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Abstract: The initial atmospheric corrosion of ZM (ZnAlMg)-coated steel in humid air (85% RH)
and humid argon (85% RH) containing 320 ppb SO, was studied using in situ infrared reflection
absorption spectroscopy (IRRAS), FTIR-ATR focal plane array (FPA) imaging and SEM-EDS. The
corrosion products formed in humid air containing SO, are mainly composed of magnesium sulphites
and sulphates, with sulphite-containing corrosion products formed initially while the contribution
from sulphates increased with exposure time. The results from FTIR-FPA imaging and SEM-EDS
showed that the magnesium sulphite and sulphate are formed mainly on eutectic phases with a
higher quantity of corrosion products formed on the binary eutectic (Zn-MgZn;,) phases. This is due
to presence of microgalvanic elements with the zinc-rich phases as the main sites for the cathodic
oxygen reduction while the anodic reactions take place on the eutectic areas. Sulphate content is the
highest on the binary eutectic phases, due to the microgalvanic effects and the production of oxidants
by the cathodic reaction, which increases the oxidation of sulphite to sulphate.

Keywords: atmospheric corrosion; FTIR-FPA chemical imaging; infrared reflection absorption spec-
troscopy; SO,; ZnAlMg-coated steel

1. Introduction

Hot-dipped zinc-coated steel alloyed with small amounts of aluminium (from 1 to
4 wt.%) and magnesium (from 1 to 4 wt.%) have been introduced during the last decade
as an alternative to conventional hot-dipped galvanised steel (HDG). The alloyed zinc
coatings have improved properties compared to classical HDG, such as improved forma-
bility and better corrosion resistance. ZnAlMg coatings show better corrosion properties
than hot-dipped galvanised steel and zinc-electroplated steel in continuous neutral salt
spray (ISO 9227), cyclic corrosion testing, and during various field exposures [1-9]. The
atmospheric corrosion rates of Zny Al,Mg-coated steel were two to three times lower than
hot-dipped galvanised steel after worldwide exposure in different climate conditions [9].
Zinc aluminium magnesium alloy coatings have a multiphase structure containing primary
zinc dendrites and eutectic phases with higher magnesium or aluminium content, as well
as a small number of aluminium-rich phases [2,10]. An optical image of a polished and
etched surface of Zny Al;Mg is shown in Figure 1.

Corrosion attack on the ZnyAl;Mg-coated steel during the atmospheric corrosion
after exposure in different outdoor environments was generally localised and occurred
preferentially at the eutectic phases of the coating, while the zinc-rich phases to a large
extent had not been attacked after 4 years of exposure [9]. Furthermore, compared to HDG,
relatively more sulphate-containing products were formed on Zn, Al;Mg. An investigation

Corros. Mater. Degrad. 2023, 4, 503-515. https://doi.org/10.3390/cmd4030026

https:/ /www.mdpi.com/journal /ecmd


https://doi.org/10.3390/cmd4030026
https://doi.org/10.3390/cmd4030026
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cmd
https://www.mdpi.com
https://orcid.org/0000-0001-5462-2700
https://doi.org/10.3390/cmd4030026
https://www.mdpi.com/journal/cmd
https://www.mdpi.com/article/10.3390/cmd4030026?type=check_update&version=2

Corros. Mater. Degrad. 2023, 4

504

of the effect of microstructure on atmospheric corrosion in a marine atmosphere indicated
that fine microstructures enriched in eutectic phases were more corrosion-resistant than
coarser microstructures [11]. This effect was attributed to smaller cathodic zinc-rich phase
areas and the preferential dissolution of the eutectic Mg-rich phase, with the subsequent
formation of stable layered double hydroxides at the surface. Vint et al. [12] studied the
initial corrosion of ZnAlMg and showed that it initiates preferentially within the MgZn,
lamella within the eutectic phase. It thereafter spreads laterally over the ZM surface
preferentially following the MgZn,-rich phases with a higher lateral spreading rate for
finer microstructures. Using in situ time-lapse microscopy, Sullivan et al. [13] found that
corrosion of Zn-(1-2%wt.%)Mg(1-2%wt.)Al alloys in 0.1% NaCl was initiated in the binary
and ternary eutectic regions, with preferential de-alloying of MgZn, lamellae.

Zn-MgZn,

Zn-rich phase binary eutectic

Zn-Al-MgZn,
ternary eutectic

Figure 1. Optical image of polished ZnAlMg-coated steel after etching in picric acid solution.

It should also be noted that the contribution from sulphate-containing corrosion prod-
ucts generally is higher on ZnAlMg compared to HDG and Zn after field exposure [4,5,9,11].
For ZnAlMg exposed in regions of extremely cold and industrial climate [14], Gu et al.
observed differences in upward and backward content of sulphur-containing corrosion
products, which was explained by dissolution of soluble magnesium sulphates and sul-
phites by rain and snowfall on the upward side.

It is well known that zinc and zinc-coated steel have high content of sulphur-containing
corrosion products [15-19] after exposure in industrial and urban atmosphere, which often
is linked to high levels of SO,. Laboratory exposures of zinc surfaces in humid air containing
50, under well controlled conditions have shown that formation of sulphate is low or
absent [20-23]. It is known that the oxidation of S(IV) in the atmosphere is slow in the
absence of oxidants and catalysts [24], but that sulphite (SO327) is effectively oxidised in
the liquid phase in the atmosphere by hydrogen peroxide and ozone [15,24].

In a previous study, the initial atmospheric corrosion of Zn,AlMg in humid air
containing SO, was assessed [23]. Infrared reflection absorption spectroscopy (IRRAS) mea-
surements showed that hydrated magnesium sulphite- and sulphate (SO,2~)-containing
corrosion products were formed on the surface of Zny;Al,Mg. The rate of formation of
sulphite- and sulphate-containing corrosion products was much higher than that of pure
zinc but comparable to pure magnesium, although only sulphite was formed on pure
magnesium. The rapid formation of sulphate-containing corrosion products was attributed
to the presence of microgalvanic cells on the alloy surface, where zinc-rich phases were
suggested to be sites for the cathodic oxygen reduction reaction, whereas anodic dissolution
occurs at adjacent magnesium-rich phases on the surface.
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Chemical imaging with Fourier-transform infrared (FT-IR) spectroscopy using focal
plane array (FPA) detectors combines chemical specificity from the IR spectra with laterally
resolved chemical images of samples. With the FPA detectors, spectra are obtained from
all pixels simultaneously, in contrast to a single-element detector, which is scanned over
the desired area (mapping). FTIR-FPA imaging has several advantages, including rapid
imaging of surface and improved lateral resolution compared to conventional point-to-
point FTIR-microscopy mapping. A lateral resolution approaching the diffraction limit, a
few microns, is possible with FTIR-FPA measurements using an attenuated total reflectance
(ATR) objective. However, the technique is seldomly employed in corrosion studies despite
the potential to provide chemical information with relatively high lateral resolution. To our
knowledge, FTIR spectrochemical imaging has not yet been applied for studies aiming to
relate the chemical composition of corrosion products to the microstructural composition
of metal alloys.

The aim of the present study was to better understand the role of different components
in the microstructure during initial atmospheric corrosion in SO,-containing humid air
using FTIR-ATR FPA imaging, which provides unique high-resolution chemical imaging
in the micrometre range of the initial corrosion product formation and the possibility of
distinguishing different chemical forms of sulphur-oxygen compounds locally on the
surface. Complementary macroscopic in situ IRRAS measurements also provide time-
resolved measurements of the kinetics of formation of corrosion products.

2. Materials and Methods
2.1. Materials

ZnyAl,Mg-coated steel containing 2 wt.% aluminium and magnesium was used in this
study. The ZnAl,Mg,-coated steel has a microstructure with several phases: Zn dendrites,
a Zn-MgZn; binary eutectic, zones of ternary eutectic Zn-Al-MgZn;, and Al-dendrites
as reported earlier [23,25]. The optical image of a Zn, Al;Mg-coating surface polished to
#4000 mesh and etched in alcoholic picric acid solution (1 g picric acid and 5 mL HCl and
100 mL ethanol) is presented in Figure 1. The image shows the white dendritic zinc-rich
phase, the lamellar binary eutectic phases with a blueish appearance after etching and the
ternary eutectic Zn-Al-MgZn; as light dark areas. The ZnAlMg-coated steel material was
cut into samples with a size of 19 x 22 mm and then sequentially polished with SiC paper
to #4000 mesh and rinsed in ethanol before being mounted in the in situ IRRAS cell.

2.2. Exposure Conditions

The corrosive exposures were performed in humid air or humid argon (99.999%) at 85%
RH containing 320 ppb SO, and <2 ppm CO;, in a setup for in situ IRRAS measurements
described in previous publications [23,25]. All exposures were performed with humid air
or humid Ar flowing over the sample with a flow rate of the gas mixture of 1 L/min. The
duration of the in situ IRRAS exposures was 3.5 or 16 h. This SO, level is in the same order
of magnitude as for some severely polluted sites, but considerably higher than the current
50, concentrations in Europe or North America [9].

2.3. In Situ Infrared Reflection Absorption Spectroscopy (IRRAS)

In situ infrared reflection absorption spectroscopy (IRRAS) was performed using a
Bruker Vertex 70 spectrometer (Bruker Optics, Ettlingen, Germany) and the Seagull™
variable angle reflection accessory (Harrick Scientific Products, Pleasantville, NY, USA).
A thermoelectric cooled deuterated alanine doped tri-glycine sulphate (DLATGS) and
broadband KBr beam splitter was used during the IRRAS-measurements. The in situ
IRRAS measurements were performed at a 78° angle of incidence using a stainless steel
exposure cell with KRS-5 windows [23,25]. IRRAS spectra were measured in the region 400
to 4000 cm ! using p-polarised light and a spectral resolution of 8 cm 1. The in situ IRRAS
spectra were recorded with a 30 min interval.
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2.4. FTIR-FPA Imaging

Ex-situ Fourier-transform infrared spectroscopy (FTIR) focal plane array (FPA) de-
tector imaging was performed using a Bruker Vertex 70 spectrometer with a Hyperion
3000 microscope (Bruker Optics, Ettlingen, Germany) equipped with a 64 x 64 FPA detec-
tor. The FTIR-FPA imaging was performed using in the attenuated total reflectance (ATR)
mode with 20x ATR objective equipped with a 100 pym diameter Ge internal reflection
element. The field view is ~33 x 33 um? using the Ge-ATR objective corresponding to
a pixel resolution of ~0.5 um. Spectra were acquired in the region 880 to 3860 cm~! by
adding 500 scans at 8 cm ! resolution. Optical images and optical time-lapse photography
were performed with the FTIR microscope. In situ time-lapse imaging was performed in
flowing the SO,-containing humid air using a modified infrared transmission cell, where
one of the windows was replaced with a polished ZnAlMg-coated steel sample.

2.5. SEM-EDS

The FEG-SEM equipment used in this work was a LEO 1530 (Carl Zeiss Microscopy,
Jena, Germany) with Gemini column, upgraded to a Zeiss Supra 55 (Carl Zeiss Microscopy,
Jena, Germany). The EDS detector was a 50 mm? X-Max Silicon Drift Detector (SDD) from
Oxford Instruments (Oxford Instruments, Abingdon, UK).

3. Results and Discussion
3.1. In Situ Infrared Reflection Absorption Spectroscopy (IRRAS)

In situ IRRAS spectra obtained during exposure of the polished ZnAlMg-coated steel
to humid air and humid argon with 85% RH containing 320 ppb SO, after 3.5h and 16 h
are shown in Figures 2 and 3, respectively. The spectra obtained after 3.5 h exposure show
bands in the region 3000 to 3700 cm ™! due to the stretching vibrations of water and bending
vibrations from water molecules around 1670 cm~!. Both spectra have a strong band at
990 cm~!, which is due to asymmetric stretching vibrations of sulphite ions [23]. These
originate from the hydrolysis of SO, in the thin water adlayer on the metal surface [15,23].
As discussed in a previous paper, the solvation of SO, in the thin water layer can lead to the
initial dissolution of surface oxides on the metal surface to the formation of metal sulphite
on the surface [23]. For ZnAIMg surface exposed in SO,-containing air, a band at 1120 cm ™!
due to the asymmetric stretching vibration of the sulphate is clearly present already after
3.5 h exposure and is of similar magnitude to the sulphite band after 16 h exposure. As
depicted in Figure 3, only a weak shoulder at 1120 cm ™! due to the sulphate ions is observed
after 16 h exposure during exposure in humid argon. Thus, during exposure in humid
air the band due to sulphate ions grow much faster compared to the sulphite band. The
sulphate is formed by oxidation of sulphite ions in the thin adsorbed water layer at the
surface. The intensities of the bands due to sulphite and sulphate are shown in Figure 4
for exposures in humid air and humid argon containing 320 ppb SO,. The kinetics of the
formation of sulphite and sulphate differ considerably, with sulphite forming very rapidly
during the initial hours of exposure, but after a few hours its rate of formation decreased.
The formation of sulphate was lower compared to sulphite, but increased steadily with
time and reached similar IR intensities as the sulphite band after about 16 h of exposure.
The kinetics of the formation of sulphite and sulphate are in qualitative agreement with the
previous work [23]. However, in this work, the IR bands due to sulphate were relatively
lower than sulphite where polished coating surfaces were used, while the previous work
was performed on as-received, skin-passed ZnAlMg coatings.

As shown in a previous work, the formation of sulphate is strongly increased on
ZnAlMg-coated steel compared to pure zinc [23]. Sulphite- and sulphate-containing cor-
rosion products enriched in magnesium were formed during exposure in humid air con-
taining SO,. The rate of formation of sulphate increased strongly after an initial induction
period with lower rate of formation. As seen in Figure 4, the sulphate band is only seen as a
weaker shoulder with a low intensity in the spectra for exposure in humid argon, since the
oxidation rate of the sulphite apparently is reduced under the oxygen-deficient conditions.
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Figure 2. In situ infrared reflection absorption spectra after 3.5 h (black curve) and 16 h (red curve)
exposure in humid air (85% RH) containing 320 ppb SO,.
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Figure 3. In situ infrared reflection absorption spectra after 3.5 h (black curve) and 16 h (red curve)
exposure in humid argon (85% RH) containing 320 ppb SO5.

40

354 Sulphite (SO, air / 85 % RH)

30 - —

25+

o W Sulphate (SO, air / 85 % RH)

15+ l,r/ . . o _
Sulphite (SO_ Argon/ 85 % RH)

~log(R/Ro)-1000

10d [
1/ Sulphate (SO, Argon/ 85 % RH)

v ' . —
0 2 4 6 8 10 12 14 16

exposure time (h)

Figure 4. Intensities of sulphite (50527) and sulphate (S0427) bands for ZnAlMg-coated steel during
exposure to humid air or humid argon (85%RH) containing 320 ppb SO,.



Corros. Mater. Degrad. 2023, 4

508

3.2. FTIR-ATR FPA Imaging and SEM-EDS Measurements

Optical microscopy was used to follow visible changes on the surfaces upon exposure
to humid air containing 320 ppb SO,. Figure 5 shows optical images of polished ZnAIMg
after different exposure times. The surface shows a gradual darkening of the eutectic
phases with the Zn-MgZn;, binary eutectics adopting a bluish appearance on the optical
images upon prolonged exposures, while the ternary eutectic Zn-Al-MgZn becomes dark
yellow/grey.

6h 12h

Figure 5. In situ time-lapse optical photographs of ZnAlMg-coated steel during exposure to humid
air (85% RH) containing 320 ppb SO,.

In order to better understand how different microstructural components react during
exposure in SO,-containing atmospheres, FTIR-ATR imaging was performed after 3.5 and
16 h of exposure in humid air with 320 ppb SO; and in humid argon containing 320 ppb
50; after 16 h. Figure 6 shows a photograph of the polished ZnAlMg-coated steel surface
after 3.5 h exposure in humid air with 320 ppb SO,, together with a false-colour image of
the sum of the band areas of the sulphite and sulphate bands at 980 cm~! and 1100 cm ™},
respectively.

The sulphate band is small after short exposure times and is present only as a small
shoulder at 1100 cm ! on the strong sulphite band. The sulphite (and sulphate) is formed
almost exclusively on the areas on the surface where the eutectic phases are present. The
corrosion product formation leads to a slight darkening of the eutectic phases in the
optical images after 3.5 h of exposure, as seen in the photograph in Figure 6. Moreover,
the formation of sulphite- and sulphate-containing corrosion products was low on the
zinc-rich phases.

After 16 h of exposure, the different eutectic phases are clearly seen in the optical
images of the sample, with the binary eutectic having a bluish appearance, as seen in
Figure 7. The FTIR-ATR image based on the sum of the integrated areas of the sulphite
and sulphate bands shows a preferential formation of sulphite- and sulphate-containing
corrosion products on the eutectic phases, while the zinc-rich phases are much less affected.
The intensities of the sulphate bands are the highest at the binary eutectic areas and also at
areas quite close to the zinc-rich phases.
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For surface exposed in humid Ar containing 320 ppb SO,, sulphite-containing corro-
sion products formed preferentially in the eutectic phases as for the exposure in humid
air (Figure 8). However, the formation of sulphate is considerably reduced, with only
a shoulder around 1100 cm~! on the strong sulphite band. FTIR-images of the surface
after 16 h exposure show that the sulphite (and sulphate) formed nearly exclusively on the
eutectic phases also under these conditions, while the intensities of the sulphite/sulphate
band are very low on the zinc-rich dendrites. It is plausible that the reduced formation of
sulphate during exposure to SO, contaminated humid argon is related to the low oxygen
content, which can decrease the oxygen reduction rate on the surface. The formation of
low amounts of sulphite- and sulphate-containing corrosion products on the zinc-rich
phases indicates that these are the sites for the cathodic reactions as in the case of humid
air. At reduced oxygen concentrations, the rate of the oxygen reduction reaction on the
zinc-rich phases will be lower compared to ambient oxygen content, and less reaction
product, which can promote the oxidation of sulphite to sulphate, will be formed. The
formation of sulphite corrosion products in oxygen-deficient conditions in humid argon is
also reduced compared to exposure in humid air, probably due to an overall decrease in
the corrosion rate due to the low oxygen concentration. It is often observed that oxygen
reduction determines the corrosion during atmospheric conditions where thin electrolyte
layers are present on the surfaces [26-28] However, it cannot be ruled out that water reduc-
tion could contribute to the cathodic processes under these circumstances, particularly in
areas where the magnesium content is high.
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Figure 8. FTIR-ATR FPA imaging of ZnAlMg-coated steel after 16 h exposure to argon (85% RH)
containing 320 ppb SO,. (a) Optical photographs of surface; (b) FTIR-ATR spectra on the eutectic
area (P1); (c) false-colour image of the area of the IR bands of 5032~ +S0,42~; (d) area of the IR band
of SO42~.

Another factor that can promote corrosion in humid air is the formation of hygro-
scopic/soluble magnesium sulphate salt [29]. Since dissolution of ionic species should
decrease water activity in the electrolyte layer, this will lead to more water absorbed in
the electrolyte layer on the surface in these locations and increase the local surface elec-
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trolyte thickness in the anodic areas. This can further promote the anodic dissolution of the
eutectic phases.

The SEM-EDS maps presented in Figure 9 are consistent with the results of the FTIR
imaging. These measurements confirm that the formation of sulphur and oxygen corrosion
products is observed to occur preferably on the Mg-rich phases on the surface. Co-located
spots with a higher content of O and S are seen on the Mg-rich areas adjacent to the Zn
dendrites. These spots of a few microns in size probably correspond to the areas with
higher sulphate content seen in the FTIR-images in Figure 7.

Mg K series

Electron Image 3

20um  7n L series O K series

25

Al K series S K series

P
25pm

Figure 9. SEM-EDS maps of ZnAlMg-coated steel after 16 h exposure to humid air (85% RH)
containing 320 ppb SO, (magnification x 1200).

The in situ IRRAS measurements and microscopic imaging performed by FTIR-ATR
FPA imaging and SEM-EDS convey a concise view of the interaction of SO,-polluted humid
air with a ZnAIMg surface. The atmospheric corrosion in SO;-containing humid air leads
to a preferential attack on the eutectic phases with the formation of sulphite- and sulphate-
containing corrosion products on these phases. High amounts of sulphate-containing
corrosion product are formed locally on the Mg-rich binary eutectic phase. During initial
exposure, SO, dissolved in the water adlayer can lead to a slight acidification of the aqueous
layer [30], which can lead to dissolution of surface oxides and the subsequent formation of
metal-sulphite complexes and sulphite-containing surface films. After prolonged exposure,
oxidation of sulphite to sulphate is taking place. We suggest that a crucial role is played
by the formation of microgalvanic elements on the surface with zinc-rich dendritic phases
as sites for the cathodic reaction(s) and the eutectic anodic sites. Oxidation of sulphite
to sulphate can be enhanced due to the presence of oxidants, such as peroxide or super-
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oxide formed by the cathodic oxygen reduction reaction. The oxygen reduction on zinc
in oxygen saturated sulphate solutions in the pH range 4-11 was studied by Boto and
Williams [31], and it was found that a mixture of HO, and hydroxide was formed. In a
study [32] performed on bare and passive zinc, it was observed that hydroperoxyl ions are
produced on passive zinc, while the reaction proceeds primarily by a direct four-electron
reduction to hydroxyl ions on bare zinc. By in situ and operando attenuated total reflection
infrared (ATR-IR) spectroscopy Nayak et al. [33] detected surface-bound superoxide during
the oxygen reduction reaction (ORR) on electrodeposited zinc hydroxide-based model
corrosion products.

Since small amounts of corrosion products are formed on the cathodic zinc-rich phases
and soluble magnesium sulphate/sulphite are formed on the eutectics, and in particular the
binary eutectic, the cathodic and anodic sites are separated and the corrosion can propagate
easily without blocking the cathodic areas by corrosion products. Due to the separation of
the anodic and cathodic areas, differences in pH values can be maintained on the surface
that favour the formation of more soluble corrosion products in the anodic areas. On
the other hand, uptake of SO, is facilitated by a higher pH, which should prevail at and
close to the cathodic areas. Formation of soluble reaction products such as magnesium
sulphate [29] also promotes increased water uptake on the surface. Since the formation
of corrosion product is low on the zinc-rich dendrites, the cathodic reaction can maintain
a high reaction rate without being blocked at the surface. However, formation of large
amounts of corrosion products in the anodic areas will eventually limit the anodic process.

An alternative mechanism is that the eutectic phases corrode preferentially with both
the anodic and cathodic processes occurring in close proximity on the lamellar microstruc-
ture on these. The binary eutectic consists of a Zn-MgZn, lamellar microstructure, and sites
for the cathodic reactions could be the Zn-rich phase, while the anodic dissolution would
occur on MgZn;. However, the formation of corrosion products on the binary eutectic
could block sites for cathodic reaction, which could rapidly decrease the corrosion rate,
since these anodic and cathodic areas are very close in this case.

It has been found that the oxidation of SO, by hydrogen peroxide decreases with
increasing pH [34], which should lead to higher oxidation rate of sulphite closer to anodic
areas, where a lower pH is expected. The sulphite ions formed in connection with the
cathodic areas are transported towards the anodic areas in the eutectic phases. As observed
by FTIR-imaging, the formation of sulphate was highest in the binary eutectic areas, where
hydroxyl ions can be produced by the cathodic reaction on zinc-rich areas in the eutectic or
zinc-rich phases in proximity to the eutectic. The location of the areas with high sulphate
formation is probably linked to local pH differences on the surface.

Dissolution of SO, in the thin adlayer of water on the surface leads to the formation of
sulphite ions:

SO, + H,O — HSO;~ + H* 1

In the eutectic areas, dissolution of magnesium takes place at the surface during the
propagation of the corrosion:
Mg — Mg?* +2e~ )

Sites for the cathodic oxygen reduction reaction are the zinc-rich phases on the surface.

O, + 2H,0 + 4e~ — 40H™ 6)

The oxygen reaction often takes place in two steps, with the formation of intermediates,
such as peroxide and superoxide [31-33,35,36]. The formation of such oxidants will facilitate
and increase the rate of oxidation of sulphite to sulphate:

oxidant

HSO, 294, 50, +H* @)

The oxidation of sulphite in aqueous solutions is very low in the absence of catalysts
and oxidant. In liquid water in the atmosphere as clouds, fog, and rain, H,O; is believed to
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be one of the most important oxidizers of sulphite, while some metal ions such as Fe(III)
and Mn (II) are efficient catalysts for the oxidation [24]. It cannot be ruled out that small
amount of Fe is present in the ZnAIMg coating and may contribute to the formation of
sulphate in anodic areas, where Fe might be dissolved.
At the anodic areas in the eutectics, Mg ions are precipitated as hydrated magnesium
sulphate/sulphite:
Mg, " + 5042~ + nH,O—MgSO,-nH,0 (5)

Mgyt + 5032~ + nHyO—MgSO3-nH,O (6)

Figure 10 shows schematically the mechanism of propagation of the corrosion of
ZnAlMg in humid air containing SO, with preferential corrosion on the eutectic phases on
the surface.

S0,
e
H,0,, O,-

HSD3_ 2 I2:- 2 1
HSO;™ = S0,2- + H* !

Mg2+ [ |

0; +2H,;0 + 4e-— 40H- l , I :
|

Thin surface oxide

Zn dendrite binary eutectic ternary eutectic

Figure 10. Schematic description of initial atmospheric corrosion of ZnAlMg in humid air contain-
ing SOQ.

4. Conclusions

The initial atmospheric corrosion of ZnAlMg-coated steel surfaces in SO,-containing
humid air was studied using in situ IRRAS, FTIR-ATR FPA chemical imaging and SEM-EDS.
Using FTIR-FPA imaging information about the distribution and composition of corro-
sion products was obtained from early stages of corrosion under atmospheric conditions
and how the initial corrosion product formation was related to the microstructure of the
ZnAlMg coating.

During exposure to humid air containing SO, MgSOy-nH,O corrosion products were
formed. Initially, the formation of sulphite-containing corrosion products was high, but
after prolonged exposures, the contribution of sulphate increased. Exposures in humid
argon resulted in the reduction in the formation of sulphate on the surfaces due to the
lower oxygen content.

With FTIR-FPA imaging, it was shown that sulphite- and sulphate-containing corrosion
products were formed almost exclusively on eutectic phases, while the zinc-rich dendrites
were largely unaffected. The chemical imaging showed that the highest amount of corrosion
products was formed on the binary eutectic (Zn-MgZn;) phases and also the highest
sulphate content was seen in the binary eutectic phases.

Oxidation of sulphite to sulphate is probably facilitated by the formation of interme-
diates in the cathodic process, such as peroxide and superoxide forming during oxygen
reduction on zinc and oxidised zinc surfaces on the eutectics or adjacent zinc-rich phases.
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In line with that, the formation of sulphate was strongly reduced during exposures in
oxygen-deficient conditions in SO,-containing humid argon.
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