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ABSTRACT

The surface activity of different zinc alloys was evaluated in wet scCO,. The zinc coating surface chemistry governed the corrosion
product formation. On zinc and Zn-Al coatings, the Al,03 layer prevented growth of corrosion products. A Zn-Al-Mg coating showed high initial
reactivity due to active Zn-Mg phases. An electrogalvanized coating was very active due to a high ratio of exposed, less dense planes. In a Zn-Fe
coating, several Zn-Fe phases were susceptible to wet scCO; at the same time, triggering the sacrificial effect of Zn. Wet scCO; is a convenient

medium to assess the early-stage corrosion of metal coatings.
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1 INTRODUCTION

The most economical way of protecting steel against corrosion is to coat it with zinc!. Over the past decades, a variety of galvanized alloys
have been developed to meet the requirements of different end uses?2. Standard hot dip galvanized zinc coating (Z) has good formability and
corrosion resistance and is abundantly used in the construction industry and household appliances. Galfan (ZA) coating is composed of 5% Al and
95% Zn, and has a lamellar microstructure, which improves formability and corrosion resistance compared to the standard zinc coating3-6. An
electrogalvanized (EZ) coating is composed of pure zinc. It is produced not by hot dipping, but in electroplating cells. This coating deposition
mechanism produces a smooth surface and a coating with good formability and corrosion resistance. The EZ coatings are typically used in
applications with very high demand for surface quality, such as automotive exterior panels. Galvanneal (ZF) coatings are zinc-iron coatings that
possess superior welding properties and paint adhesion, and are utilized for example in automotive bodyworks”-8. ZF coatings are produced by heat
treatment after the hot dipping process®, and have higher hardness than normal Z coatings, but it also means somewhat impaired formability. Zinc-
aluminum-magnesium (ZMA) alloys are the latest developments within the field of hot dip galvanizing0. ZMA coatings are claimed to possess
higher corrosion resistance than the conventional zinc coating!!, which makes them lucrative replacements to zinc coatings in end uses where cost,
material savings (thinner coatings) or better corrosion resistance is pursued. The long-term electrochemical activity is reportedly much lower for

Mg-and Al-containing alloys compared to pure zinc coatings because of Mg+ and Al3* -induced quenching of corrosion activity312. Corrosion
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resistance of different zinc alloys, with or without organic coatings, has been widely investigated during the past decades in studies comprehending
atmospheric and accelerated exposures-813-26_ Corrosion of steel in CO, capture plants and natural gas pipelines has been thoroughly
investigated?’. Zinc is considered more corrosion resistant than steel in most natural atmospheres?, but systematic studies of corrosion resistance

of zinc alloys in wet supercritical carbon dioxide atmosphere (simulating corrosion in CO; capture pipelines) have not been carried out yet.

Atmospheric corrosion of zinc is an electrochemical process, initiated as anodic dissolution of zinc, balanced by oxygen reduction and/or

hydrogen evolution at cathodic sites, and formation of zinc (oxy) hydroxide.12 (1-3).

Zn +20H — Zn(OH)2 + 2e- (1)

0, + 2H,0 + 4e- — 40H- (2)

2H*+2e- > H; (3)

Zn(OH); can dehydrate to ZnO and react with carbon dioxide dissolved in water (derived from carbon dioxide in the atmosphere), leading

to a mixture of these compounds in the precipitated corrosion product layer?! (4-6).

Zn(OH); > ZnO + H,0 (4)
5Zn(OH); + CO; —>2ZnC03-3Zn(0H); + 2H,0 (5)
5Zn0 + 2CO; + 2H,0 —> 2ZnC03-3Zn(OH); (6)

Formation of these less soluble zinc corrosion products, i.e. zinc patination, leads to passivation of the surface and decreased
electrochemical activity. The formation of carbonates depends on the availability of CO, in the atmosphere and is accelerated at elevated CO,
concentration?3, In supercritical carbon dioxide, the CO, concentration is much higher than in the atmosphere. Nevertheless, wet scCO,-induced
corrosion is proposed to follow a similar reaction route than atmospheric corrosion??. The sole presence of CO, does not promote corrosion, but
corrosion rates start to increase when water is available in the system, and when monolayers of water are absorbed on metal surface30. Dissolution
of water into scCO; acidifies the system because of H,CO3 formation, which increases the corrosion rate of a metal. In wet scCO,, at high water
densities, electrochemical corrosion processes occur like in liquids with anodic and cathodic reactions (localized or delocalized) resulting in
formation of soluble zinc cations and their precipitation3°. The electrochemical reactions are depicted as follows3!. Carbonic acid dissociates to

carbonate and bicarbonate ions according to equations 7-9:

CO:z (g) + H20 (1) — H2CO3 (aq) (7)

H2COs (ag) — HCOs (aq) + H* (aq) (8)

HCOs (ag) — COs? (aq) + H* (aq) (9)

Dissolved zinc ions and simple zinc corrosion products (equations 1 and 4) react with the carbonate ions, forming more complex and stable

precipitates (10-12):



Zn%* (aq) + CO3% (aq) — ZnCOs (s) (10)

aZnZ* (aq) + bCO3% (aq) + cOH" (agq) — Zna(CO3)p(OH)c (s)  (11)

Zn(OH)* (aq) + HCOs™ (agq) — ZnCOs (s) + H20 (1) (12)

The durability of a zinc coating is governed by the dissolution rate of zinc, and the best strategy for corrosion protection is to select a
material resistant to corrosion in prevailing conditions3°. Surface chemistry, morphology, alloying elements, phase composition and deposition
process affect the corrosion resistance!s. In this study, modern surface analytical tools are employed to assess the surface composition of different

zinc alloys before and after wet scCO, exposure, and the effect of surface chemistry on early-stage wet scCO,-induced corrosion is discussed.

2 EXPERIMENTAL PROCEDURES

2.1 Materials

The samples were obtained from SSAB Europe, and they are specified in Table 1.

2.2 Cleaning of panels

2.2.1 Solvent cleaning

The samples were wiped with water, acetone and isopropanol to produce the solvent cleaned specimens.

2.2.2 Alkaline cleaning

The alkaline cleaning bath contained 16 g of Gardoclean 338 (Chemetall) dissolved in 2 L deionized water. The free alkalinity was 8-9
meq/L. The cleaning procedure comprised dipping of panels in the cleaning bath and subsequent two-stage deionized water spray rinsing. The
procedure was repeated two times. The temperature of the baths and the rinsing water was 60°C and the panels were exposed to each step for 4 s.

Furnace drying at 60°C for 10 min concluded the cleaning procedure.

2.3 Wet scCO: exposure

Corrosion tests were done in a batch reactor pressurized with CO, gas. The treatments were carried out for specimens of 5x10 cm at 40°C
and 100 bar for 60 min. The reaction conditions (40°C and 100 bar) were chosen based on previous studies at different pressures and
temperatures, ranging from room temperature to 60°C and 80 bar to 300 bar2?31.32, At the chosen conditions, the exposures were successfully
carried out in the supercritical region (without excessive pressure) with good repeatability. Parallel samples were exposed and analyzed. The

amount of deionized water in the reactor was 5 mL. Details can be found in the paper by Kaleva et al.33

2.4 Quantification of corrosion products

The exposed samples were cured in a furnace (conversion of corrosion products to oxides), followed by step-wise extraction of the
corrosion layer using a glycine/DI water solution (glycine 299%, Sigma-Aldrich, concentration 5 g/100 mL). Details of the extraction procedure can
be found in previous publications 3435, Composition of the extracts was determined with XRF (Epsilon 3XL, PANalytical). Quantification was

performed using a 50 kV voltage, a 109 pA current, a 180 s measurement time, and an Ag filter. Dissolved magnesium was measured with



inductively coupled plasma atomic emission spectroscopy (ICP-OES, Perkin Elmer Optima 5300 DV). Full solubility of corrosion products was

confirmed by SEM imaging before and after extraction.

2.5 Surface analyses

Surface imaging and element mapping were done with a Zeiss Gemini 450 electron microscope equipped with a Bruker QUANTAX
FlatQUAD EDS system. A 3 kV acceleration voltage was applied. Broad ion beam milling (llion+ Advantage Precision, Model 693, Gatan Inc., USA)
was used for cross section preparation. Depth profiles were obtained with X-ray photoelectron spectroscopy (XPS, PHI Quantum 2000) using
monochromated Al Koo beam and 100 um spot size. The following lines were used for quantification: Cls, O1s, Al2p, Zn2p3, Mg2p and Fe2p3. Cls
contamination on the outermost surface was omitted from the figures for clarity. For each sample, 3-9 depth profiles from different locations of
the sample were analyzed to confirm the surface composition. Droplets of deionized water (1 uL volume) were placed on unexposed samples using
an OCA 50 device (DataPhysics Instruments GmbH). The droplets were left to repose for 15 s, after which the static water contact angles were
recorded. Surface roughness was determined using a confocal white light microscope (Nanofocus Msurf) with an Olympus 20x lens and an 80 um
cut-off. The roughness was expressed as the arithmetical mean height, Sa. A time-of-flight secondary ion mass spectrometer (ToF-SIMS, Phi Trift I1)
was employed for element mapping. The measurements were performed at 25 kV and 50 um raster size. Fourier transform infrared spectroscopy
was performed with a Bruker Alpha instrument at 2 cm! resolution. The measurements were performed in the region 375-4000 cm™ with a single

reflection diamond ATR.

3 RESULTS AND DISCUSSION

3.1 Characterization of samples prior to wet scCO; exposure
3.1.1 Chemical state
Solvent cleaning of metal substrates can remove surface contaminations, but does not affect the chemical surface composition of the
metallic coating3®. On the contrary, the alkaline cleaning step, which is employed in the beginning of most color coating lines to eliminate oil, dirt
and lubricant residues, removes the outermost oxide layer and improves the reactivity of the surface3’. This is illustrated in Figure 1, where the
water contact angle shows lower values (better wettability and decreased surface hydrophobicity) after alkaline cleaning for all the studied

substrates. The decrease in CAyater by alkaline cleaning was highest for the Z, ZA and ZF coatings, and lowest for ZMA and EZ coatings.
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Figure 1. Water contact angles on different substrates after solvent cleaning and alkaline cleaning.

3.1.2 Roughness

Surface roughness results are shown in Figures 2 and 3. The samples Z and ZMA have comparable Sa values of about 0.4. Also, ZA and EZ
have similar roughness (the Sa value was about 0.25). The surface roughness of Z, ZMA and ZA samples is derived from a similar large-scale skin
passing pattern, while the roughness of the electrogalvanized coating (EZ) comes from the fine characteristic surface pattern?s. The galvanneal
coating showed the highest surface roughness, 0.77, which is a result of the post heat treatment that creates a very rough surface microstructure®.
During the heat treatment after hot dip galvanizing process, the galvanneal coating loses its typical spangle appearance and roughness is
remarkably increased®. A comparison between the surface roughness results and the water contact angle data (Fig. 1) shows that samples with
similar surface roughness can have very different chemical states. This indicates that the surface chemistry has a more important role on the

surface reactivity than the roughness32.

Sa

1.0

0.9 0.77
0.8
0.7
0.6
0.5
0.4 0.27
0.3

0.2

0.1

0.0

0.41 0.40

0.23

z ZMA ZA EZ ZF
1 2 3 4 5

Figure 2. Roughness values of the studied substrates.
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Figure 3. Confocal microscopy contour maps of different substrates. The unit is um.

3.1.3 Microstructure and surface composition
3.1.3.1 Zinc coating (Z)

The conventional hot dip galvanized zinc coating (Z) has a uniform outermost surface chemistry with a continuous Al,Os layer that covers
the metallic zinc3%-42, The surface chemistry of standard hot dip galvanized steel (Z) has been meticulously studied in the past decades, and detailed
investigations about the surface chemistry, surface morphology and topography can be found in the literature23.36:37.3942-45 |n short, the surface
hydrophobicity of a Z coating is explained by the thin inert Al,O5 layer3. The thickness of the alumina layer is a few nm and its presence cannot be
discerned from SEM images or EDS element analysis. SEM image of the Z surface is shown in Fig. 4. After alkaline cleaning the homogeneous Al;03
layer is disrupted, and the surface Al,03 layer is replaced by a more reactive ZnO layer (Fig. 5). Removal of the superficial Al,03 layer and formation
of a secondary zinc oxide/hydroxide layer are the primary reasons for the decreased water contact angle on a Z surface as a result of alkaline

cleaning (Fig 1).

Figure 4. SEM image of an untreated Z surface with a grain boundary.
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Figure 5. XPS depth profiles of Z specimens after solvent cleaning and alkaline cleaning.

3.1.3.2 Zinc-aluminum-magnesium coating (ZMA)

The features on the ZMA coating, i.e. Zn, Al and Mg rich phases, are very small and numerous compared to other galvanized coatings (Fig.
6). With alloying metals other than zinc, Zn grain size is reduced and the amount of eutectics is increased®. When Mg is added, eutectics form
mainly along the grain boundaries of Zn, and more eutectic phases appear when Mg weight ratio increases!®. A Zn-Mg-Al (ZMA) coating consists of
a primary zinc phase and binary (dominant Mg-containing phase, MgZn,-Zn)* and ternary (fine structured phase with higher Al content) eutectic
phases?’. The enhanced corrosion resistance of Mg-containing coatings has been attributed to0: i) limited charge transfer at grain boundaries, ii)
insulating character of Mg?* to zinc compounds, and iii) stabilization of the protective corrosion products of zinc by Mg2*. Moderate decrease in
surface hydrophobicity was obtained by alkaline cleaning of the ZMA coating (Fig. 1). This is explained by rather similar surface chemistry after
solvent cleaning and alkaline cleaning (Fig. 7). In both cases, the outermost surface is composed of a mixed oxide layer (Al, Mg and Zn oxides). The
thickness of the oxide layer is diminished by alkaline cleaning, but not fully removed, resulting in similar surface composition even after the surface
etching step. The presence of oxidized metals in the sub-surface layers of mixed alloys has been reported earlier®, and is not fully clear yet, but

grain boundaries and phase interfaces are known to be highly oxidized compared to surrounding areas even at greater depths239:48,

Magnesium

Figure 6. SEM image and EDS element maps of an untreated ZMA surface.
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Figure 7. XPS depth profiles of ZMA specimens after solvent cleaning and alkaline cleaning.

3.1.3.3 Galfan coating (ZA)

Galfan coating has a surface composed of nano-sized primary y-ZnAl, eutectic 3-Zn and eutectoid a-Al+B-Zn phases*® (Fig. 8). XPS depth
profiling of the ZA coating confirmed that the outermost surface is composed of oxidized Al (Fig. 9). Considerable Al segregation on the surface has
been detected for various Al-containing zinc coatings. The Al,0s layer efficiently prevents zinc oxidation**. The XPS data shows that an oxidized
aluminum layer covers all the phases (y-ZnAl, B-Zn, and a-Al+B-Zn) on the surface of the ZA coating**0. In the solvent cleaned sample, metallic zinc
was present beneath the superficial alumina layer, and no traces of oxidized zinc were observed on the surface. The Al,03 layer was removed by
alkaline cleaning but not by solvent cleaning (Fig. 9). Removal of the Al,03 layer yields similar decrease for water contact angle as for Z coating (Fig.

1).

Overlay Zn + Al

Figure 8. SEM image and EDS element maps of an untreated galfan surface. Three phases can be distinguished: 1) primary y-ZnAl, 2)

eutectic B-Zn, and 3) eutectoid a-Al+B-Zn*°.
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Figure 9. XPS depth profiles of ZA specimens after solvent cleaning and alkaline cleaning.

3.1.3.4 Electrogalvanized coating (EZ)

The outermost surface of an electrogalvanized coating is composed of small hexagonal zinc crystals that have a pyramidal
morphology851 (Fig. 10). The surface of the EZ coating is composed of zinc oxide, and the surface composition is not affected by alkaline cleaning
(Fig. 11). Tailing of O and ZnZ* signals in the XPS depth profiles is most probably explained by the fine crystal topography (the surface oxide layer is
not uniformly removed by XPS sputtering due to the microscopic topography variations). The decrease of water contact angle due to alkaline
cleaning is moderate compared to the Al,Os-containing Z and ZA coatings (Fig. 1). The outermost surface of the solvent cleaned sample is
composed of a slowly-formed native zinc oxide and zinc hydroxy carbonate layer52, which cannot be discerned by molecular spectroscopy due to a
very low film thickness. During alkaline cleaning this primary oxide layer is partially etched off and replaced by a newly formed, secondary zinc

oxide/hydroxide layer.

Figure 10. SEM image of an untreated EZ coating surface.
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Figure 11. XPS depth profiles of EZ specimens after solvent cleaning and alkaline cleaning.

3.1.3.5 Galvanneal coating (ZF)

A galvanneal coating is produced by heat treatment of a hot dip galvanized coating, resulting in diffusion of iron into the zinc layer to an
approximately 10 um zinc/iron layers system?253, The galvanneal coating had the roughest surface of the studied samples (Fig. 2). The coating is
composed of zeta ({), delta (6) and gamma (y) intermetallic phases, including mixed phases; rod crystals pertaining to zeta phase and columnar
crystals to delta phasel85455, The SEM image in Fig. 12 shows the highly porous surface of the ZF specimen. A crack is seen in the middle of the SEM
image. The cracks have been attributed to stresses generated during the annealing stage and they can stretch all the way through the coating>*.
Corresponding element maps show high Al intensities scattered across the measured area, and rather even Fe distribution (Fig. 12). The high Al
content is attributed to diffusion toward the free surface accelerated by the heat treatment?*256, According to the literature®3, the Fe content within
the zinc/iron layer is approximately 10 atom-%. The EDS analysis depth with the used SEM accelerating voltage in this study, 3 kV, was about 100
nm. XPS depth profiling showed absence of iron in the outermost layer (Fig. 13). The solvent cleaned surface had a thick oxide layer composed of Al
and Zn oxides. The thickness of zinc oxide layer was decreased to a couple of nm by alkaline cleaning. A strong Al3* intensity confirmed that the
Al,03 compounds were still present. Al was not associated with Al/Fe intermetallic compounds, since metallic Al was not detected on the surface. A
surface sensitive element mapping by ToF-SIMS confirmed that the very outermost ZF surface (few nm) contained very little Fe with no site-specific
presence (Fig. 14). Absence of Fe on the surface of ZF coating was observed also by Feliu et al.#* Strong Al intensity was obtained at the rough

areas, while Zn dominated the flat (temper rolled) areas*.
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Figure 12. SEM image and EDS element maps of an untreated ZF coating. A crack in the coating is seen in the middle of the images.
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Figure 13. XPS depth profiles of ZF specimens after solvent cleaning and alkaline cleaning.
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Figure 14. SEM image and corresponding ToF-SIMS element maps recorded on a ZF surface.



3.2 Characterization of samples after wet scCO; exposure
3.2.1 Characterization of corrosion products

All the samples showed FTIR spectra corresponding to hydrozincite-type corrosion products that are typically formed in outdoor exposure
and have been also observed to form in wet scCO, exposure2833.57 (Fig. 15). The bands at 1520 and 1380 cm! arise from the v; symmetric stretching
mode of CO32%, and the band at 1078 cm! corresponds to the v; symmetric stretching mode>8°, Also, the v, bending mode of CO3% at 835 cmwas
present>280, A broad band at about 470 cm! was also present, showing presence of zinc oxide34. The presence of zinc oxide could be attributed to
intermediate corrosion products of zinc that are not fully converted to carbonates yet11:31.334561 Unexposed zinc alloys did not yield a ZnO band
(result not shown) due to a very thin oxide layer (below detection limit of the FTIR instrument), which confirms that the ZnO signal is not derived
from the specimen surface but from the corrosion products formed during exposure. The signal intensity was stronger for the smooth and bright
coatings (Z, ZA and EZ). Some signal background noise was seen in the spectra of ZMA and ZF coatings. This is due to increased diffuse scattering of
IR-light for dull and rough surfaces (ZMA and ZF, respectively)®2. Confirmation of magnesium corrosion products is difficult because of their

similarity to crystal structure of corresponding zinc compounds?t,
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Figure 15. FTIR spectra of the specimens (alkaline cleaned) after wet scCO; exposure.

3.2.2 SEM imaging of scCOz-exposed samples (alkaline-cleaned samples)
3.2.2.1 Z,ZA and EZ coatings

Local corrosion product formation was observed on the coatings, which is typical for systems with a water-saturated CO; phase®3 (Fig.
16). The corrosion products were precipitated as fine, grouped needle-like structures®. Similar structures have been observed in previous
investigations in wet scC0,2%33, Investigation of the SEM micrographs in Fig. 16 shows that the needles are more evenly distributed and smaller in
size on EZ coating than on Z and ZA coatings. This indicates that the needle growth sites are more frequent on EZ coating. The pyramidal structure
of the EZ surface exposes a larger reactive surface area, and more importantly, the ratio of less dense planes compared to dense planes is higher

than for a hot dip galvanized zinc coating, which increases the reactivity remarkably385t,



Figure 16. Wet scCO,-induced corrosion products on Z, ZA and EZ surfaces. The images are overlay maps of zinc (red), aluminum (blue)

and oxygen (green).

3.2.2.2 Zinc-magnesium-aluminum coating (ZMA)

Figures 17 and 18 show details of a wet scCO,-exposed ZMA coating. The surface is partially covered with grouped needle-like corrosion
products and small corrosion product particles scattered across the surface!l. The region in the cross-section image is comprised of three micro-
phases: a Zn-rich phase, Al-rich phase and Zn-Mg phase (Fig. 18). It is visible from both surface and cross section images that the Zn-Mg eutectic
phase is selectively dissolved, leaving the other phases seemingly intact1%1157, The corrosion product precipitation is preceded by formation of a
vacant space in the alloy left by metal diffusion outwards3°. This is proposed to occur as a result of galvanic coupling between the Zn phases and
the Zn-Mg phases?*®. Zn phases are more noble than the Zn-Mg phases. Thus, the Zn phases act as local cathodes supporting reduction of dissolved
oxygen and hydrogen evolution-64, leading to a pH increase in a close proximity to the surface and establishing a pH gradient between the anode
and the cathode*®%7. The Zn-Mg phases act as local anodes resulting to preferential dissolution of this phase. These observations show
resemblance to salt-induced corrosion of ZMA coatings, where corrosion has been shown to initiate at the eutectic regions and specifically in the

MgZn; lamellae, which leads to de-alloying of both the binary and ternary eutectic phases*7..



Figure 17. EDS element maps measured from the ZMA specimen after scCO, exposure. The arrow points out selective dissolution of a Zn-

Mg phase.

Figure 18. EDS element maps measured from a cross section of a ZMA specimen after scCO; exposure. The arrow points out selective

dissolution of a Zn-Mg phase, leaving a vacant space under the precipitated corrosion products.

3.2.2.3 Galvanneal coating (ZF)

Needle-like corrosion products were observed primarily in the rough areas of the ZF coating (Fig. 19). In galvanized steel, the steel is
protected by a zinc layer that acts as a sacrificial anode while steel acts as a cathode!. On the very top of the ZF coating, as was shown by XPS and
ToF-SIMS measurements (Figures 13 and 14), no iron is exposed to the wet scCO, and galvanic corrosion is not the primary driver to Zn oxidization
during the early-stage exposure of the coating. However, the extremely high roughness of the ZF surface, with cracks that penetrate deep into the
coating, brings several intermetallic phases into contact with the wet scCO; phase simultaneously®4. Thus, the outermost flat, Zn-rich areas are not
preferentially corroded since galvanic corrosion is more prone to take place in the cavities where Fe is in close proximity to Zn. This is shown in Fig.
20, which illustrates a detail from the bottom of a rough section in the ZF coating (close to steel). A thin layer of Zn corrosion products, with small
needles visible on the upper left corner of the SEM image, populates the surface of the zinc coating. The cross section confirms that several

intermetallic phases are indeed susceptible to corrosion at the same time>4. The very thin cracks (created by the stresses generated during the



annealing stage)®* in the coating are filled with wet scCO,-induced corrosion products, as shown in the EDS element maps. The crack on the right-
hand side extends a few um to the steel core and is similarly fully filled with the Zn corrosion products. This confirms galvanic corrosion as an
important corrosion mechanism in wet scCO, medium. On the other hand, controlled zinc oxidation in scCO, medium, and filling of cracks by zinc
corrosion products, after the annealing stage, could be a feasible step to prevent further galvanic corrosion of ZF products in the end use

environment.

Figure 20. EDS element maps measured from a cross section of the galvanneal specimen (ZF) after

scCO, exposure. C and O are the trace elements for the wet scCO;-induced Zn corrosion products.



3.2.3 Quantification of corrosion products

Amount of metal ions in the extracted corrosion products is shown in Fig. 21. Corrosion product formation was scarce in solvent cleaned
Z and ZA samples but increased dramatically when alkaline cleaning was employed before wet scCO, exposure. This is explained by the inert Al,03
layer that reduces the reactivity of the samples (Figures 5 and 9)341. The protective nature of Al is supported by the literature, where Zn has shown
selective dissolution at acidic pH (wet scCO; atmosphere), while Al has scarce solubility in the same environment®®, After removal of the Al,03 layer
by alkaline cleaning, similar amount of corrosion products was formed on both Z and ZA surfaces. It should be noted that in corrosion testing the
long-term zinc dissolution rate has been shown to be slower for ZA alloy due to slower electrochemical activity3. However, in wet scCO, exposure
the early-stage corrosion product formation follows similar kinetics for these alloys. The electrogalvanized material showed very abundant
corrosion product formation, which is related to absence of alloying elements other than zinc and a uniform zinc oxide layer on the finely
structured pyramidal surface (with exposed, less dense and highly reactive planes)®7.68, Zinc oxide is considered as an early intermediate compound
in the reaction path for more complex zinc corrosion products>2.67.69, Electrogalvanized zinc coating lacks the protective surface alumina layer, and
should be carefully protected in corrosive environments’?. Presence of a ZnO layer gives a positive electrochemical potential to the Zn surface that
inherently has a negative potential, increasing AE, facilitating oxygen reduction and locally forming galvanic cells on metal surface®. Alkaline
cleaning had a minimal effect on formation of zinc hydroxy carbonates on EZ substrate, since the surface was very active even without alkaline
cleaning. The reactivity of ZMA and ZF alloys does not increase as much as the reactivity of Z and ZA alloys as a result of alkaline cleaning (Fig. 21).
The Al,O3 layer was the primary factor decreasing the reactivity in the specimens in this study and presence of Mg disrupted the formation of the
outermost inert alumina layer. The ZMA coating is initially (without alkaline cleaning) more prone to corrosion than standard zinc coating. Similar
behavior has been reported also in alkaline environment?0. The decreased early-stage corrosion resistance is because Zn-Mg intermetallics are
more active in galvanic series than pure zinc, causing preferential corrosion in the initial corrosion process'%4’. However, the formation of corrosion
products remains on a low level even after alkaline cleaning. The presence of Mg yields a negative surface potential lower than obtained with the
other alloying elements®, efficiently suppressing oxygen reduction and resulting in lowest amount of corrosion products® (Fig. 21). Mg is
electrochemically more active than Zn, leading to preferential dissolution of Mg and formation of stable magnesium hydroxide on the cathodes,
which limit the oxygen reduction at the cathode and quench the general activity of the coating!26571, Mg(OH), can be transformed to carbonates,
similar to Zn(OH),. Only a very small amount of magnesium was detected in the corrosion products (Fig 21). It is well known that formation of MgO,
Mg(OH),, MgCO3 and magnesium hydroxycarbonate can take place in many environments11,2257,67.72-74 However, also other ZMA corrosion studies
have shown that the amount of Mg corrosion products is minute compared to Zn corrosion products, sometimes even below detection limit1057,
Nevertheless, the formation of initial Mg corrosion products has been stated to passivate the surface and prevent further corrosion?2. The
corrosion products on ZF substrate were solely composed of Zn-containing compounds. The corrosion products on ZF originate thus in sacrificial
zinc oxidization, which is in accordance with the literature>*. The amount of corrosion products was very high for the ZF coating. This is related to
the extremely high roughness of the ZF coating compared to other coatings (Fig. 2). The roughness created by the heat treatment renders several

intermetallic layers susceptible to corrosion simultaneously.
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Figure 21. Quantification of Zn and Mg in glycine-extracted corrosion products.

4 CONCLUSIONS

In this study, the early-stage behavior of different zinc alloys in a wet scCO; environment was investigated. The studied coatings were zinc

(2), zinc-aluminum-magnesium (ZMA), zinc-aluminum (galfan, ZA), electrogalvanized zinc (EZ) and zinc-iron (galvanneal, ZF).

»  Formation of carbonate corrosion products is much faster in supercritical carbon dioxide than in atmospheric corrosion (due to
higher CO, concentration)

»  Wet scCO; induced growth of needle-like crystals composed of zinc hydroxy carbonate on all coatings.

»  Onzinc (Z) and zinc-aluminum (ZA) coatings, the Al,O3 layer on the very outermost surface efficiently suppressed zinc

oxidization.

> Alkaline cleaning activated the surface of coatings that had a superficial Al,O3 layer.

»  An electrogalvanized coating (pure zinc) was very reactive from the beginning due to a high density of corrosion initiation

points.

»  The zinc-aluminum-magnesium coating was initially more reactive than Z or ZA coatings, but lower overall corrosion was

observed.

»  The galvanneal coating (zinc-iron coating) showed very high reactivity. The galvanneal coating has inherently a very high

surface roughness with several Zn-Fe intermetallic phases exposed simultaneously to the corrosive environment. When a phase



(]

I

~

10.

11.

12.

13.
14.

15.
16.
17.
18.

19.
20.

containing Fe and Zn came to contact with the wet scCO, medium, sacrificial properties of Zn initiated growth of Zn-containing

corrosion products.

»  Surface chemistry had a more profound effect on corrosion product formation than the roughness. The outermost coating
surface chemistry can be very different from the bulk properties of the coating and has a profound effect on initiation of the

corrosion processes.
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6 FIGURE CAPTIONS

Figure 1. Water contact angles on different substrates after solvent cleaning and alkaline cleaning.

Figure 2. Roughness values of the studied substrates.

Figure 3. Confocal microscopy contour maps of different substrates. The unit is um.

Figure 4. SEM image of an untreated Z surface with a grain boundary.

Figure 5. XPS depth profiles of Z specimens after solvent cleaning and alkaline cleaning.

Figure 6. SEM image and EDS element maps of an untreated ZMA surface.

Figure 7. XPS depth profiles of ZMA specimens after solvent cleaning and alkaline cleaning.

Figure 8. SEM image and EDS element maps of an untreated galfan surface. Three phases can be distinguished: 1) primary y-ZnAl, 2)
eutectic B-Zn, and 3) eutectoid a-Al+B-Zn*.

Figure 9. XPS depth profiles of ZA specimens after solvent cleaning and alkaline cleaning.

Figure 10. SEM image of an untreated EZ coating surface.

Figure 11. XPS depth profiles of EZ specimens after solvent cleaning and alkaline cleaning.

Figure 12. SEM image and EDS element maps of an untreated ZF coating. A crack in the coating is seen in the middle of the images.

Figure 13. XPS depth profiles of ZF specimens after solvent cleaning and alkaline cleaning.

Figure 14. SEM image and corresponding ToF-SIMS element maps recorded on a ZF surface.

Figure 15. FTIR spectra of the specimens (alkaline cleaned) after wet scCO; exposure.

Figure 16. Wet scCO-induced corrosion products on Z, ZA and EZ surfaces. The images are overlay maps of zinc (red), aluminum (blue)
and oxygen (green).

Figure 17. EDS element maps measured from the ZMA specimen after scCO, exposure. The arrow points out selective dissolution of a Zn-
Mg phase.

Figure 18. EDS element maps measured from a cross section of a ZMA specimen after scCO; exposure. The arrow points out selective
dissolution of a Zn-Mg phase, leaving a vacant space under the precipitated corrosion products.

Figure 19. EDS element maps measured from the galvanneal specimen (ZF) after wet scCO, exposure.

Figure 20. EDS element maps measured from a cross section of the galvanneal specimen (ZF) after



scCO, exposure. C and O are the trace elements for the wet scCO;-induced Zn corrosion products.

Figure 21. Quantification of Zn and Mg in glycine-extracted corrosion products.

7 TABLES

Table 1: List of coatings.

Approximative

Coating Coating
No | Coating method Coating name Acronym coating composition,
weight, g/m? thickness, um
wt-%
Hot dip
1 Zinc z 275 20 0.2% Al, 99.8% Zn
galvanizing
Hot dip Zinc-aluminum- 1.5% Al, 1.5% Mg,
2 ZMA 275 20
galvanizing magnesium 97% Zn
Hot dip
3 Galfan ZA 275 20 5% Al, 95% Zn
galvanizing
4 Electroplating Electrogalvanized EZ 50 6 99.9% Zn
Hot dip
0.2% Al, ~10% Fe,
5 galvanizing and Galvanneal ZF 275 20

heat treatment

~90% Zn




