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Abstract In this work, a novel evaluation strategy for
the X-ray photoelectron spectroscopy (XPS) chemical
assessment is proposed to identify the corrosion products
formed on the surface of hot-dip galvanized ZnMgAl
coatings after exposure to standardized salt spray tests.
The experiments demonstrate that the investigated system
exhibits a problematic differential charging behavior be-
tween the different compounds, an effect which cannot
be fully compensated for by the flood gun of the XPS
system, making a reliable evaluation of the individual spectra
impossible by using standard evaluation and fitting methods.
For that reason, a new effective approach—taking the differ-
ent charge shifts into account—was implemented and its
reliability experimentally verified on model mixtures of as-
sumed corrosion products with known composition. With
this new approach, the chemical surface composition of an
industrial sample of a corroded ZnMgAl coating was re-
vealed and discussed in order to clearly demonstrate the
potential of the proposed method for future corrosion
studies.

Keywords X-ray photoelectron spectroscopy . Surface
analysis . Data fitting . Charge shift . ZnMgAl coatings .

Corrosion products

Introduction

Hot-dip galvanizing of steel sheets with zinc is well
established to be a cost-effective surface treatment, provid-
ing sufficient corrosion protection. In the last decades,
considerable research efforts were dedicated to improving
the corrosion resistance of zinc coatings by the addition of
various alloying elements, like magnesium and aluminum
[1–5], with the exact anticorrosion mechanism of alloyed
zinc–magnesium–aluminum coating being studied [6–8],
but not yet fully understood. Since the corrosion attack
mostly starts from the surface of the materials, sophisticat-
ed surface analytic methods such as X-ray photoelectron
spectroscopy (XPS) play an important role in a majority of
recent corrosion studies as a complementary method to
other chemical, electrochemical, or physical analysis. XPS
might also act as a valuable tool for studying the initial
stages of corrosion, especially since the layer of formed
corrosion products may be too thin for bulk sensitive
methods such as for X-ray diffraction. To evaluate the
acquired XPS data and determine the exact chemistry of
the corrosion products formed on the surfaces of Zn-based
anticorrosion coatings, many different approaches have
then been used and were reported in the literature. As an
example, Zhang et al. [9] studied the effect of small addi-
tions of Mn onto the corrosion behavior of Zn coatings.
The presented XPS data were evaluated by using a quali-
tative approach: the measured peaks were de-convoluted
with symmetric peaks and the binding energies of the fitted
peaks were then assigned to certain chemical components
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by using external sources and databases from the literature.
In detail, some disproportions in the stoichiometry can be
found between claimed chemical states of zinc shown
simultaneously in the zinc and oxygen scans. Such imperfec-
tions may correspond to the facts concluded by Biesinger
[10]: although established databases for binding energies
[11, 12] or other sources of information as papers, gen-
erally provide sufficient data for chemical assessment of
rather simple systems, curve-fitting data for more com-
plicated complex systems of, e.g., mixed metal/oxides are
not included in the databases, which might cause small
errors or even misleading results of fitting due to a
number of effects as asymmetries of peaks, multiplet,
shake-up, or plasmon loss contributions. Since layers of
corrosion products formed on ZnMgAl coatings may also
include a large number of different, mixed chemical
states of zinc, magnesium, and aluminum [6, 7]—some
which may not have been fully identified and described
yet—the analysis should reflect on the chemical quanti-
fication, too. The measured stoichiometry of found chem-
ical compounds should meet the theoretical one in order
to confirm the reasonableness of the analysis. Such an
approach has been used by Hosking et al. [13] for a corrosion
study of ZnMg-coated steel. The binding energies of symmet-
rically fitted peaks were compared with internal and external
reference data and the revealed chemical components were
simultaneously discussed with respect to their expected
stoichiometry.

In this work, we present a different approach for
determining the surface chemistry of corrosion products
formed on the surface of hot-dip galvanized ZnMgAl-
alloyed coatings. Such coatings are also routinely ex-
posed to standardized corrosion conditions, like in salt
spray tests to foster the understanding of the exact
corrosion mechanisms. In this context, it is of interest
to find and verify a fast and reasonable strategy for the
evaluation of the XPS data in respect to the complicated
and complex system of the formed corrosion products.
A former fitting strategy, in analogy to that used in ref.
[14] for ZnCr coatings which is based on the recon-
struction of the investigated spectra by a linear combi-
nation of fitted spectra of pure reference materials, was
now found to be non-functional for ZnMgAl layers
giving inconsistent information on the observed stoichi-
ometry. For that reason, a new enhanced strategy was
developed, taking differential shifts of the different con-
stituents in the composed spectra into account. This
approach was successfully verified on model mixtures
of reference materials of expected corrosion products.
Furthermore, the procedure was finally applied for the
evaluation of a rough surface of a ZnMgAl steel sheet
corroded in a salt spray test, in order to reveal its surface
chemistry.

Experimental

Reference materials

To enhance the accuracy of the curve-fitting and reasonable-
ness of the chemical assessment, spectra of pure reference
compounds were used for fitting and evaluation of the ex-
perimental XPS spectra. An already developed reference
spectra library for our XPS tool, containing, e.g., Zn, ZnO,
Zn3(PO4)2, ZnCO3, ZnSO4·7H2O, ZnSO4, Al, Al2O3,
Al(OH)3, Mg, MgO, 4Mg(CO3)·Mg(OH)2, was extended
with known corrosion products of Zn, Mg, and Al as, e.g.,
stated in [6, 7]: Zn5(CO3)2(OH)6 (hydrozincite, basic zinc
carbonate), Zn5(OH)8Cl2·H2O (simonkolleite), and
Mg6Al2(OH)16CO3·xH2O (hydrotalcite). Hydrozincite (basic
zinc carbonate) was bought from SigmaAldrich, simonkolleite
and hydrotalcite were synthesized by us according to refs. [15,
16]. Raw data of XPS spectra of three main compounds of
ZnO, hydrozincite, and simonkolleite can be found in the
Electronic Supplementary Material (Tables S1–S3) to this
article.

Model mixtures of reference materials

For the verification of the chosen fitting method, model
mixtures of reference materials were made and measured
with XPS. Mixed samples of, e.g., hydrozincite–ZnO and
hydrozincite–simonkolleite were prepared by mild dry mill-
ing of powders with a pestle in a mortar. The composition of
the mixed samples were 50:50 wt%. To avoid any possible
and undesirable reaction or a chemical change, which might
have been induced by the pressure, temperature etc., the
mixtures were homogenized for only a short time of
10 min. The mixtures were not characterized in terms of
particle size distribution and homogeneity of mixed pow-
ders. Therefore, a direct comparison of the obtained concen-
trations from the top 5–7-nm surface layer region with the
nominal bulk concentration is not feasible, since, e.g., small-
er grains of one component could be surrounded by bigger
ones of the other component, resulting in a minor percentage
of the surface coverage, a fact which was also confirmed by
additional scanning electron microscopy imaging. Prior to
XPS analysis, the powder materials were pressed into small
sheets of an indium foil. No indium could be detected in the
XPS survey spectra.

ZnMgAl coatings

The ZnMgAl coating for this study was 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 μm, adjusted by air knives
immediately after the dipping bath, which consists of an
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alloy with 96wt%Zn, 2 wt%Mg, and 2 wt%Al. Furthermore,
the coating was subsequently subjected to a skin-passing
procedure [17].

For the corrosion tests, a flat panel measuring 150×100-
mm cut out from the industrially produced coil was used.
The panel for the corrosion test was cleaned by means of
alkaline solution (Ridoline C72W) and then exposed to the
standardized salt spray test (SST) according to DIN EN ISO
9227 (NSS) using 5 wt% of NaCl aqueous solution with
pH 7 regulated with NaOH at constant temperature of
35 °C for 8 h.

Prior to the XPS measurement, a sample with dimensions
of 20×50 mm was cut out of the corroded panel.

XPS analysis

For to the measurements, samples were usually mounted on
the sample holder using copper clips and the sample holder
was electrically grounded during the analysis. In addition,
some samples were electrically insulated from the sample
holder using microscopic glass slides and the sample holder
was not connected to the ground during the measurement in
order to examine the role of the sample’s grounding to its
charging behavior. XPS measurements were performed
using a Theta Probe XPS system (Thermofisher, UK) and
assessed by means of the Avantage software package pro-
vided by the system manufacturer. Samples were irradiated
with the monochromated Al-Kα X-Ray source (1,486.6 eV)
with a spot size of 400 μm and power of 100W. Spectra were
recorded in standard lens mode with pass energy of 50 eV,
dwell time of 50 ms, and 20 scans. A pass energy of 50 eV
has been chosen as a compromise value, providing for our
system a satisfactory energy resolution as well as reasonably
high sensitivity/ transmission. Charging effects were com-
pensated by the standard flood gun (FG) charge neutraliza-
tion device of the XPS system (Dual flood gun FG02,
Thermofisher, UK) delivering simultaneously a beam of
low energy electrons (−2 eV) and a beam of low-energy
argon ions. Prior to each experiment, the effectiveness of
the neutralization was tested and the flood gun parameters
were accordingly optimized. The C1s peak of adventitious
carbon at 285.0 eV was taken as a reference of charge-shift
correction for the measured spectra, including reference
spectra. In order to resolve the exact chemistry of corrosion
products, a linear combination fitting method included in the
Avantage software package was used, which enables the

measured spectra to be reconstructed with chosen reference
spectra, recorded by us under the same experimental condi-
tions. The quantitative analysis was performed using the
Zn2p3/2, O1s, C1s, Cl2p, Mg2p, and Al2p photoelectron
lines with linear or Shirley background subtraction and nor-
malization using Scofield sensitivity factors.

Results and discussion

Analysis of model mixtures

To verify the chosen strategy for the experimental data
evaluation, pure reference chemicals as well as their model
mixtures were at first measured with the same experimental
parameters. Recorded spectra of pure references—charge
shift corrected with respect to the C1s peak—were then
further used for the curve fitting of the mixed samples by
means of the linear combination method. The determined
binding energies of the Zn2p3/2peak, kinetic energies of the
Zn L3M45M45 Auger peak and the calculated modified Au-
ger parameter of the three main reference components ZnO,
hydrozincite, and simonkolleite are listed in Table 1.

In Fig. 1 XPS spectra of carbon, oxygen, chlorine, and
zinc (Fig. 1a–e) and a Wagner chemical state plot of zinc
(Fig. 1f) of a model mixture of hydrozincite and ZnO are at
first shown. The spectra (Fig. 1a–e) were here interpreted
using the strategy that the measured and charge corrected
data is directly fitted with a linear combination of the charge
corrected spectra of the pure reference chemicals,
hydrozincite, and ZnO. Already the carbon C1s peak of
inorganic carbon found at 289.5 eV (Fig. 1a) shows no
satisfactory match with the reference peak of the carbonate
group from the hydrozincite reference. The oxygen spectrum
(Fig. 1b) also cannot be fitted in a satisfactory way as a
combination of oxygen peaks from both, hydrozincite and
ZnO, with the fitted envelope not matching at all the raw
data. Since there is no chlorine-based component present in
the analyzed mixture, the chlorine scan (Fig. 1c) exhibits
only background noise. Zinc scans of Zn2p3/2 and
ZnL3M45M45 peaks fitted with both references reveal con-
tradicting compositions of the mixture: while the standard
fitting procedure of the Zn2p3/2 peak shows ZnO as the main
and hydrozincite as minor component of the mixture, the
second zinc peak of ZnL3M45M45reveals in contrast
hydrozincite as the main component and ZnO as the minor

Table 1 Binding energy of
Zn2p3/2, kinetic energy of
ZnL3M45M45 peaks and modi-
fied Auger parameter of mea-
sured reference materials: ZnO,
hydrozincite, and simonkolleite

Material BE of Zn2p3 (eV) KE of Zn L3M45M45 (eV) MAP (eV)

ZnO 1,021.6 988.3 2,009.9

Hydrozincite 1,021.5 987.8 2,009.3

Simonkolleite 1,021.8 987.5 2,009.3
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one. The Wagner chemical state plot of Zn (Fig. 1f) shows
two facts: (1) the binding, respectively kinetic, energies of
the fitted Zn peaks of reference materials are constant, which
is in agreement with this fitting strategy, and (2) the point
representing the un-fitted Zn peak positions of the mixture
possesses a value of the modified Auger parameter (MAP) of

2,009.5 eV, which is between the MAP of hydrozincite
(2,009.3 eV) and ZnO (2,009.9 eV), but shifted to higher
binding energy (BE) of Zn2p3/2relative to the positions of
both references. In total, the performed evaluation of the data
using the described standard procedure provides no reason-
able result and the known presence of hydrozincite and ZnO

a b c

d e f

Fig. 1 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and fWagner chemical state plot of a hydrozincite–ZnO mixture of powders fitted by
a linear combination fitting method with hydrozincite and ZnO reference spectra

a b c

d e f

Fig. 2 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and fWagner chemical state plot of a hydrozincite–simonkolleite mixture of powders
fitted by a linear combination fitting method with hydrozincite and simonkolleite reference spectra
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in the mixed sample could not be proven and reconstructed
in a unique way. It is equally evident that the basic and
usually taken approach of fitting symmetric peaks into the
raw spectra and evaluating the binding energies would also
give incorrect results.

The results for the above-presented standard fitting strategy
are presented in Fig. 2 for another mixed sample containing
hydrozincite and simonkolleite. Avery similar behavior is also
observed as in the previous case. The fitted carbonate peak of
hydrozincite (Fig. 2a) as well as the chlorine peak of simonko
lleite (Fig. 2c) does not fully match the raw data of the mixed
sample. The oxygen peak (Fig. 2b) and both zinc peaks (Fig. 2d,
e) were also unable to be correctly resolved with the reference
spectra, since the standard fitting method using a linear com-
bination gives in this case completely incorrect results, repre-
sented here as even negative contributions of simonkolleite for
demonstration purposes. It is evident that the physical mean-
ingful solution (i.e., negative component is set to zero) has an
even higher deviation from the measured spectra, or—if using
symmetrically shaped peaks and no reference spectra for
fitting—infinitely many solutions would be obtained. The
Wagner chemical state plot exhibits a similar trend as previ-
ously observed, with the position of the un-fitted mixed sample
being not in between the positions of both references. Also in
this case, the known composition of the mixed sample could
not successfully be confirmed by using a linear combination of
pure reference spectra.

Despite the fact that the used standard fitting strategy did not
work properly to identify the known components of the mixed
model samples, a similar trend can be found in both analysis
results. Although all measured data was charge corrected via

the CC–C peak at 285.0 eV prior to the evaluation process, small
differences in binding energy between peaks of reference ma-
terials and mixed samples can be observed. Whereas such a
charge referencing is naturally less precise for minor amounts
of adventitious carbon, like in the situation depicted in Fig. 1,
this effect is mostly noticeable in Fig. 2a with a pronounced
CC–C peak, and where the fitted carbonate peak of the
hydrozincite reference clearly seems to be shifted by 0.4 eV
from the peak in the mixed sample, or in Fig. 2c, where
similarly the chlorine peak of the simonkolleite reference
exhibits a shift of0.35 eV from the chlorine peak in the mixed
sample. The same effect is apparent in both Wagner plots in
Figs. 1f and 2f for the zinc peaks.

In order to gain more information for the origin of the above-
stated problem with fitting of the model mixed samples, an
additional set of measurements of the first samples’ system
(hydrozincite, ZnO, and hydrozincite–ZnO mixture) was
performed by using different ways of sample mounting: (A) all
three samples were measured as before, powders were pressed
onto the indium foil and conductively mounted on the grounded
sample holder; (B, C) samples on indium foil were insulated
from the sample holder using a microscopic glass slide; (C)
samples were mounted by the same way described as (B), but
a lower energy of the flood gun electrons was used (0.5 eV); and
(D) all three powder materials were mounted on glass slides
using non-conductive double-sided adhesive tape. The results
shown in Table 2 reveal again the same problems as demonstrat-
ed above by curve fitting: charge shift referencing via adventi-
tious carbon completely failed, since instead of a one certain
value of the BE for each peak and each compound/sample a
range of BEswas obtained as demonstrated for the Zn2p3/2 peak.

Table 2 Dependency of measured binding energies of Zn2p3/2 peak on different experimental conditions: electrical insulation of the sample from the
sample holder and energy of the flood gun electrons used for charge neutralization

Sample Measurement condition Zn2p3/2 BE (eV)

As measured Charge corrected FWHM

ZnO A 1,021.3 1,021.1 1.4

B 1,019.1 1,021.2 1.5

C 1,020.6 1,021.4 1.5

D 1,019.1 1,021.0 1.4

HZ A 1,019.7 1,021.7 1.8

B 1,020.9 1,022.0 1.9

C 1,022.0 1,022.0 2.0

D 1,020.0 1,021.3 2.0

ZnO–HZ mixed sample A 1,020.2 1,021.7 2.0

B 1,019.7 1,021.2 2.0

C 1,022.2 1,022.5 2.2

D 1,019.9 1,021.5 2.0

A grounded in foil with pressed powder on top, energy of 2 eV for FG electrons, B in foil with pressed powder insulated with glass, energy of 2 eV for
FG electrons; C in foil with pressed powder insulated with glass, energy of 0.5 eV for FG electrons; D powder held on glass, energy of 2 eV for FG
electrons
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A mismatch of the resulting data obtained for two very similar
situations, like (B) and (D), clearly indicates no beneficial effect
of the sample’s electric insulation during measurement. For these
reasons, electrically floating the samples did not bring any im-
provement and cannot be taken as a solution for the identified
problem of spectral shifts.

However, a reasonable explanation of the observed phe-
nomenon can be drawn with respect to the model of energy
levels and potential energy diagrams as exemplified for differ-
ent situations of charge build-up in theAl-Al2O3 system pro-
posed in the work of Baer et al. [18]. The stated model shows
that if the materials in the measured system are conducting, the
Fermi levels of thematerials are aligned as well as the potential
in the system is constant and all binding energies may be then
referenced to the BE of a known component of the system,
such as, e.g., the C1s peak of adventitious carbon at 285.0 eV.
Furthermore, the efficiency of the charge compensation is
known to be affected by many factors, as specimen composi-
tion, sample homogeneity, surface conductivity, and surface
topography. In addition, the used materials, taken as the sim-
ulated products of corrosion, exhibit very different electrical
properties (hydrozincite and simonkolleite are known to be
insulators [6, 7], on the other hand ZnO is a semiconductor
[19]), and the samples’ homogeneity cannot be considered to
be ideal due to different particle size of the used materials.
Thus, the observed differences in binding energies of
peaks are attributed to a combination of the misalignment of
energy levels among the materials in the samples and forma-
tion of steps in the potential or electric fields as well as

unsatisfactory neutralized charge built-up on the samples’
surfaces, even though the charge neutralization system was
optimized for each sample separately prior to each measure-
ment. Two possible ways were considered in order to
solve the above mentioned problem: (1) improvement of
the preparation steps of the mixed model samples, e.g.,
longer milling could result in a more uniform surface
composition, and (2) modification of the fitting strategy.
Due the heterogeneous nature of corroded ZnMgAl coatings,
being in the scope of the second part of this study and with
their surface being non-uniform and rough, the second way
was chosen for the following work.

Enhanced evaluation strategy

As demonstrated above, the original state-of-the-art strategy
for XPS data evaluation was found to be inapplicable for
complex systems like ZnMgAl corrosion products, so a new
evaluation strategy was developed. Taking the observed find-
ing from the previous section into account, differences in the
BEs between reference peaks and peaks in model mixtures are
considered to be persisting differential charging artifacts and
newly, so labeled, peak shift corrections for the reference
material spectra were additionally implemented to the evalua-
tion process. These corrections are not constant, but have to be
determined for each measurement position, since the environ-
ment and charging situation can critically differ. In detail, each
evaluated mixed sample was treated separately but in similar
fashion, i.e., the peak shift corrections for the spectra of

a b c

d e f

Fig. 3 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and fWagner chemical state plot of the hydrozincite–ZnOmixture fitted with enhanced
method with hydrozincite and ZnO reference spectra partially shifted by +0.4 eV for hydrozincite and −0.4 eV for ZnO
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reference materials were derived and calculated by following
way for eachmeasurement: the BE of a unique selected peak of
reference material referenced with respect to adventitious car-
bon method was subtracted from the normalized BE of the
analogous peak of the mixed sample. For instance, the carbon-
ate peak has been chosen for the calculation of the peak shift
correction for hydrozincite, since no other used reference

materials contained a carbonate group. For the same reason,
the Cl2p peak was used for the determination of the peak shift
correction of simonkolleite. Derived values were further ap-
plied to shift the remaining peaks of each reference material as
O1s, Zn2p, ZnL3M45M45, and the evaluation was then con-
tinued by the same way by using fitting with the linear
combination method.

Table 3 Comparison of three different fitting approaches using the data
acquired at different conditions: as measured (data without any correc-
tion, e.g., charge shift correction), fitting with charge shift corrected

data (via the adventitious carbon C1s peak at 285.0 eV) and fitting via
the proposed advanced method

Measurement conditions Fitting results

ZnO HZ ZnO–HZ mixture As measured Charge shift correction Proposed procedure

A A A ✗ ✗ ✓

B B B ✓ ✗ ✓

C C C ✗ ✗ ✓

D D D ✓ ✗ ✓

D D B ✓ ✗ ✓

A A B ✗ ✗ ✓

B B D ✓ ✗ ✓

A A D ✗ ✓ ✓

B B A ✗ ✓ ✓

D D A ✗ ✗ ✓

✗ failed, ✓ passed

A grounded in foil with pressed powder on top, energy of 2 eV for FG electrons, B in foil with pressed powder insulated with glass, energy of 2 eV for
FG electrons; C in foil with pressed powder insulated with glass, energy of 0.5 eV for FG electrons; D powder held on glass, energy of 2 eV for FG
electrons

a b c

d e f

Fig. 4 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc;
and f Wagner chemical state plot of the hydrozincite–simonkolleite
mixture fitted with enhanced method with hydrozincite and

simonkolleite reference spectra partially shifted by −0.4 eV for
hydrozincite and −0.35 eV for simonkolleite
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The shift for ZnO in the hydrozincite–ZnO mixture was
derived in a two-steps procedure, at first a correction for
hydrozincite was calculated using the carbonate peak and
applied for the rest of the hydrozincite peaks (O1s, Zn2p, Zn
Auger peak), secondly the shift for ZnO was derived by
using the O1s peak of the mixed sample, with the already
fitted hydrozincite O1s spectrum in it in order to obtain the
best match of the fitting envelope with the raw data.

The experimental data of the model mixtures shown
in the previous section were now re-evaluated by the
suggested modified fitting strategy. In Fig. 3, the re-
evaluated analysis of the hydrozincite–ZnO mixture is
shown. The calculated peak shift correction of +0.4 eV
was applied for the fitted hydrozincite reference spectra,
while the ZnO reference peaks were shifted by a value
of −0.4 eV, leading to a good match between the fitting
envelope and the raw data in all evaluated scans. The
effect of the applied peak shift correction is better
apparent in the Wagner chemical state plot of Fig. 3f.
The application of corrections leaves the values of the
modified Auger parameters (MAP) of the fitted refer-
ences unchanged, in agreement with the claimed inde-
pendency on physical changes or charging of the sample
[20]. MAPs of both fitted hydrozincite and ZnO refer-
ences kept constant, while their positions in respect to

both axes are shifted by the amounts of the calculated
peak shift corrections. Newly, the point of the un-fitted
mixed sample is situated in between both reference
components.

In addition, the effectiveness of the newly discussedmethod
was proven by using the experimental data for the system
hydrozincite—ZnO, measured under different mounting
and neutralizing conditions, as introduced in Table 2, with a
measurement uncertainty between ±0.1 and ±0.2 eV. The data
were now evaluated in different ways, at first by linear com-
bination peak fitting using the raw data of reference and
mixture without any charge corrections (as measured),by
means of the first introduced standard fitting method with
charge referencing to adventitious carbon and finally by
means of the newly discussed method with additional peak
shift corrections. The result of this comparative evaluation is
shown in Table 3, revealing that the standard method very
often failed, even though in a few situations it provided a
reasonably good result. However, using no charge referencing
at all leads in even more cases to success. In contrast, the
newly developed and discussedmethod provided always good
results, independently on the measurement conditions of ref-
erence and mixture samples. In other words the presented
method demonstrated its ability to bring correct results for
any situation. This is especially important for corrosion prod-
ucts which may experience different (and unknown) conduc-
tive and non-conductive environments.

Subsequently, the data of the second model mixture
of hydrozincite–simonkolleite were re-evaluated by
using the same novel procedure. Shift corrections of
−0.4 eV for hydrozincite derived by using the carbonate
peak and −0.35 eV for simonkolleite by using the
chlorine Cl2p level were applied, with the results shown
in Fig. 4. Again a qualitatively good fit was obtained
and in contrast to the result of the original fitting shown
in Fig. 2, the known components of the model mixture

Table 4 Measured elemental compositions of model mixtures of
hydrozincite (HZ)–ZnO and hydrozincite–simonkolleite (Sim)

Peak Concentration (at. %)

HZ–ZnO mixture HZ–Sim mixture

CC–C 0.6 2.0

Ccarbonate 6.4 8.0

Cl 0.0 3.5

Zn 39.9 31.8

O 53.1 54.7

Fig. 5 XPS survey spectrum of a ZnMgAl-coated steel sample after a salt
spray test, with an optical micrograph of the sample surface in the inset

Table 5 Elemental quantification of detected elements in three points
on the white corroded region of a ZnMgAl surface exposed to a SST for
8 h

Peak Concentration (at.%)

Point 1 Point 2 Point 3

CC–C 4.1 3.5 5.5

Ccarbonate 8.5 2.9 7.2

Cl 0.9 11.0 3.7

Zn 30.6 39.1 28.3

O 52.7 42.9 50.4

Mg 2.2 0.0 3.7

Al 0.5 0.6 0.5

Na 0.6 0.0 0.7
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are confirmed by the newly developed evaluation meth-
od. The Wagner chemical state plot of Zn (Fig. 4f) again
demonstrates the effect of the implemented peak shift cor-
rections so that the BE position of the point representing the
un-fitted zinc peaks is positioned in between the fitted

references, proving the presence of both, hydrozincite and
simonkolleite in the mixture.

Finally, the convincing good qualitative fitting results
obtained by the newly established methodology shown
in Figs. 3 and 4 were re-checked with respect to the

a b c

d e f

Fig. 6 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and fWagner chemical state plot of one region of the corroded ZnMgAl surface. The
peaks were fitted using the proposed advanced method with spectra from the own reference spectra library and interpreted as hydrozincite

a b c

d e f

Fig. 7 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and fWagner chemical state plot of a second region of the ZnMgAl-coated steel. The
peaks were fitted using the advanced method with reference spectra from the own library and interpreted as a simonkolleite–ZnO mixture
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elemental composition of the model samples obtained from
their XPS survey and high resolution scans, as
presented in Table 4. A good agreement may be found
between the ratio of fitted components and concentra-
tions of the elements in both analyzed mixed samples.

Analysis of corroded ZnMgAl coatings

The developed evaluation strategy for XPS data as described
above, applied and verified on model mixtures of corrosion
products, was finally used for the analysis of the industrially
produced ZnMgAl coating on steel, corroded in a salt spray test,
in order to demonstrate its applicability and reasonability for
future corrosion studies and routine analysis of this type of
coating. Already by visual inspection, the heterogeneous and
rough character of the sample surface is evident as shown in the
inset of Fig. 5: the surface of the investigated sample is partially
covered with a white layer of assumed corrosion products
beside still metallic looking surface regions seemingly unaf-
fected by the corrosion. The white surface layer was subse-
quently inspected for this study in three spots, with a typical
XPS survey spectrum from one measurement position shown
in Fig. 5 and exhibiting Zn, C, O, and Cl as main surface
constituents.

The detailed chemical analysis performed in the first point
on the white surface region revealed an interestingly low
content of magnesium (2.2 at.%) and aluminum (0.5 at.%).

The complete results of the elemental quantification are
shown in Table 5. Due to the very low concentrations, Mg-
and Al-based components were not taken into consideration
during the subsequent fitting procedure. In Fig. 6 the evalu-
ated high resolution peaks of (a) carbon, (b) oxygen, (c)
chlorine, and (d, e) zinc in that point are shown. The evalu-
ation of the carbon spectrum showed evident presence of
mainly inorganic carbon in form of carbonate (BE at
289.9 eV). Adventitious carbon can also be observed, but
is not evaluated due to its highly probable origin from
contamination of the sample. Since a relatively high concen-
tration of inorganic carbon compared to the other elements is
observed, as well as a high concentration of oxygen and zinc,
very low concentration of chlorine, the Cs1, O1s, and both
Zn peaks were fitted with the hydrozincite reference first.
The shift correction of +0.5 eV for the hydrozincite reference
was obtained by means of the carbonate peak and applied to
all fitted reference spectra. The resulting fit was found to be
qualitatively very good. Due to the lack of significant
markers for a ZnO reference in form of special groups or
elements as, e.g., the carbonate group from hydrozincite or
chlorine from simonkolleite, the ZnO reference was tried to
be fitted into the already evaluated spectra in order to inves-
tigate a possible improvement of fitting. Since the tested
reference combination of hydrozincite and ZnO showed
worse results than in case of using solely the hydrozincite
reference, no significant amounts of ZnO are expected to be

a b c

d e f

Fig. 8 XPS peaks of: a carbon; b oxygen; c chlorine; d, e zinc; and f
Wagner chemical state plot of a third region on the corroded ZnMgAl
surface, with the peaks again fitted using the enhanced method using

reference spectra from the own spectra library and interpreted as a
hydrozincite–simonkolleite mixture
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found in the investigated point. The obtained findings are
consistent with the Wagner chemical state plot in Fig. 6f: the
evaluated value of the MAP of the measured sample is
similar to the value of the hydrozincite reference. Chlorine
found on the surface in a small amount was linked to the
appearance of sodium and fitted as NaCl.

A similar procedure was performed for other two points on
the white region of the corroded surface, in their visual appear-
ance being identical to point one. In Fig. 7, the evaluated spectra
in the second measurement point are shown. Only traces of Al
and noMgwere detected together with a small concentration of
C1s carbonate when compared to the previous investigated
point, in contrast to chlorine which was found in high concen-
trations. Due to the slightly asymmetric shape of the oxygen
O1s peak, a combination of two references of simonkolleite and
ZnO was chosen for the data fitting. Minor deviations of the
resulting fit might be explained and caused by the presence of
small amounts of hydrozincite. However, regarding the low
concentration of the carbonate group, a constituent of
hydrozincite, and considering the resulting theoretical amount
of Zn originating from hydrozincite, its concentration would be
far less than ZnO and even smaller than simonkolleite. For that
reason a trial using a combination of three references with
simonkolleite, ZnO, and hydrozincite did not result in an im-
proved fit or deliver a more reasonable result. Finally, the
Wagner plot in Fig. 7f proves the correctness of the fitting with
simonkolleite and ZnO, due to theMAP of the un-fitted original
sample (MAP=2,009.6 eV) being in between of the
simonkolleite (MAP=2,009.3 eV) and ZnO reference (MAP=
2,009.9 eV).

In Fig. 8, the evaluated data finally obtained from a
third measured point is shown. Elemental quantification
revealed again very low concentrations of aluminum and
magnesium. The C1s and Cl2p scans indicate the pres-
ence of both carbonate and chlorine-based corrosion
products of zinc. Compared to the first measured point the
concentration of carbonate is lower, while the concentra-
tion of chlorine is significantly higher. For that reason,
references of hydrozincite and simonkolleite were used for
the fitting. Prior to the fitting of the oxygen and zinc
spectra, shift corrections for both references were calculat-
ed by the previously described way and were found to be
+0.5 eV for hydrozincite and +0.45 eV for simonkolleite,
resulting in qualitatively good fits of all spectra. The
Wagner plot in Fig. 8f shows that the un-fitted original
value of MAP (2,009.2 eV) is close to the value of MAP
=2,009.3 eV for both hydrozincite and simonkolleite ref-
erences; however, the position of the point of un-fitted
sample stands closer to the corrected position of the
hydrozincite reference. This coincides with the fact that
the major part of the total zinc is bound in hydrozincite
and a minor one in simonkolleite.

Conclusions

In this work, an advanced approach for XPS data evaluation
specially dedicated to the chemical assessment of corrosion
products formed on the surface of ZnMgAl coatings during
corrosion tests was developed and discussed. The importance
of the new evaluation strategy for the investigated chemical
system was clearly demonstrated at first on model mixtures of
pure chemical compounds simulating the assumed chemistry
of corroded, heterogeneous surfaces. The usually applied eval-
uation method, i.e., in general, attributing the chemical states of
elements regarding to the value of BEs of peaks and even
though enhanced by the application of real shapes/asymmetries
of peaks (use of the own reference spectra library), was found to
be inappropriate for the investigated system, due to problematic
differential charge shifts in the individual spectra which renders
routinely applied referencing to the C1s peak of adventitious
carbon totally unusable. To cope with the complicated charg-
ing–discharging nature of the corrosion products, being in the
focus of this work, experimentally derived peak shift correc-
tions were additionally implemented to the evaluation method
in order to compensate the negative effect of persisting charging
artifacts. As a result, known constituents of tested model mix-
tures were successfully confirmed, enabling the new method to
be applied for the investigation of corroded industrial coatings,
as exemplified in a surface analysis of a sample of hot-dip
galvanized ZnMgAl coating corroded by means of SST. The
obtained results showed that the white corrosion layer exhibits a
non-uniform composition containing dominantly Zn-based
compounds, whereas only small amounts of Mg and Al were
detected. From the chemical states of detected Zn re-
gions covered by hydrozincite, by a combination of
hydrozincite–simonkolleite or by simonkolleite–ZnOwere
identified.

On the basis of the obtained results, the developed evalua-
tion strategy has the potential for a fast and reasonable quanti-
tative analysis of corroded surfaces of ZnMgAl coatings en-
abling further complex surface investigations of this system
including lateral mapping or depth profiling in the future.
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