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Abstract

Magnesium and its alloys are the lightest metallic materials used for structural appli-
cations. Tuning the surface functionalization of magnesium alloys may contribute to
increasing their durability. Dry or wet processes may be effective for the modification
of magnesium alloy surfaces. The resulting layers may cover surface inhomogenei-
ties and separate the substrate surface from molecular films. This work demonstrates
the feasibility and effectiveness of the concepts and techniques comprising laser or
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plasma based pretreatment processes or dipping procedures that involve synthetic
amphiphilic polymers or biopolymers. In detail, the effects of barrier layers that have
been applied by the deposition of siliceous polymer coatings in low pressure plasma
processes, by laser surface treatments in controlled gas atmospheres or by dipping in
liquid formulations containing a recently developed polymeric inhibitor or a mixture

of the enzyme laccase and the polysaccharide maltodextrin are monitored. In this
respect, a time-resolved hydrogen bubble formation test is performed, revealing
interactions between water films and the modified surfaces. The surface modification is
shown with X-ray photoelectron spectroscopy investigations and, in addition, the alloy
surface and grain structure is characterized using energy dispersive X-ray analysis, scan-
ning electron microscopy and scanning force microscopy. These investigations reveal
that the thus established layer/substrate and layer/environment interphases differ in
their composition as a result of the non-centrosymmetric layer concepts for surface
functionalization applied here.

Keywords: Magnesium aluminium alloy AM50, Functional surface layers, Laser surface
treatment, Plasma polymer layer, Polymeric corrosion inhibitor, Laccase biopolymer
functionalization, Polymeric interfactants, Surface analysis, Non-centrosymmetric
surface layer concepts

Background

Due to their low density and adequate mechanical properties, magnesium and its alloys
are promising materials for structural applications [1]. Their limited corrosion resist-
ance [2] leads to their restricted use in technical applications but facilitates the design of
biodegradable magnesium alloys [3, 4]. Considering that surface properties govern the
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onset of material degradation, modifying the corrosion resistance of such alloys can be
assessed by tailoring their surfaces or the respective interfaces in contact with the mag-
nesium substrates. On the one hand, an elevated corrosion resistance is desired when
heading for long-term adhesion-based applications, e.g. coating or adhesive bonding.
On the other hand, a suitable corrosion rate in body fluids as well as a high biosafety is
required for magnesium alloys in biomedical applications [5].

Often such surface modification is based on layer-forming approaches and the
involved layers will have to feature a beneficial adhesion to the substrate as well as
adequate cohesive properties. Additionally, they have an advantage in that they offer a
functional base for further layers within a multilayer system or for exposure to the envi-
ronment when constituting the terminal layer [6]. In adhesive bonding, multilayer sys-
tems may be aspired, as depicted in Fig. 1a for a lap-shear sample with two both identical
and identically pretreated adherents. The layer system comprises the surface pretreat-
ment layer and the primer layer on each adherent, e.g. a metal substrate, and, upon the
application and compression of a cylindrical adhesive bead during the manufacture of
the joint, a centrosymmetric multilayer system results. In contrast, open adhesive joints
and especially painting or functional coatings [7] are typically not centrosymmetric mul-
tilayer systems, as shown in Fig. 1b.

The aim of this contribution is to substantiate that, within the scope of manufactur-
ing functional coatings or adhesive joints, individual layers within the multilayer system
may be advantageously designed to be non-centrosymmetric. Thus the particular inter-
faces and the resulting interphases around the layers can be functionalized individually
and their interaction with neighboring layers can be tuned. Microscopically, the inter-
phases—characterized by their chemical composition or conformational equilibria [8]—
and the interactions undergo dynamic changes during the manufacture and application
of the multilayer systems [9].

Concerning the surface functionalization processes addressed in this contribution, the
molecular mass of the adsorptive species increases in sequence from a or b towards c or
d, as shown in Fig. 2. Cases a and b represent the adsorption from a gas phase with vola-
tile reactive species, while cases ¢ and d represent the adsorption from a liquid phase con-
taining polymeric molecules that have a vapor pressure too low for vapor deposition. The
resulting dual layer may be perceived as a two-dimensional Janus system [10]. Likewise,
the particulate polymeric species depicted as adsorbates in cases c or d may be perceived
as anisotropic non-centrosymmetric nanoparticles and, in greater detail, as Janus particles
(case c) or patchy particles (case d) [11]. We will investigate the concentration-dependent
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Fig. 1 Sketches of multilayer systems forming an adhesive joint of identical adherents in the geometry of a

lap-shear test specimen (a), and a non-centrosymmetric coating system (b) on a substrate
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Fig. 2 Sketch showing the four different surface functionalization processes (a, b, ¢, and d) addressed in this
contribution, resulting in dual layer coatings on a substrate. Details are given in the text

adsorption behavior of a synthetic amphiphilic polymer [12] and the interaction between
a magnesium alloy substrate and an aqueous biopolymer mixture containing the nano-
particulate enzyme laccase, similar to the formulation recently described in an interaction
with acidic silicon oxide surfaces [13]. Thin films containing biopolymers recently were
tested with respect to improving the corrosion resistance of magnesium alloys [14, 15].
In cases a and b the non-centrosymmetric layer structure is achieved by scheduling the
access of two molecularly different species to the respective substrate surface. Specifically,
two reactive systems will be examined: one will use oxygen and hexamethyldisiloxane
(case a) and a second will use oxygen and carbon dioxide (case b) as adsorptive species.
The required activation energy will be provided by a plasma source [16, 17] and a laser
source [18], respectively. Surface modification with thin films composed of organosili-
con-based plasma polymers was reported to be a promising approach for the corrosion
protection of magnesium alloys, e.g. using plasma enhanced chemical vapor deposition
(PECVD) of superhydrophobic films from a mixture of trimethylmethoxysilane and argon
[19], or atmospheric pressure PECVD from a mixture of tetraethoxysilane and oxygen
[20]. Laser-based surface treatment of metal adherents was reported for titanium surfaces
[21] and, more recently, for the magnesium alloy AZ31 [22].

Finally, the time-dependent interaction of molecular films applied to an AM50 mag-
nesium alloy substrate was assessed using a liquid water film as a probe system for all
the layer systems depicted in Fig. 2. In a previous contribution [12], the contact between
water films and polished AM50 substrates was shown to result in the generation of
hydrogen bubbles within three seconds. The effect of the investigated functional layers
on the kinetics of the hydrogen bubble formation, as represented by the onset time and
the area density of evolving bubbles, may reveal their performance in competing with
water molecules for active adsorption sites on the magnesium alloy surfaces.
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Methods

This section details the experimental procedures applied during the manufacture of the
layer systems on AM50 alloy surfaces. Moreover, the analysis methods used for charac-
terizing the layers and their effects on hydrogen bubble formation in contact with liquid
water films will be described.

Experimental procedures

In order to create fresh surfaces under ambient conditions, samples of magnesium alloy
AMS50 (Rocholl GmbH, Aglasterhausen, Germany) were cut and manually polished
using dry and flat SiC sandpaper with a grit size of 800 mesh.

Plasma polymeric coatings were applied to the surface of the pre-treated AM50 sub-
strates using a low pressure plasma enhanced chemical vapor deposition (PECVD) tech-
nique. The home-built low pressure plasma chamber was equipped with a TRUMPF
Hiittinger Quinto system for radio frequency (13.56 MHz) generation. Three different
SiO,C,H,-type coatings based on highly crosslinked plasma polymer primer layers were
prepared with a variation in the deposition parameters, in particular regarding the mix-
ing ratio between the gaseous educts hexamethyldisiloxane (HMDSO) and oxygen. This
resulted in coatings with low, medium and high carbon concentrations, as revealed by
X-ray photoelectron spectroscopy (XPS) investigations.

Furthermore, the AMS50 surfaces were laser-treated in an O, and CO, containing gas
atmosphere under ambient pressure. The laser treatment was performed on polished
AMS50 samples using a cleanLaser 250 system comprising a Q-switched Nd-YAG laser
with a wavelength of 1064 nm. A pulse duration of 80 ns was applied.

A third approach was the use of the water-based formulation G50 wb of the amphi-
philic polymer additive G50 (Straetmans High TAC GmbH, Hamburg, Germany), as
described elsewhere [12]. Based on a parent formulation containing 1 wt% of organic
constituents comprising polymer and triethanolamine (TEA) for adjusting the pH
value, diluted formulations were prepared by adding demineralized water to the parent
formulation.

Finally, a laccase mixture suspension (concentration 0.1 mg/ml) was prepared with
laccase from a Trametes versicolor/maltodextrin powder mixture (from ASA Spezialen-
zyme GmbH, Wolfenbiittel, Germany) in water. The suspension was prepared at 25 °C
using deionized water and working under aseptic conditions.

Analysis methods

Investigations into the surface composition were performed by X-ray photoelectron
spectroscopy (XPS) applied to small pieces cut from the AM50 sheets. XPS spectra with
an information depth of around 0.01 um were taken using a Kratos Ultra system apply-
ing excitation of photoelectrons by monochromatic Al K, radiation within an area of
approximately 0.2 mm?. The system was operated at a base pressure of 4 x 10~° Pa and
the sample neutralization was performed with low energy electrons (<5 eV). An electro-
static lens was used, the take-off angle of the electrons was 0°, and the pass energy was
fixed to 20 eV (or 40 eV in the case of some of the less concentrated constituents) in high
resolution spectra and 160 eV in survey spectra. Elemental ratios were calculated based
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on the area of the peaks and considering relative sensitivity factors. The binding energy
calibration of the electrically isolating samples was performed by referring the C 1s com-
ponent of aliphatic carbon species to 285.0 eV. Binding energies are given with a preci-
sion of £0.1 eV throughout this contribution.

An aerosol wetting test (AWT) was used to characterize the wetting properties of
selected surfaces. In this test, monodisperse droplets of an aerosol are generated using
an ultrasound nozzle and are applied to the substrate surface forming wide or narrow
drops depending on the surface state and surface energy. In this manner, the wettabil-
ity of surfaces can be characterized by evaluating the resulting droplet size distribution.
Details of this technique are described elsewhere [12, 23].

The sample topography was studied using a scanning probe microscope (SPM) oper-
ated as a scanning force microscope in the ‘tapping mode’ in air (Digital Instruments
Nanoscope III multimode). The maximum scan range of the scanner was 150 pm, and Si
cantilevers (Nanosensors) with resonance frequencies of around 250 kHz correspond-
ing to force constants of around 20 N/m were used. The nominal tip diameter was in the
range of 10 nm.

The SEM examination of the samples was performed in a field emission scanning elec-
tron microscope (FESEM), type FEI Helios 600 (Dual Beam). The resolution was 0.9 nm
at 15 kV at optimal working distance and 1 nm at 15 kV at the coincidence point. The
images of the sample surface were generated at acceleration voltages between 0.35 and
30 kV and at working distances between 1 and 10 mm. For the detection of secondary
or backscattered primary electrons an Everhart-Thornley or an in-lens detector may be
used, and for STEM studies (scanning transmission electron microscopy) a bright field,
dark field and 12-segment HAADF (high-angle annular dark field) detector. For cryo-
SEM investigations, a Quorum PP2000T preparation-system is available. Energy dis-
persive X-ray analysis (EDX) measurements were performed with an Oxford X-Max80
silicon drift detector (SDD) with an ATW2-window and an energy resolution down to
129 eV. The detection angle of the detector was 35°.

Film thickness measurements were performed using a variable-angle spectroscopic
ellipsometer (VASE; from J.A. Woollam Co., USA) with incident angles of 75° and 65° in
the spectral range of 300-800 nm. A fit procedure based on a Cauchy model describing
the plasma polymer coating was employed.

Using a light microscope (Keyence VHX500) under ambient conditions, AM50 sub-
strates with a size of 25 x 25 mm were submitted to the hydrogen bubble formation test
(H2BT), contacting the substrate surface with approximately 0.27 mL of water or aque-
ous polymer formulations. Videos of up to 20 min duration were recorded. Details of the
procedure are described elsewhere [12].

Results and discussion

This section initially highlights some of the bulk and surface properties of the magne-
sium alloy AMS50 substrates. After this, the characteristics of the four distinct layer sys-
tems as depicted in Fig. 2 and applied to polished AM50 surfaces will be highlighted and
discussed. Finally, an outlook concerning ongoing investigations will be presented.
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Characterization of polished AM50 substrates

According to the EDX characterization performed with a primary electron energy of
30 keV, the AM50 substrates under investigation were composed of 86 wt% magnesium,
5.5 wt% aluminum, 0.5 wt% zinc, 0.3 wt% manganese, and 0.1 wt% silicon, with the bal-
ance comprising carbon and oxygen containing species attributed to the sample surfaces.
Figure 3 shows the results of the quantitative EDX mapping obtained with an electron
acceleration voltage of 5 kV for a crosscut of a laser-treated AM50 substrate. The bottom
part of the maps is indicative of the sample regions which are basically unaffected by
the laser treatment and which show a grain structure with grain sizes ranging from 2 to
20 pm. The elemental concentrations of aluminum are elevated around regions with high
magnesium concentrations. This finding is interpreted as an enrichment of aluminum at
the grain boundaries. On the other hand, the area density of comparatively small grains
with the highest aluminum and the lowest magnesium concentrations is lower than 1 %.
Such grains are attributed to intermetallic phases such as the B-phase, Mg;,Al;,, which
may be expected to be harder and nobler than the magnesium-rich a-phase [24].

; ST T X2 A SN
IS Tl = er =] [O] (wt%) ] 3 5 R Y 5+ [CT] (wt%)

100 um
Fig. 3 EDX mapping (width 260 um) showing a crosscut of a laser-treated AM50 substrate, with the treated
surface oriented towards the top, in contact with an embedding compound containing filler particles. Maps
indicating the distribution of a magnesium, b aluminum, ¢ oxygen, and d carbon based on the respective K,
X-ray series are displayed, and the concentrations [Mg], [Al], [O], and [C] are given in weight% (wt%)
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Accordingly, the lamellar grain protruding from the polished AM50 surface shown in
the SFM image in Fig. 4 is interpreted to contain crystallites of intermetallic phases which
have a greater resistance to the abrasive sandpaper treatment than the softer magne-
sium-rich surface regions. The grooves visible in the SFM image, which represent a grain
surface on the polished AMS50 surface in Fig. 5a within a region exhibiting a root mean
square (rms) roughness of 13 nm, may result from the mechanical removal of material in
line with the polishing direction. In addition, Fig. 5¢ presents the SEM image of an AM50
substrate immersed in water for 15 s. The respective surface area shows an rms roughness
of 45 nm and does not reveal surface features oriented in a preferential direction.

These findings are attributed to the removal of several tens of nanometers of magnesium
material during the 15 s contact with water. This material removal occurs concomitantly
with the formation of hydrogen bubbles that was observed after 3 s of contact between the
polished AM50 and liquid water, as can be seen from the respective plot in Fig. 6.

Summarizing the findings for the properties of polished AM50 substrates, one aspired
functional property of a coating system on AM50 surfaces in contact with liquid water
films may be the delay of the onset of hydrogen bubble formation and the lowering of the
area density of surface sites contributing to the formation of hydrogen bubbles.

Characterization of coated AM50 substrates
The four distinct coating systems applied to polished AM50 surfaces will be regarded in
the sequence depicted in Fig. 2.

Three SiO,C,H,-type plasma polymer layers were deposited in a low pressure plasma
batch process on polished AM50 substrate surfaces. Following VASE inspection and
XPS characterization, layer thicknesses of 493, 693, or 492 nm were obtained for layers
showing a low (L), medium (M) or high (H) content of (hydro)carbon species amounting
to values between 7 at.% and 41 at.%. Figure 7 shows images obtained after the contact
of a water aerosol on the surfaces of the respective plasma polymer layers, in the frame

X 1.000 pm/div
Z 4000.000 nm/div

5 Hm
Fig. 4 SFM image of a grain protruding from a polished AM50 surface
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Fig. 5 SFM images of grain surfaces imaged on a a polished AM50 surface, b an AM50 surface immersed in
aqueous laccase formulation for 15 s and € an AM50 surface immersed in water for 15 s
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Fig. 6 Time-dependent plot showing the area density of hydrogen bubbles microscopically perceived
upon contact with polished AM50 substrate surfaces with water (“water”) or aqueous formulations, such as
0.2 wt% solution of triethanolamine (TEA) in water (“ag. TEA 0.2%"), 1 wt% formulation of the polymeric cor-
rosion inhibitor (p.c.i) G50 wb (“aq. p.c.i’), or an aqueous formulation of a biopolymer mixture containing the
enzyme laccase and the polysaccharide maltodextrin (“ag. laccase”). The plasma polymer coated (“plasma”) or
laser treated (“laser treatment”) AM50 surfaces were contacted with water
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Fig.7 Light microscopy images of AM50 substrate surfaces covered with SiO,C H,-type plasma polymer
layers with a low (L), medium (M) or high (H) content of (hydro)carbon species

of an AWT. The water droplet size distribution is perceived to be homogeneous across
the substrate surface, and the corresponding water contact angles measured for the L,
M, and H surfaces were 47 & 2°, 75 &+ 1°, and 96 =+ 5°, respectively. These wetting results
indicate that an increased carbon content of the plasma polymer layers results in more
hydrophobic surfaces that are characterized by a smaller average droplet size in AWT
investigations. Consequently, the interaction with a liquid water film can be tuned by
varying the surface composition of the plasma polymer layers. Moreover, the lateral and
vertical layer homogeneity and water permeability were adjusted such that the H2BT
did not reveal any hydrogen bubble formation over 20 min (cf. Fig. 6). Finally, it may be
highlighted that the non-centrosymmetric structure of the investigated plasma polymer
films was also due to them being based on highly crosslinked plasma polymer primer
layers in contact with the AM50 substrate.

In a second approach, laser-treated AMS50 surfaces were investigated. Figure 8 shows
the scanning electron microscopy images obtained with a primary electron energy of
30 keV. In the case of the image taken from a polished AM50 substrate surface and
shown in Fig. 8a, grooves resulting from the polishing treatment can be seen, and the
material contrast resulting from the collection of back-scattered electrons is attributed
to aluminum enrichment at grain boundaries around grains rich in magnesium. Fol-
lowing the laser treatment, the surface topography results roughened, and substantial
material transport was suggested by the lack of evidence for polishing grooves, as may

AM50 laser

] de [tilt [ ——— 40 pm ———

) \ WD [ tilt| ————— 40 pm - treated m
polished £ x |7 Cont|5.4 mm |0 IEAM - Helios - ID: reate 00 kV/ 1 \m |0 ° [ TFAM - Helios - ID:

Fig. 8 SEM images obtained with a primary electron energy of 30 keV and also collecting back-scattered
electrons from a a polished AM50 substrate surface and b a laser-treated AM50 surface
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be inferred from Fig. 8b. Moreover, the upper regions of the EDX maps shown in Fig. 3
indicate that an uptake of oxygen containing species into the sample surface resulted
from the laser treatment, with the thickness of the thus chemically modified layer
amounting to some hundred nanometers. Finally, the surface of the non-centrosymmet-
ric reaction layer can be tuned by varying, e.g., the concentrations of oxygen and car-
bon dioxide in the gas phase during laser treatment. Exposing pristine surfaces of light
metal samples, e.g. aluminum, to gas mixtures containing O, and CO, has been shown
to result in the formation of reaction layers with different thickness and composition as
compared to exposure in pure O, or CO, at room temperature [25]. The formation of
carbonate-based surface groups can be inferred from the XPS investigations compar-
ing a laser-treated AMS50 surface to a polished surface. Figure 9 displays survey spec-
tra (Fig. 9d) and the detail photoelectron emissions obtained for the C 1s (Fig. 9a), O
1s (Fig. 9b), and Mg 2p. (Fig. 9c) regions when investigating a polished AM50 surface
or a laser-treated surface. In detail, the C1 s spectra showed signal contributions cen-
tered at 285.0 + 0.1, 286.2 £ 0.2, 287.8 £ 0.1, 289.2 &+ 0.2, and 290.4 £ 0.2 eV which
are attributed to hydrocarbonaceous carbon, C*~0O, C*= O, and carboxylic or carbonate
species, respectively [25-28]. The Cls spectra revealed the formation of highly oxidized
carbon species with binding energies higher than 289 eV, based on a carbon surface con-
centration around 25 at.%. The O 1s spectra showed signal contributions centered at
530.0 £ 0.2 and 532.0 £ 0.2 eV which are attributed to oxide and hydroxide or carbonate
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Fig. 9 XPS results obtained fora the C1's, b the O1 s, € the Mg2p, and d the survey regions when investigat-
ing a polished AM50 surface (a) or a laser-treated surface (b). The intensities for the detail plots a, b, and c are
normalized with reference to the respective total signal area

Page 10 of 15



Stamboroski et al. Appl Adhes Sci (2016) 4:6

species, respectively [27, 29]. Finally, the Mg 2p spectra showed signal contributions
centered at 48.4 £ 0.1 eV (only in the case of the polished AM50 surface), 50.0 £ 0.2, and
50.9 £ 0.2 eV which are attributed to metallic magnesium, magnesium oxide and mag-
nesium hydroxide or carbonate species, respectively [27, 29]. The Mg 2p spectra reveal
the formation of a more than 10 nm thick reaction layer comprising oxidized magne-
sium species as a consequence of the laser treatment.

As presented in Fig. 6, laser-treated AM50 substrates showed strongly delayed hydro-
gen bubble formation upon contact with liquid water as compared to the polished sam-
ples. In addition, XPS investigations performed with a variation in the time of contact
between a polished AM50 surface or a laser-treated surface and a water film revealed
that the increase in the [Al]/[Mg] surface concentration ratio was strongly delayed in the
case of the laser-treated surfaces (cf. Fig. 10). This shows that the dynamics of the inter-
action between a water film and an AM50 substrate can be tuned by the formation of a
sub-microscopic reaction layer using laser treatment.

An even stronger delay in hydrogen bubble formation can be achieved by applying an
aqueous formulation of a layer-forming polymeric corrosion inhibitor (p.c.i.), namely
G50 wb, to a polished AM50 surface [12]. As revealed by the results presented in Fig. 6,
this effect resulted from the polymer additive G50. It is clear that adding 0.2 wt% TEA
to water to adjust a slightly alkaline pH value of around 8 only marginally affects the
onset of hydrogen bubble formation or the area density of hydrogen bubbles observed
after 30 s. Following the results displayed in Fig. 11, lowering the polymer concentration
in the formulation in contact with the polished AM50 surface resulted in an increased
hydrogen bubble density, as observed after 20 min of immersion. This effect became
more pronounced as soon as a minimum concentration of around 0.5 wt% was no longer
maintained. A non-centrosymmetric polymer layer structure was suggested based on
dissipative particle dynamics (DPD) simulations [12], and a polymer adsorbate effective
in delaying the interaction between the AM50 surface and a liquid water film appeared
to be preferentially formed when the polymer solubility in the aqueous formulation was
exceeded. Such behavior may be expected for the adsorption of amphiphilic molecules.
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Fig. 10 XPS results obtained for the [All/[Mg] surface concentration ratio when varying the time of contact
between a polished AM50 surface or a laser-treated surface and a water film

Page 11 of 15



Stamboroski et al. Appl Adhes Sci (2016) 4:6 Page 12 of 15

%)

N_ 1004

Area density of H,bubbles (mm

—
0.0 0.2 0.4 0.6 0.8 1.0
concentration [wt%]

Fig. 11 Hydrogen bubble formation test results obtained when varying the concentration of an aqueous
formulation of polymeric corrosion inhibitor (G50 wb) in contact with a polished AM50 surface for 20 min

With the resistance of the resulting polymer films to rinsing with water, they seem to
be promising candidates for application not only as surfactants but also as interfactants,
should further films be intended to be grown on top of a polymer-coated surface. Unlike
surfactants which are active at the surface of (multi)layer systems, the concept of inter-
factants was introduced for layers which are more strongly bound to the substrate than
the film to be grown [30], and which affect the kinetics of the subsequently growing
molecular layers. Interfactant layers are generally discussed in the context of growth
occurring from species adsorbed from the gas phase, and they may form wetting layers
separating molecular films from a substrate [31] and constituting a diffusion barrier [32].
Moieties forming interfactant layers can be atomic, molecular or ionic species, and the
concept could be extended to strongly adsorbed polymeric species affecting the growth
of subsequent molecular layers from a condensed phase.

Finally, such an approach may also be applied for adsorbates formed from patchy
globular polypeptide nanoparticles such as the hydrated enzyme laccase. Layers on sil-
ica surfaces obtained from aqueous mixtures with maltodextrin at a pH value of 4.8 have
recently been shown to be resistant to rinsing with water [13]. With respect to the inter-
action between polished AM50 surfaces and aqueous suspensions containing laccase and
maltodextrin at neutral pH values, the Hydrogen Bubble Formation Test indicated a fast
formation of adsorbates that delayed the onset of hydrogen bubble formation, as shown
in Fig. 6. Moreover, the results of the SPM investigations displayed in Fig. 5 indicate that
after the immersion of polished AM50 substrates for 15 s (Fig. 5b), grooves resulting from
polishing could still be perceived, and that an rms roughness of 12 nm was obtained. The
surface morphology was similar to that of polished AM50 (Fig. 5a) and clearly distinct
from that obtained for AM50 substrates immersed in water for 15 s (Fig. 5¢). Thus, the
biopolymer mixture adsorbs fast enough to affect the onset of hydrogen bubble forma-
tion upon reaction of the inhomogeneous surface of the magnesium alloy with water.
The results of the XPS investigations obtained for films on AM50 substrates are shown
in Table 1. These indicate the detection of nitrogen containing species characteristic of
laccase following contact of AM50 with aqueous biopolymer formulations containing
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Table 1 Results of XPS investigations, with surface concentrations given in atomic %
(at%), performed for polished AM50 samples and AM50 substrates in contact for distinct
periods with aqueous (aq.) biopolymer formulations containing laccase and maltodextrin

Sample [N] (at.%) [CI*%! (at.%) [C*-OJ/[CI*®! [Mg]*°*® (at.%) [Mg°l/[Mg]®t®
AM50, polished - 29.1 0.18 235 023
AM50, 15 s immersion 19 31.2 0.25 258 0.24
in ag. laccase
AM50, 60 s immersion 15 334 0.26 18.0 -
in aq. laccase
AM50, 30 min immersion 26 40.1 0.34 13.8 -
in ag. laccase

laccase and maltodextrin for distinct periods, while species containing oxygen-bonded
carbon atoms C*—O contained in maltodextrin were found on non-rinsed samples.

In summary, four approaches are depicted in Fig. 2. Cases a and b comprise dry pro-
cesses with reactive precursors and a physical energy impact. Cases ¢ and d comprise wet
processes and are based on adsorption at room temperature. These approaches may be
compared with respect to their effectivity in delaying the onset of hydrogen bubble for-
mation in water films that are in contact with magnesium alloy surfaces, as illustrated in
Fig. 6. Concerning the approaches based on dry processes, layer systems with a thickness
of between 0.1 and 1 um have been presented. Closed, dense and smooth, and integrally
applied SiO,C,H,-type plasma polymer layers deposited in low pressure plasma showed
superior effectivity compared to reaction layers formed locally by laser treatment in air.
Tuning the composition of the gas phase and further optimizing the parameters guiding
the energy impact during the laser treatment will contribute to increasing the performance
of these layers. In comparison with PECVD or high-energy laser [22] processes the appli-
cation of liquid formulations by dipping or spraying facilitates a less elaborate or milder
surface functionalization, resulting in thinner layers allowing for instance the modification
of nanostructured substrates [33, 34]. Concerning the approaches based on wet processes,
the investigated natural biopolymer mixtures containing laccase and maltodextrin, as well
as the synthetic amphiphilic polymers optimized for the application on aluminum alloys
[35], showed multi-metal effectivity evidenced by a fast adsorption on AM50 surfaces,
resulting in layers with a thickness between 0.001 and 0.01 pm. Using an aqueous G50 wb
formulation revealed superior performance in suppressing the formation of hydrogen bub-
bles for time ranges of up to 20 min. That is a time-scale comparable to that required for
the drying and hardening of water-based primer, coating or adhesive systems. Combining
such approaches with the application of a preceding dry process, as shown for cases a and
b, may further enhance the performance of the functional layer system.

Conclusions

In this contribution, the effects of barrier layers, which had been applied to polished
magnesium alloy AMS50 surfaces either by the deposition of siliceous polymer coatings
in low pressure plasma processes, by laser surface treatments in controlled gas atmos-
pheres, or by dipping in liquid formulations containing a recently developed polymeric
inhibitor or a mixture of the enzyme laccase and the polysaccharide maltodextrin, were
monitored with regards to their interactions with molecular water films. These films
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may be comprehended as a simplified implementation of mixed molecular films that are
essential during the build-up of adhesion in painting or adhesive systems. For this pur-
pose, we described the design of layer systems composed of single, non-centrosymmet-
ric layers deposited using process materials and protocols that can be applied to various
substrates. Combinations of the layer-forming processes presented may result in an even
more effective multilayer-functionalization of magnesium substrates.
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