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Abstract In this work, the first few nanometres of the
surface of ZnMgAl hot-dip-galvanised steel sheets were
analysed by scanning Auger electron spectroscopy, angle-
resolved X-ray photoelectron spectroscopy and atomic
force microscopy. Although the ZnMgAl coating itself is
exhibiting a complex micro-structure composed of several
different phases, it is shown that the topmost surface is
covered by a smooth, homogeneous oxide layer consisting
of a mixture of magnesium oxide and aluminium oxide,
exhibiting a higher amount of magnesium than aluminium
and a total film thickness of 4.5 to 5 nm. Especially by the
combined analytical approach of surface-sensitive methods,
it is directly demonstrated for the first time that within
surface imprints—created by industrial skin rolling of the
steel sheet which ensures a smooth surface appearance as
well as reduced yield-point phenomenon—the original,
smooth oxide layer is partly removed and that a layer of
native oxides, exactly corresponding to the chemical
structure of the underlying metal phases, is formed.
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Introduction

Hot-dip galvanizing is an effective method for the corrosion
protection of steel surfaces and makes steel applicable as
the most important raw material for the automotive,
building and household appliance industry. In the last
35 years, considerable research efforts were undertaken to
improve the corrosion resistance of the zinc-based coatings
by adding, e.g. magnesium and aluminium to form Zn—
Mg—Al alloys, with typical values of the magnesium and
aluminium concentrations in the zinc bath ranging from 0.1
up to 11.0 wt.% [1-8]. Within a variety of recent studies, it
was shown that the corrosion protection of these ZnMgAl
layers is significantly enhanced compared with standard hot
dip galvanized Zn coatings [2, 3, 9-13].

Since corrosion attack mostly starts at the surface of the
coating and not from the bulk, the exact knowledge of the
initially formed surface with respect to the surface structure,
surface morphology and chemical composition is crucial.
However, in most of the to-date published papers only the
corrosion behaviour was discussed on the basis of analysis
of corrosion products formed on the surface and in the bulk
of the coatings after salt spray tests. Moreover, there are
only a few other scientific contributions within the literature
that give a better understanding of the structure, the
corrosion mechanisms and behaviour of Zn—Mg-coated
steel originating, e.g. from electrodeposited Zn and con-
secutively physical-vapour-deposited Mg (PVD) [14-16], a
system which might exhibit similarities to hot-dip-
galvanized Zn—-Mg—Al-coated steel sheets. In this context,
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Chen et al. [16] used this Zn—Mg PVD-coated steel system
in an X-ray photoelectron spectroscopy (XPS) analysis and
found a 5-nm thick layer of mostly MgO and its corrosion
products on the surface. From other references [17-19], it is
known that MgO is highly reactive with water and does not
possess appropriate corrosion protection, whereas its
mixtures with Al,O3 forming, e.g. MgAl,O, are signifi-
cantly more resistant.

Consequently, for a deeper understanding, we focus in this
work for the first time on a full characterisation of the surface
and subsurface layer of hot-dip-galvanized ZnMgAl coatings
on steel sheets, which can only be obtained by a combined
analytical approach using surface-sensitive methods. More-
over, the information about the formed surface structure will
also play a key role for further understanding of differences in
other important properties of such coatings—besides the
reported excellent corrosion protection—from the viewpoint
ofthe processability and applicability of the final product [20—
22]. It shall be especially clarified in this work if the surface
of the studied ZnMgAl coating system shows any
analogy to the surface of standard hot-dip-galvanized
steel with a homogeneous 5-nm-thick Al,Oj; layer on top
[23, 24] or if the surface structure is similar to the PVD
coated system analysed by Chen et al. [16], namely
covered by a 5-nm thick Mg oxide layer. As a third
possibility, the surface structure could also directly be
related to the inner structure of the ZnMgAl material itself;
from other works, it is well known that ZnMgAl-coating is
not uniform but exhibits different phases [25-27], and
therefore, the question arises if the surface oxides
correspond to the underlying pattern of the ZnMgAl
structure below the surface. Finally, a crucial aspect of
this paper is dedicated to occurring modifications in the
surface oxide structure on industrial samples resulting
from the subsequent skin-rolling process performed on the
final steel sheets.

Experimental
Sample material

All samples for this study were prepared at the
production line of voestalpine Stahl GmbH by hot-dip
galvanizing of cold-rolled steel sheets. The coating
layers exhibit a thickness of about 8 pm, adjusted by
air knives immediately after the dipping bath with a
concentration of 96 wt.% Zn, 2 wt.% Mg and 2 wt.%
Al. Furthermore, a part of the samples was subsequently
subjected to a skin-passing procedure, a common
process in the surface texturing of industrially produced
steel sheets by imprinting a micron-scale topographic
structure onto the coated steel surface.
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Prior to the measurements, all samples were cut into
pieces with dimension of 8x8 mm?” and cleaned in an
ultrasonic bath to remove adventitious surface contami-
nations (mostly carbon-based) originating from sample
handling in the production line. Our experience has shown
that only a rather complex cleaning procedure reliably
removes these contaminations, which e.g. would render
surface mapping by Auger electron spectroscopy (AES)
impossible due to heavy carbon re-deposition on the
surface in the area scanned by the electron beam. In
detail, it has been tried to take Auger element mappings at
first on ZnMgAl samples from the production line without
any further treatment and second on samples after simple
acetone and ethanol cleaning steps in an ultrasonic bath.
For both cases, the carbon contamination on the scanned
area was increasing with the number of subsequent scans.
To prevent this type of contamination, the beaker used for
cleaning in the ultrasonic bath is at first washed with a
solution of 50% sulphuric acid and 50% hydrogen
peroxide. For the following cleaning steps, the samples
are consecutively placed for 15 min in organic solvents,
namely tetrahydrofuran, isopropanol and ethanol, with
each step carried out twice and by always using a fresh
organic solvent.

Analytical methods

The majority of the analytical work for this study was
performed with a scanning AES Microscope JAMP 9500 F
from JEOL, which is equipped with a Schottky field emitter
and a hemispherical electron energy analyser to perform
Auger measurements in the range from 0 to 2,500 eV with a
spatial resolution down to 8 nm. As to the detector, the AES
spectra are simultaneously recorded by seven channeltrons
in parallel. Furthermore, an argon sputter gun with ion
energies between 0.5 and 3 keV for sputter depth profiling
is available. Alternatively, this gun can be used for charge
neutralising by using ion energies between 10 and 50 eV.

As a second surface analytical method, a Thetaprobe
system from Thermo Scientific was applied for performing
angle-resolved (AR-)XPS measurements. The system is
equipped with a monochromated AlK x-source with a beam
focus adjustable between 30 and 400 um and a dual flood
gun (low-energy electrons and argon ions) for effective
charge neutralisation. The angle-resolved data is simulta-
neously acquired in a range between 20° and 80° with
respect to the sample surface normal by a 2D detector with
112 energy channels and 96 angle channels. AR-XPS data
obtained in this way can subsequently be processed for the
reconstruction of virtual, i.e. non-destructive, depth profiles
of the topmost surface layers, being an option available in
the Avantage software package provided by Thermo
Scientific.
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Further analytical and preparative tools used in this work
comprise a 1540 XB focused ion beam (FIB) system from
Zeiss for sample preparation and cutting, a 200 keV
transmission electron microscope (TEM, JEOL-2011 sys-
tem) as well as an atomic force microscope (AFM,
Dimension 3100) from Veeco. The AFM was used in
tapping mode, and the resulting scans were processed with
gwyddion and ImagelJ software.

For advanced analytical investigations and direct
comparisons, Auger element mappings and AFM topog-
raphy images of the same area could be achieved by
first scanning an area with AFM and marking the region
in the optical micrograph taken in the AFM. After-
wards, the sample was placed into the AES system in
which secondary electron images were taken to identify
the same area. After adjusting the sample rotation and
magnification, complementary Auger element mappings
were performed.

Results
General overview of coating structure

For initial characterization and obtaining general informa-
tion on the fabricated ZnMgAl coatings, a cross-section of a
typical layer was prepared by FIB-cutting of a 1-pm thick
lamella, which was mounted onto a copper grid and
transferred for elemental mapping to the SAES system.
As can be seen in Fig. 1 and as already previously reported
[25-27], the coating exhibits a complex microstructure
composed of several different phases, including a primary
zinc phase (Zn-dendrites, also with embedded and very
small Al precipitations), a binary eutectic consisting of zinc
and the hard, intermetallic Laves phase MgZn, [26], a
ternary eutectic consisting of the former two phases
including aluminium, which might also build up a dendrite
structure on its own [27].

AES sputter depth profiling

In order to clarify the nature of the topmost surface
layer which is formed on the ZnMgAl coatings, sputter
depth profiling by AES was performed. The depth
profiles were made on different points on the cleaned
surfaces, corresponding to regions with different phases
of the sample. For these measurements, the primary
electron beam parameters were set to 15 kV, 200 nA
with a spot size of 1 pum. In addition, the sample was
tilted towards to the analyser so that the spectra can be
regarded as more bulk-sensitive. The argon beam
parameters for sputtering were set to 3 keV,
corresponding to 25 nm etching per minute on SiO,.

Zn dendrite

binary eutectic
MgZn, - Zn

Steel substrate

ternary eutectic
MgZn, - Zn - Al

Fe,Al_inhibition layer
[—— Do

Mg KLL  AIKLL

Fig. 1 FIB lamella of a ZnMgAl coating on steel substrate. In the
upper picture, a secondary electron image, and in the lower one, the
corresponding Auger element mapping is shown

Each sputter cycle lasted for 5 s (~2 nm in SiO,) per cycle.
After each sputter cycle, the spectra for all relevant
elements were recorded with an energy resolution of the
analyser set to AE/E=0.1 eV for obtaining high-resolution
scans.

In Fig. 2, the first ten cycles of such a depth profile
performed in a region with a ternary eutectic is shown.
It is clearly seen that the oxygen peak is highest at the
surface and then vanishing with increasing depth. This
behaviour corresponds exactly to the evolution of the

@ Springer



654

M. Arndt et al.

Intensity (cts.)

—t—
490 495 500 505 510 515
Kinetic Energy (eV)

Intensity (cts.)

r I“' r I‘ll r
1160 1170 1180 1190
Kinetic Energy (eV)

Fig. 2 The first ten cycles of an AES sputter depth profile are given,
with each sputter cycle being equivalent to an etching step of 2 nm in
depth on SiO,. The spectra in the background correspond to the
surface and the ones in the front represent spectra when reaching into

oxide peaks of Mg and Al, which are shifted in the
spectra by several electronvolts towards lower kinetic
energies with respect to the metal peaks: The respective
oxide peaks of Mg and Al disappear with increasing
depth, whereas the metal peaks of Mg and Al emerge.
In contrast, Zn does not exhibit an oxide peak, but a
metallic peak emerges simultaneously with the disap-
pearance of the oxides. Interestingly, depth profiles
performed on the surface region of a Zn dendrite look
identical within the first ten sputter cycles.

For a more detailed and quantitative analysis, the atomic
concentration of the different elements—also divided into
in their oxide and metal states—is plotted in Fig. 3 versus
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the bulk. In the Mg and Al spectral range, oxide peaks located some
electronvolts towards lower kinetic energies with respect to the metal
peaks are disappearing with increasing depth. Zn could not be
detected on the surface neither in elemental nor in oxidic form

the estimated sputter depth. In order to obtain the respective
atomic concentrations, reference spectra for all species
observed in the measured spectra were taken from the
database supplied by JEOL, namely O from MgO and
Al,O3, Zn metal, Mg from metallic Mg and MgO as well as
Al from metallic Al and Al,Osz. All spectra were then
differentiated for background subtraction, and a linear least-
square fitting routine for fitting the measured spectra with
the reference data was carried out. The obtained concen-
trations were then summed up and normalised to yield
100% in total.

From the resulting diagram in Fig. 3, the presence of a
mixed layer containing magnesium oxide and aluminium
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Fig. 3 AES depth profile (with a sputter rate for SiO, since it is not
practicable to define a sputter rate of a multi-component material) on a
ZnMgAl surface splitted into different chemical states by fitting
reference spectra by LLS

oxide is again confirmed, with a higher amount of Mg than
Al (15% versus 10%). Below this oxide layer, Zn, Mg and
Al are solely present in their metallic form.

— M

AES surface elemental mapping

In order to detect a potential influence of the underlying
phases and intrinsic structures of the eutectics on the
formed surface oxide layer, AES surface maps were
performed. Already the AES depth profiles described
above and carried out on different regions corresponding
to the various phases observed in the ZnMgAl coat-
ings hinted to a rather uniform distribution of Mg and
Al in the topmost layer, as now exemplarily confirmed
in the AES surface maps of Fig. 4, performed with a
primary beam energy of 30 keV and an emission current
of 10 nA.

The topmost left picture shows the secondary
electron image of the analysed area. The observed area
is not homogeneous but shows the typical structure of a
ternary eutectic. Since the secondary electrons (SE)
have a higher inelastic mean free path in matter due to
their lower energy (<20 eV) when compared with

Zn oxide | | mmm—1pm Zn metal

J— 1pm - ' 1pm )

Mg oxide | | mum— 1pym Mg metal

Al metal

Al oxide | | s 1pm

Fig. 4 Elemental and chemical state AES mappings on a ternary
eutectic. The Zn, Mg and Al mappings are split respectively into oxide
and metal part. One can see that the Mg and the Al oxide are quite

uniformly spread over the area. The carbon particles stem from residual
contaminations which could not be removed by the cleaning procedure
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Auger electrons (for Zn, Mg and Al roughly 1, 1.2 and
1.4 keV), they are more bulk-sensitive than the Auger
electrons. In contrast, since the sample surface was
tilted for these measurements by 60° away from the
detector, the information obtained from the Auger
electrons is very surface-sensitive. In addition, the
mapping was performed in constant analyser energy
mode with the pass energy chosen in such a way that
one channeltron of the detector recorded the signal of a
metal peak whereas a second channeltron was covering
the corresponding oxide peak for a subsequent dis-
crimination of oxidised and metallic state. The remain-
ing channeltrons covering higher energy ranges were
used for recording the background. The intensity scale
in the resulting images of Fig. 4 is therefore defined as
I=(P—B)/(P+B), with P defined as peak signal intensity
and B being the intensity recorded on the background
position.

In contrast to the SE image, the results of the AES maps
of Fig. 4 show that the Mg and Al oxides are homoge-
neously distributed and do not follow the underlying
eutectic structure of the bulk. Similar mappings were
carried out also on other areas of the surface (not shown
here) with the same result of confirming a uniformly
distributed MgAl oxide layer.

Fig. 5 AES element mapping
of a skin passed surface with
overview SE images in the
upper row. The lower right
picture shows the overlay of the
Zn, Mg and Al AES mapping
(Zn: red, Mg: green, Al: blue),
whereas the lower left one
depicts the corresponding SE
image of the same region
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AES element mappings on industrial sample surface

Skin-rolling is a standard processing step in the steel
production industry. Consequently, analogous AES
analytics was carried out for skin passed surfaces, as
depicted in Fig. 5. The darker areas visible in the SE
images correspond to imprints with a depth of about 2 um
and with lateral extensions in the order of magnitude of
100 um. For a direct comparison of the different surface
regions, AES mapping was performed close to an edge of
an imprinted region. The results of the AES mappings are
shown on the lower right picture of Fig. 5, where an
overlay of the mappings of Zn (red), Mg (green) and Al
(blue) is presented (mappings of C and O not shown).
One can clearly see on the left side of the image that a
homogeneous mixture of Al and Mg, as observed before
on the non-skin passed surface, is present since, in this
area, there is no structural correlation to the underlying
metal structure, which is visible in the corresponding SE
image on the corresponding lower left picture. In contrast,
in the imprinted region a direct correspondence between
the structure of the eutectic observed by SE and the
detected elemental distribution, with Zn represented by
the red colour, becomes visible. These results directly
show that the skin passing process breaks up and partly




Nanoscale analysis of surface oxides

657

removes the primarily existent MgAl oxide layer in the
imprints and that subsequently the native oxides of the
different phases are formed on the surface.

AFM investigations

For a more thorough investigation of the effect of skin
passing on the surface structure, AFM scans were
performed to compare the topography of the pristine
MgAl oxide covered surface with the surface in the
imprints.

In Fig. 6, the results of the performed AFM scans of
different regions are shown. On positions 2 and 4 (Root
mean square roughness values (rms) are 24.4 and
14.5 nm, respectively), located on the plateaus, the
surface is evidently much smoother than in the valleys
as measured on positions 1 and 3 (rms, 45.2 and
60.9 nm), where native oxides of Zn, Mg and Al
formed due to the direct contact with air after skin
passing. Interestingly, the measurement taken from
position 1, although being located in an imprinted
region, also exhibits in the middle of the scanned area
a rather smooth feature. The same area, which was
investigated by AFM was therefore analysed by AES
(Fig. 7), showing that the original smooth and uniform
MgAl oxide layer is broken up by the skin passing
procedure and that small remaining flakes are pressed into
the coating: The smooth area in the AFM scan matches
exactly the cyan colour of the AES mapping which proves
the existence of the MgAl oxide layer, also observable as
brighter region in the SE image. In contrast, the rougher
topography of the AFM images exactly corresponds to the
region with surface imprints and in such areas only native
oxide structures could be observed.

Fig. 6 AFM topography scans in different regions on the surface of a
skin passed ZnMgAl-coated steel sheet. The positions are shown in
the SE image on the left. Positions 1 and 3 are located in the imprint

Position1

ARXPS non-destructive depth profiles

In order to answer the question of the exact thickness
of the observed pristine MgAl oxide layer, AR-XPS
analysis was performed, since the above presented AES
depth profiles gave only an approximate idea, due to
the unknown sputter rate for the present material.

The XPS measurements were solely performed on non-
skin passed samples, due to the rather extended spot of the
used X-ray source.

In Fig. 8, a so-called relative depth plot of the surface
elements that where found via XPS is depicted, giving
an average depth position of each element relative to
the others. The plot was calculated from the angle-
resolved data of Fig. 9a, comprising six different angles,
by taking the logarithm of the ratio between the bulk-
sensitive angles and the surface-sensitive angles. As
one can see, the surface is covered by a carbon
contamination, whereas below a mixture of O, Mg
and Al is found, with Zn being finally located in the
bulk.

For further calculations, a simple three-layer model was
defined, with Zn bulk material covered by a MgAl oxide
layer and a carbon contamination film on top. Again, the
AR data of Fig. 9a is taken, and a virtual depth profile is
reconstructed in an iterative way according to the Lambert—
Beer-Law and by taking the attenuation lengths of the
electrons of all involved peaks in all of the overlying layers
into account [28]. As can be seen from the results of
Fig. 9b, a layer thickness between 4.5 and 5 nm, averaged
over the 400 um spot size of the X-ray beam, could be
determined. This layer thickness was finally confirmed on
selected regions by comparative TEM measurements (not
shown).

Position2

0.07um

craters and positions 2 and 4 are on located on the plateaus. The
topography in the valleys is much rougher then those of the plateaus
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0,09 pm

®: 10,0 pm

AES

Fig. 7 Position 1 from Fig. 6 is mapped again with AES. The topography of the AFM scan is matching perfectly with the elemental information

from the AES mapping (Zn red, Mg green, Al blue)

Discussion

The results shown above can be combined with already
existing knowledge to build a model explaining the
formation and structure of oxide layers on ZnMgAl
coatings produced by hot dip galvanisation. In detail,
the to-be-coated steel sheet passes through a bath of
molten Zn-Mg—Al alloy with a composition of 96 wt.%
Zn, 2 wt.% Mg and 2 wt.% Al. When the steel sheet is
pulled out of the bath a ZnMgAl layer remains on the
steel surface still in a molten, liquid state. Within this
layer, the most oxygen affine elements immediately
react with oxygen from the air of the surrounding
environment and the reaction products precipitate and
segregate on the surface to form the oxidic layer on the
top. This process is already described for the formation
of Al,O5 oxide layers on the surface of standard hot dip
galvanized zinc coatings emerging from coating baths
containing only as few as 0.2 wt.% Al [23]. The

Cis O1is
0,3

0,2

0,1
0 ]

Mg2p Al2p Zn2p3

® 4 surface

-0,1 ©

-0,2

-0,3

-0,4 ® \
-0,5

Relative Depth

I bulk

Fig. 8 Relative depth plot of the measured elements by XPS on the
surface of a non-skin passed ZnMgAl-coated steel. The y-axis
corresponds to the average depth position where the respective
element signal relatively to the other elements is found. The whole
depth of information is limited by the inelastic mean free path of the
involved electrons coming from a range of about 6 nm
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following basic chemical reactions can now potentially
occur in the present material system:

2Zn + Oy — 2Zn0O (1)
2Mg + O, — 2MgO (2)
4A1 + 30, — 2A1,05 (3)

From the Ellingham diagram, it can be found that Mg, as
the most oxygen affine element in the ZnMgAl system, is
followed directly by Al with the second highest affinity to
oxygen [29]. In detail, the relative differences in the
standard free energies of formation of oxides AG® between
reactions 1, 2 and 3 are constant in the temperature window
between 0 °C and 1,000 °C, thus including the temperature
conditions under which the coatings were produced.
However, the difference AG® between ZnO formation 1
and MgO formation 2 is approximately 500 kJ mol ' O, as
taken from the Ellingham diagram, much higher than the
difference between MgO (Eq. 2) and Al,O3 formation
(Eq. 3) with only 100 kJ mol™' O,. Hence, one could expect
a formation of oxides on the surface with high magnesium
and aluminium and low zinc content. This theoretical
prediction is matching the experimental results, as the
AES depth profiling results in Fig. 3 show Mg and Al
oxides on the surface, but no Zn oxide. Moreover, the
concentration of Mg oxide is significantly higher than the
Al oxide concentration. In a similar way, the AR-XPS
results of Fig. 9a show a higher Mg than Al concentration.
However, this result has to be handled with care since the
XPS peak intensities were not divided into oxidic and
metallic contributions, and in the AES depth profile a
higher Mg-to-Al metal ratio was found, an effect which
could influence the AR-XPS result as well.
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Directly after its formation, the oxidic layer on the
surface can be regarded as solid, because the consid-
ered Al and Mg compounds, namely MgO, Al,O3, have
melting points above 2,000 °C. Furthermore, we have
previously found indications—by analysing high energy
resolution XPS spectra of Mg—for the formation of an
alternative compound with high melting point, namely
MgAlL,O4 spinel (Eq. 4) inside the MgAl oxidic layer
[30].

The formed solid oxide layer can then prevent further
oxidation of the zinc coating. This is in good agreement
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Fig. 9 Graph a shows the measured relative intensities (normalized to
1) for six different angles. Graph b shows the result of a calculation on
the basis of a three-layer model of Zn, MgAl oxide and C. The thickness
of the MgAl oxide layer is determined to be between 4.5 and 5 nm

with the AES depth profiling results shown in Fig. 3
where no ZnO was detected. The thickness of the oxide
layer is uniform as shown in the Auger mappings of
Fig. 4. The thickness was also measured via XPS as
depicted in Fig. 9b and confirmed the findings of the
Auger mapping. When the oxidic layer has built up, the
underlying Zn metal layer is still liquid and solidifies later
during cooling with typical Zn dendrite structures, Al
dendrites and the binary and ternary eutectic, as shown in
Fig. 1. A confirmation for this part of the model can be
found in the fact that the surface oxides are not following
the intermetallic structures underneath, as proven in Figs. 4
and 5. Also, the smoothness of the pristine surface, shown
in the AFM scans of Fig. 6, is an indicator for the early
oxide formation, otherwise the roughness of the surface
would be higher if the dendrite structures are formed
before.

The next step within the production process is the
skin passing procedure. The ceramic MgAl oxidic layer
is supposed to be harder and more brittle than the
underlying metals and intermetallic alloys in the body
of the coating. Therefore, it is assumed that the smooth
oxide layer breaks into fragments which can partially be
pressed into the metal on sites where the skin passing
roll produces the imprints. In Fig. 7, such a small
remaining fragment of the top oxidic layer, which is
pressed into bulk material, is shown. The small brighter
spots in the crater in the upper right picture of Fig. 5
directly show the distribution of these fragments. In
addition, for the majority of the area in the imprinted
craters, the metallic constituents appear on the surface, as
proven in the AES mapping of Fig. 5. On the inhomoge-
neous metal surface, native oxide layers will be formed
immediately (due to contact with air or rolling emulsion),
but these passive layers are much thinner than the pristine
MgAl oxide layer, resulting from a low, near-ambient
temperature during the skin passing procedure. All these
considerations are strictly only valid for equilibrium
conditions and do not take kinetic effects or different
reaction paths into account.

However, there are still open questions in the
discussed model: By regarding the Ellingham diagram,
one would expect gradients in the Mg and Al concen-
trations when going into the depth of the shallow
surface layer, namely a higher Mg concentration on
the surface of the MgAl oxide layer and a higher Al
concentration towards the interface region between the
surface oxide layer and bulk of the coating. Indeed, the
relative depth plot of Fig. 8 from the ARXPS data
indicates that the centre of the Al signal is situated in
average below, but very close, to the centre of the Mg
signal. This aspect has to be further clarified and is
currently topic of our ongoing studies (Fig. 9).
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Conclusions and outlook

In this work, the surface of ZnMgAl coatings produced by
hot-dip galvanizing of steel sheets was analysed for the first
time in depth by combining AES, ARXPS and AFM in
order to shed light onto possible influences of the outermost
oxide-layer in case of, e.g. initial corrosion attack, based on
the special kind of surface structure, surface morphology or
chemical composition. As a result, a thin, smooth Mg—Al-
based oxide layer was found on the surface of the coating
by AES depth profiling. The lateral distribution of this layer
was proven by AES mapping to be homogeneous. The
thickness of the layer lies between 4.5 and 5 nm, as
measured by ARXPS. On skin passed samples, it could be
confirmed via combined AFM measurements and AES
element mappings that this layer is destroyed in the
imprinted regions, whereas on the rest of the surface of
the coating this layer is still present. Furthermore, the
topography of the oxide layer was found to be significantly
smoother than the surface inside the imprint regions, as
determined by AFM. According to the results of the AES
measurements, the surface oxide layer contains more Mg
than Al oxidic compounds, being in good agreement with
the complementary XPS results.

On the basis of the obtained results, a model of the forming
mechanism of the coating was proposed to explain the
observed chemical composition and the resulting topographic
structure of the surface of the ZnMgAlI coatings.

As an outlook, for the verification of included spinel
structures in the MgAl oxide layer, TEM and selected area
electron diffraction measurements are proposed and will
follow in case that the layer is (partly) crystalline. In a similar
way, secondary ion mass spectroscopy could be used to find
indications for a spinel structure. For proving the proposed
gradient of the Mg and Al concentrations, more surface-
sensitive tools will be applied. This could be done by AES
depth profiling and using the LVV or MVV Auger peaks of
Zn, Mg and Al with energies below 100 eV. The inelastic
mean free path of electrons in this energy range is far lower
than of the KLL or LMM transitions being in the energy range
between 1,000 and 1,400 eV, so the information depth
becomes shallower. An alternative approach, as suggested
by Tsutsumi et al. [31], is related to the application of a low-
angle incident primary electron beam for Auger analysis in
order to become more surface-sensitive.
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