both the oxygen reduction reaction (ORR) and the hydrogen
evolution reaction (HER) [11], the Al enriched interface decreases the
anodic partial reaction [12-14]. Yang et al. [14] calculated an increased
work function of Mg atoms in the presence of a thermodynamically
preferred Al surface coverage. Thus, Al impairs the withdrawal of
electrons from Mg and impedes the Mg oxidation. As reported by Nor-
dlien et al. [12], for Al bulk concentration (caj) exceeding 4 wt.%, a
continuous Al-enriched interface forms a skeletal barrier, which

* Corresponding author.
E-mail address: d.zander@gi.rwth-aachen.de (D. Zander).

https://doi.org/10.1016/j.elecom.2024.107749

significantly reduces the ion flux through the oxide/hydroxide. Grimm
et al. [13] reported a similar threshold for Mg-Al solid solution in the as
cast condition, whereas a threshold of ca; ~ 8 wt.% was determined in a
saturated Mg(OH), solution (pH = 10.5) after homogenization treat-
ment. Mathieu et al. [15] determined a linear increase of the corrosion
resistance with increasing caj in an ASTM D1384 electrolyte (pH = 8.3).
The different conclusions might arise as a consequence of varying
experimental factors: a small number of investigated specimens, caj in-
homogeneities, ex-situ analysis or varying electrolyte conditions. While
conventional investigations require a major experimental effort, the
present study utilizes a fast-screening approach to overcome the
mentioned challenges by investigating Al-graded Mg thin films with an
in-situ flow-cell design and scanning vibrating electrode technique
(SVET) measurements, to consistently explore the effect of Al on the
corrosion resistance of Mg-Al solid solutions.

2. Material and methods

A Mg thin film (Mg.ef) and two binary Mg-Al thin films with different
Al-gradients were synthesized. The thin film deposition was carried out
by combinatorial magnetron sputtering in a high vacuum chamber using
elemental targets of Mg (99.95 %), and Al (99.99 %) on d = 50.8 + 0.3
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Fig. 1. Schemes, SEM/EDS and XRD measurements for the investigated binary a-c) Mg-Al thin film I and d-f) Mg-Al thin film II with an increasing Al concentration

from left to right.

mm diameter Si (100) substrates at floating potential. The Mg target
was powered with 200 W using RPG-50 power supply (MKS Instruments
Inc., Andover, USA), whereas the Al target power was 20 and 38 W using
a Maris GS 15 generator (ADL GmbH, Darmstadt, Germany). All de-
positions were conducted at a base pressure below 3 x 10 Pa, at a
constant argon partial pressure of 0.5 Pa, and a substrate temperature of
100 °C. The Mg and Al targets were installed at a 45° inclination angle
with respect to the substrate normal and at a 90° angle relative to each
other, while the target to substrate distance equaled 10 cm. This geo-
metric arrangement allows the formation of a compositional gradient
along the substrate surface.

The Al concentration within each thin film was investigated with
energy dispersive X-ray spectroscopy (EDS) in a Supra 55VP scanning
electron microscope (SEM) (Carl Zeiss AG, Oberkochen, Germany). The
EDS analysis was performed at an acceleration voltage of 10 kV.
Spatially-resolved structural analysis of the films was performed using a
Bruker D8 General Area Detection Diffraction System (XRD) (GADDS,
Bruker Corporation, Billerica, MA, USA) with a Cu Ka radiation source
operated at 40 kV and 40 mA. The incidence angle was fixed at 15°
whereas the 20 range was 15°-75°.

A custom built flow-cell with a specimen area of 0.03 cm? was
manufactured by a 3D printer Form3 (Formlabs, Somerville, USA). For
each thin film location along the Al gradient, the electrolyte flowed past
the specimen surface at a rate of 30 ml/h for 60 min. An alkaline KOH
Roti®Metic 99.98 % (Carl Roth GmbH, Karlsruhe, Germany) solution
(pH = 11.5 + 0.1) at room temperature served as the electrolyte. The
dissolved ions within the electrolyte were analyzed in-situ with a Nex-
ION® 2000 inductively coupled plasma spectrometer (ICP-MS) (Perkin
Elmer, Massachusetts, USA) operated in the kinetic energy discrimina-
tion mode with Ar (99.999 vol%) and He (99.9999 vol%) as the nebu-
lizer- and the collision gas, respectively. Standard ICP multi-element
solution XVI (Sigma-Aldrich, Missouri, USA) and single-element ICP-
Standard-Solution-Aluminium (Carl Roth GmbH, Karlsruhe, Germany)
mother solutions were diluted to Mg and Al concentrations of 1 mg/1,
0.01 mg/1 and 0.001 mg/1 to calibrate the ICP-MS with the same flow

rate as applied on the thin films. The ion concentration in the base
electrolyte was determined by applying the flow-cell setup on a Pt sheet
for ~ 30 min, to subsequently correct the measured ion concentration on
the Mg r and the Mg-Al thin films. The ion specific corrosion current
densities (ipg,a1) were thereafter calculated according to Faraday’s law
as reported in [16]. As ipga1 values only account for dissolved ions
within the electrolyte, complementary measurements are required to
account for ions incorporated into the hydroxide [17,18].

Furthermore, a SVET setup manufactured by Applicable Electronics
Instruments (New Haven, Connecticut, USA) and controlled by the ASET
LV4 program developed by Science Wares Inc. (Falmouth, Massachu-
setts, USA) was utilized in a stagnant KOH electrolyte (pHgygr = 12.0,
psver = 161 uS/cm, Vgygr = 1 ml) to in-situ monitor the local corrosion
currents on different thin film locations for an immersion time of 60 min.
A platinum black sphere with a diameter of 20 um was electrodeposited
at the tip of the Pt-Ir microelectrode, which scanned a specimen area of
0.16-0.32 mm? in 2-4 min at a constant height of 150 ym. The surface
layer formed during the flow-cell experiments was further analyzed with
scanning transmission electron microscopy (STEM) on a Titan Themis
80-300 keV microscope (Thermo Fisher Scientific, Waltham, USA)
operated at 300 kV. STEM-EDS spectrum imaging was acquired using a
4-quadrant SuperX detector. Multivariate statistical analysis [19] was
applied to denoise the dataset before quantification. The STEM lamella
was prepared using a Scios2 focused ion beam (FIB). To protect the
corrosion layers from FIB damage, C marker has been applied on the
surface [20].

3. Results and discussion

Fig. 1 shows a schematic illustration of the investigated binary Mg-Al
thin films with the corresponding SEM/EDS and XRD analysis. Both thin
films exhibit an increasing cp; (1 wt.%/cm and 1.9 wt.%/cm) and a
complementary decreasing cyg. The XRD spectra in Fig. 1 c,f) show
exclusively Mg (00 2) reflection (98-007-6748) [21], in agreement with
the sharp basal-plane texture observed in other studies [22] and no
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Fig. 2. In-situ corrosion current densities of the investigated binary Al-graded Mg-Al thin films. Note the increasing ca; of the measurement curves from top

to bottom.

further peaks.

Fig. 2 exhibits the in-situ corrosion current densities for Mg;¢ and the
binary Mg-Al thin films. A decreasing iy over time is observed for Mgref,
which reaches a dynamic equilibrium towards the final immersion time
and thus indicates a surface layer formation. The same decreasing ivg
trend over time is observed on both binary Mg-Al thin films. However,
significantly reduced img values are determined on both binary Mg-Al
thin films compared to Mg.r. Fig. 2 b) and d) display a negligible is;
~ 0 pA/cm? with insignificant variation over time.

Fig. 3 shows the averaged corrosion current densities between
55-60 min in the dynamic equilibrium (ing,aj eq) as a function of ca1. The
Mg dissolution decreases with increasing caj on both binary Mg-Al thin
films, leading to a decrease in the range of 70-90 % relative to pure Mg
for ca1 > 4 wt.%. Furthermore, a distinct iy; decrease is observed at the
reported threshold of cy; = 4 wt.% [12] on thin film II (Fig. 3 c)). The
determined iy in Fig. 3 b) and d) reveal a negligible Al dissolution into
the electrolyte and indicate a potential Al incorporation in the formed
surface layer. Furthermore, SVET measurements were conducted below
and above cp) = 4 wt.% to further explore the effect of Al on the passive
layer formation and the corrosion resistance of binary Mg-Al solid
solutions.

The SVET measurement on Mg.r in Fig. 4 a) shows a large local
anode-, a small local cathode- and a transition regime in between at the
surface after 60 min immersion. The SVET measurements on the thin
film II with cy = 3.3 wt.% (Fig. 4 b)) exhibit a significantly increased

cathode- and transition regime instead, while Fig. 4 ¢) shows solely
cathodic current densities for cy; = 4.8 wt.% at the surface. Thus, while
the overall ionic current densities are in a comparable range for the
investigated alloys, an increasing ca; enhances the cathodic current
densities at the surface until exclusively cathodic current densities
(HER/ORR) are detected at the threshold of ca; ~ 4 wt.%. The same
effect was observed on thin film I and is associated with a passive layer
reinforcement due to an increasing Al incorporation in the formed hy-
droxide film.

The surface layer formed during the flow-cell experiments was
further analyzed via STEM in Fig. 5 for a specimen with cy) = 6 wt.%.
The hydroxide comprises an inner dense Mg(OH); layer (Mg(OH)2_dense)
and an outer porous flake-like Mg(OH);, layer (Mg(OH)z fiake). While the
latter precipitates from the electrolyte after exceeding the solubility
limit of Mngr and OH™ [23], the Mg(OH)2 dense is thermodynamically
stable in alkaline electrolytes (pH > 10.5) [24]. Furthermore, Al
enriched Mg/Mg(OH); gense and Mg(OH)2_dense/ Mg(OH)2 fiake interfaces
are observed, as previously reported for a Mg-Al-Ca solid solution (ca =
2 wt.%) in the same electrolyte [11]. While the latter Al enrichment
stems from the native oxide, the Al concentration (Al/(Mg + Al)) > 10
%) in this case is even higher at the Mg/Mg(OH) dense interface than
reported in ref. [11]. These results confirm that the Al enrichment at the
interface increases with higher c,). The assumed Al incorporation during
the hydroxide layer formation (Fig. 3 b) and d)) tends to induce a
preferred Al enriched Mg/Mg(OH) dense interface. A continuous
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Fig. 4. SVET scans after 60 min immersion for a) Mg,er as well as on thin film II with b) cy; = 3.3 wt.% and c¢) ca = 4.8 wt.% in a KOH electrolyte (pH = 12.0).

coverage by the Al enriched Mg/Mg(OH)>_dense interface is suggested at
cal > 4 wt.%, leading to a reduced anodic Mg2+ ion flux through the
formed Mg(OH)2 gense layer and consecutively causing the distinct ing
decrease in Fig. 3 b). Thus, a predominant cathodic partial reaction
occurs at the surface as shown in Fig. 4 ¢), to balance the anodic partial
reaction below the Mg(OH)j gense layer. Fig. 5 further shows an
increasing Si concentration towards the surface. Si apparently dissolves
from the 3D printed flow-cell into the electrolyte at pH = 11.5.

Nevertheless, Si forms soluble ions at pH = 11.5 and an electrode po-
tential of E = —0.99 + 0.1 Vyg/Hg0, Csi < 1073 (separately determined for
cal = 1-2 wt.%) [25]. Therefore, the detected Si is a residue of the dried
electrolyte on the specimen surface, as the thin films cannot be rinsed
with isopropanol/distilled water after the conducted flow-cell experi-
ment without deteriorating the surface layers.
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Fig. 5. STEM/EDS analysis of a Mg-Al solid solution with cy; = 6 wt.% after 60 min immersion in a KOH electrolyte (pH = 11.5). a) High-angle annular dark field
(HAADF)-STEM image, b-e) elemental maps and f) elemental line profile along the white arrow in b-e).

4. Conclusion

This study presents a methodology for the efficient analysis of
chemical composition dependent corrosion behavior utilizing combi-
natorically grown thin films. We investigate the electrochemical corro-
sion resistance along the concentration gradient of binary Mg-Al solid
solution thin films in alkaline KOH solutions by in-situ measurements of
the dissolved ions with a flow-cell coupled to ICP-MS and the local
corrosion current densities with SVET. The following main conclusions
are obtained:

e Binary solid solution Mg-Al thin films with Al concentration gradi-
ents (1 wt.%/cm and 1.9 wt.%/cm) were synthesized to enable
efficient in-situ screening of the electrochemical corrosion resistance
along the gradient by probing an area of 0.03 cm?.

The corrosion resistance of Mg-Al solid solutions increases with the

increasing Al concentration. The addition of ca; > 4 wt.% decreases

the corrosion current density in the range of 70-90 % compared to
pure Mg.

o A full coverage of the Al enriched Mg/Mg(OH)2 gense interface is
assumed for an Al concentration of ca; ~ 4 wt.%, which cause a
reduced Mg dissolution across the hydroxide. Thus, a predominant
cathodic partial reaction is established at the surface, to balance the
anodic partial reaction below the Mg(OH)2_dense layer.

e The hydroxide layers formed in the KOH electrolyte comprise a
porous Mg(OH)2 fiake, an inner dense Mg(OH)3 gense layer and two Al
enriched Mg/Mg(OH)2 dgense- and Mg(OH)2 gensey Mg(OH)2 flake
interfaces.
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