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This work reports the results of the corrosion behaviour for materials typically applied for the
fabrication of mounting assemblies of photovoltaic (PV) power plants. Here, the corrosion
characteristics of commercially available hot-dip Zn-coated steel sheets was compared with that of
Magnelis® type steel coating. Electrochemical experiments involved comparative assessment of their
corrosion properties by utilizing linear polarization and impedance spectroscopy techniques, under the
variable concentration of Na>SOs supporting solution, pH and dissolved oxygen content conditions.
Surface and cross-sectional morphology, and elemental composition evaluations of metal-coated
electrodes were performed by using SEM and EDX spectroscopy techniques.
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1. INTRODUCTION

Increasing global importance of alternative, renewable energy sources is a result of general
degradation of the environment during extraction of traditional fossil fuels, gradual depletion of their
resources and continuous production of harmful by-products upon combustion process(es) [1,2].
Today, photovoltaic (PV) systems make probably the most widely employed solution for the
generation of electrical energy, based on renewable energy sources. In particular, ground-mounted
photovoltaic solar assemblies are favoured over conventional rooftop PV systems, as they could be
constructed on a larger scale with extended flexibility to adjust their orientation and laying angles [3-
6].

Typically, mounting elements of solar PV modules are made of steel, which is widely used by
many industries because of its technologically important properties, such as high elongation, strength
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and plasticity [7]. Nevertheless, it is always important to ensure proper anti-corrosion protection to the
steel-based material under environmental conditions, which otherwise could cause its gradual
deterioration and finally complete destruction. High humidity and salinity, a wide range of pH and
temperature are conditions, which significantly intensify the rate of the corrosion process [8-11]. This
phenomenon is based on a chemical or usually electrochemical interaction between the metallic
structure and its surrounding conditions. In addition, electrochemical corrosion process could be
significantly intensified by connecting two different metals (or alloys) in a galvanic series, where metal
or alloy which is more negative in the galvanic series makes an anode and becomes dissolved in
accordance with Faraday’s law [12-15].

One of the most effective methods of anti-corrosion protection of steel structures is the
employment of different types of metallic coatings. Specifically, various types of zinc coating are
utilized to protect steel material against harmful corrosion environment(s) [16-19]. Magnelis®, an
innovative protective coating is considered by its manufacturer - ArcelorMittal Company to be
significantly more corrosion resistant than typical hot-dip or galvanic type Zn coatings. Magnelis® is
prepared through modification of Zn-based metallic coating with 3.5% Al and 3% Mg elements [20].

In this work, we have examined the corrosion behaviour (at its initial stage), comparatively, for
commercially made, fresh hot-dip Zn-coated steel sheets and Magnelis®-coated carbon steel materials,
exposed to two concentrations of Na>SO4 solution, under variable pH and dissolved oxygen electrolyte
conditions.

2. EXPERIMENTAL

2.1. Materials

Here, the electrochemical corrosion characteristics were conducted for the following sample
materials:

- Hot-dip Zn-coated steel sample: 50x50%3.15 mm (ca. 80-90 pum Zn thickness);

- Magnelis®-coated steel sample: 50x50x3.02 mm (Arcelor-Mittal; ca. 25-30 pum thick
coating).

Before performing the experiments, all sample materials were initially degreased with ethanol
and then were dried in a desiccator for several hours. Electrical connections to electrodes were
prepared by means of threaded steel wires, covered with shrinkable polyethylene tubes. All corners of
working electrodes were properly taped with epoxy resin, strongly resistant to both acidic, as well as
alkaline conditions. In addition, AISI 304 SS (304/0H18N9): 30x30x%5.01 mm stainless steel and SCE:
saturated calomel electrode were used as counter and reference electrodes, respectively. An
experimental distance between the working and counter electrodes was about 30 mm.

2.2. Solutions

Both 0.1 and 0.5 M electrolyte concentrations of Na>SO4 salt (decahydrate pure p.a., Chempur)
were made up from ultra-pure water, produced by means of Direct-Q3 UV water purification system
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from Millipore. The corrosion properties of selected metal-coated samples were tested at room
temperature for the following values of pH: 3, 5 7, 9 and 11, under two dissolved oxygen
concentrations (self- vs. imposed aeration - here referred to as Ox) in the electrolyte. The solutions
were oxygenated by means of an aeration pump (Jeneca AP-8803 model). The pH of the electrolytes
was adjusted through the addition of aqueous, 0.1 M HCI and NaOH solutions (Polish Chemicals
Compounds, p.a. chemicals).

2.3. Experimental methodology

A typical, three-electrode glass-made electrochemical cell and Solartron 12.608 W Full
Electrochemical System, consisting of 1260 frequency response analyzer (FRA) and 1287
electrochemical interface (EI), were employed to carry-out all electrochemical corrosion experiments.
The above involved periodic recording of corrosion potentials (Ecr) vs. SCE for all examined
electrodes. In addition, all tested metal-coated samples were subjected to instrumental evaluation of
their corrosion current (leor) and polarization resistance (Rp) parameters (the latter, through the so-
called linear polarization experiments, performed at +10 mV around an open circuit/corrosion
potential: ocp, at a scan-rate of 0.10 mVs?). On the other hand, for a.c. impedance measurements
(conducted at the corresponding ocp values), the generator provided an output signal of 5mV in
amplitude and the frequency range was swept between 100 kHz and 50 mHz. The instruments were
controlled by ZPlot 2.9 or Corrware 2.9 software for Windows (Scribner Associates, Inc.). The
conductivity of the solutions, oxygen content and pH evaluations were carried-out by means of HI
9835, HI 9146, and HI 2002-01 meters from Hanna Instruments, respectively.

Moreover, SEM/EDX spectroscopic characterization of the selected, fresh metal-coated
samples was conducted by using Merlin FE-SEM microscope (Zeiss), equipped with Bruker XFlash
5010 (with 125 eV resolution) EDX supplement unit.

3. RESULTS AND DISCUSSION

3.1 Spectroscopic examination of fresh metal-coated composite samples

Fig. 1 and Table 1 below present the results of surface spectroscopy (SEM/EDX) examinations
of fresh Magnelis®-coated steel sheet (Sample A) and hot-dip Zn-coated steel sheet (Sample B)
electrodes. It could be seen in Table 1 that the surface of Magnelis®-coated steel sample is primarily
composed of Zn (46.77%), Al (5.84%), Mg (0.91%), C (12.31%) and oxygen (24.95%) elements,
which understandably deviates from the bulk Magnelis® composition given in Ref. 20 above. The
analogous observation could be made for hot-dip Zn-coatings of Sample B, which (compared to that of
Magnelis® coating) is characterized by a considerably increased level of zinc. The above could be
supported through the EDX elemental mapping analyses shown in Figs. 1(c) and 1 (d) below.
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Table 1. Surface EDX elemental analysis for fresh Magnelis®-coated (Sample A) and hot-dip Zn
(Sample B) electrodes.

Element Norm. C [wt.%]
Surface Sample A Surface Sample B
Carbon 13.39+1.87 13.92+2.04
Oxygen 27.15+ 3.03 22.23 +2.63
Magnesium 0.99£0.08 -
Aluminium 6.36 £0.30 -
Sulfur 0.21+£0.03 0.26 £0.04
Chromium 0.21+£0.04 0.46 £0.04
Zinc 50.89 + 1.59 62.64 +1.89
Silicon 0.49 £0.05 0.13+0.03
Phosphorus 0.19+0.03 -
Calcium 0.07 £0.03 -
Chlorine 0.05+0.03 -
Potassium - 0.11+0.03
Iron - 0.27 £0.04
Total: 100.00 100.00

ofaivd i e EZE cr
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Map data 3338
MAG: 1000x HV: 15kV " WD: 6.4mm

Figure 1. (a) SEM micrograph picture of fresh Magnelis®-coated steel surface, taken at 1000x
magnification; (b) SEM micrograph picture of fresh hot-dip Zn-coated carbon steel surface,
taken at 1000x magnification; (c) As in (a) above, but EDX mapping, taken at 1000x
magnification; (d) As in (b) above, but EDX mapping, taken at 1000x magnification.
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3.2 Characteristics of electrochemical corrosion behaviour of steel sheet samples covered with

metallic coatings.

At first, the electrochemical corrosion performance of metal-coated samples exposed to
Na>SOs4 environment was studied by means of the linear polarization method. This analysis allowed for
the determination of the following parameters: the corrosion current-density (jeor) and polarization
resistance (Rp), presented in Table 2.

Table 2. Comparatively calculated average values of corrosion parameters for freshly-exposed hot-dip
in contact with 0.1 and 05 M

Zn-coated and Magnelis®-coated steel
Na>SOssolutions, obtained through linear polarization measurements.

electrodes,

Conc./M Materials Ecor/mV jeor/ WA cm2
Magnelis® (pH 3) -1067 1.12
Magnelis® (pH 5) -1082 0.14
Magnelis® (pH 7) -1085 0.16
Magnelis® (pH 9) -1084 0.13
01M Magnelis® (pH 11) -1067 0.03
' Hot-dip Zn (pH 3) -1028 0.90
Hot-dip Zn (pH 5) -1088 0.70
Hot-dip Zn (pH 7) -1091 0.67
Hot-dip Zn (pH 9) -1098 0.41
Hot-dip Zn (pH 11) -1067 0.45
Ox Magnelis® (pH 3) -1074 1.09
Ox Magnelis® (pH 5) -1054 0.22
Ox Magnelis® (pH 7) -1060 0.29
Ox Magnelis® (pH 9) -1078 0.15
01M Ox Magnelis® (pH 11) -1204 0.05
' Ox Hot-dip Zn (pH 3) -1072 0.94
Ox Hot-dip Zn (pH 5) -1059 0.70
Ox Hot-dip Zn (pH 7) -1046 0.97
Ox Hot-dip Zn (pH 9) -1058 0.99
Ox Hot-dip Zn (pH 11) -1046 0.69
Magnelis® (pH 3) -1075 1.90
Magnelis® (pH 5) -1065 0.28
Magnelis® (pH 7) -1072 0.30
Magnelis® (pH 9) -1082 0.28
05M Magnelis® (pH 11) -1246 0.60
' Hot-dip Zn (pH 3) -1082 1.88
Hot-dip Zn (pH 5) -1089 0.58
Hot-dip Zn (pH 7) -1094 0.59
Hot-dip Zn (pH 9) -1094 0.47
Hot-dip Zn (pH 11) -1098 0.38
OxMagnelis® (pH 3) -1075 2.97
OxMagnelis® (pH 5) -1092 0.38
OxMagnelis® (pH 7) -1090 0.62
OxMagnelis® (pH 9) -1089 0.40
05M OxMagnelis® (pH 11) -1091 0.09
' Ox Hot-dip Zn (pH 3) -1052 2.29
Ox Hot-dip Zn (pH 5) -1069 0.81
Ox Hot-dip Zn (pH 7) -1086 0.88
Ox Hot-dip Zn (pH 9) -1070 0.91
Ox Hot-dip Zn (pH 11) -1068 0.71

The Ry parameter was calculated as the inverse of the slope of | (current) vs. E (potential),
based on micropolarization (£10 mV vs. ocp) measurements. The corrosion current (lcor) was then
derived from the well-known Stern-Geary relationship (Equation 1). Finally, the corrosion current-
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density is calculated based on the geometrical surface area of the electrodes [21].
bgb
avc (1)

leor = 2.303R, (batbe)

For the fixed values of Tafel slopes (ba and bc) at 120 mV dec™, Equation 1 takes a simplified
form of Equation 2:

I.or = 0.026 X R;! (2)

Thus, for practically all examined pH values, Na,SO4 concentrations and under both solution
aeration conditions(ca. 3.5 vs. 6.5 ppm of dissolved oxygen for self-aerated and O»-saturated solution,
respectively), Magnelis® coating was characterized by radically lower corrosion current-densities and
thus increased values of the Rp parameter, in relation to the hot-dip Zn coating material (Table 2 and
Fig. 2). Hence, as an example, in self-aerated 0.1 M Na>SOs solution (over the pH range 3-11), the jcor
parameter changed from 1.12 to 0.03 and 0.90 to 0.45 pA cm- for the Magnelis® and the hot-dip Zn
samples, correspondingly. Interestingly, examined Magnelis® coating exhibited somewhat inferior
corrosion behaviour to that of Zn-coated samples in solution with a higher concentration of H* ions
(pH 3), whereas its corrosion resistance was especially facilitated under “highly” alkaline conditions
(pH 11). Furthermore, as expected, increased Na,SO4 and dissolved oxygen concentrations, resulted in
considerably higher recorded corrosion current-densities for both examined metal-coated materials. On
the contrary, the corrosion potential for all changing parameters (with several exceptions) exhibited
fluctuation around 1030-1100 mV vs. SCE.
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Figure 2. Changes of polarization resistance parameter (Rp) in function of pH for: (a) Self-aerated 0.1
M NazSO;s solution; (b) Oz-saturated 0.1 M Na>SOs solution; (c) As in (a) above, but 0.5 M
Na>S0s solution; d) As in (b) above, but 0.5 M Na>SO4 solution.

Intensified corrosion rates for the Oj-saturated solutions resulted from the fact that under
increased O> concentration, cathodic oxygen depolarization reaction (see later Equation 3) became
appreciably facilitated, thus also accelerating an anodic, metal surface dissolution phenomenon. On the
other hand, a similar experimental trend could also be observed for the related R, parameter in Fig. 2,
where generally (and specifically under alkaline conditions) Magnelis® coating demonstrated
considerably larger values of the polarization resistance parameter than those derived for the Zn-coated
steel samples.

On the other hand, the impedance characteristics of Zn(Magnelis®)-coated steel electrodes in
0.1 M NazSO4 (at pH 7) were presented in Figs. 3(a) and 3(b), and Table 3. Fig. 3(c) illustrates an
equivalent circuit employed for fitting the recorded impedance data, consisting of two constant phase
element - CPE-R components, used in order to account for the so-called capacitance dispersion effect
[27-29]. Hence, the Nyquist impedance plots [Figs. 3(a) and 3(b)] for Zn/Magnelis®-coated steel
electrodes exhibited two somewhat “depressed” semicircles, where a faster process is related to the
reaction of charge-transfer resistance (Rct) and interfacial double-layer capacitance (Ca), whereas a
slower one is associated with the resistance (Rcoat) and capacitance (Ccoat) Of the corrosion products
accumulated on the electrode surface [22-26], as the corrosion process continues. Most importantly, it
could be observed in these Figures that the Magnelis®-coated sample is characterized by radically
increased values of the Rct parameter (under both aeration conditions), as compared to that of the Zn-
coated sample (6412 vs. 2798 Q cm? for self-aerated solution and 4319 vs. 1300 Q cm? for oxygen-
saturated electrolyte, correspondingly, see Table 3 for details). Furthermore, the range of the derived
Rcoat parameter was generally similar for both metal-coated materials and oxygen contents.

In addition, it can also be observed in Table 3 that both Cq and Ccoat Capacitance parameters for
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the Zn-coated electrode exhibited radical increase between the two initial experiments, carried-out
under the self-aeration and in the O-saturation mode (Cqi: 8.6-68.1 pF cm 2 s®'! and Ceoar: 29.5-93.1
pF cm™2 s*271), remaining practically unchanged for the Magnelis®-coated sample(total experimental
time accounts for about 25 hours). The latter is most likely the result of high sensitivity to the
corrosion process, demonstrated by the Zn-coating, thus resulting in an almost immediate change of its
surface porosity and structure (contrast to the behaviour at the Magnelis®-based material). Finally, the
registered values of dimensionless @1 and @> parameters, associated with the the CPE elements,
fluctuated around 0.48-0.95.

For both examined metal-coated products, the corrosion phenomenon is primarily initiated with
the oxidation of Zn to form Zn?* cations is corrosion environment/solution. This anodic reaction in
neutral or alkaline environments is balanced by the process of oxygen depolarization reaction
(Equation 3):

0, + 2H,0 + 4e~ — 40H~ (3)

The main corrosion product for Zn coating includes the formation of zinc hydroxide, which is
then converted into ZnO, according to Equation 4 [23-25, 30]:

Zn** + 20H™ - Zn(OH)y(s) = Zn0c) + H,0 4)

However, compared to typical hot-dip Zn coating, Magnelis® is modified with 3% Mg and
3.5% Al elements. The above leads to the formation of other hydroxide compounds (Equations 5 and
6) [23, 31-34]:

Mg?*t + 20H™ - Mg(OH), s (5)
4Al+ 30, + 6H,0 - 4AL(OH) 35 (6)

It is commonly known that the addition of Mg and Al compounds to replace Zn is responsible
for superior anticorrosive properties of Magnelis® material, in contrast to that displayed solely by the
zinc coating [31-32, 35-37]. It is a result of the surface formation of complex, mixed (Mg/Al) hydroxy
carbonate precipitates, which form an additional, thin protective coating on the surface of the base
material. Moreover, magnesium ions, which precipitate on the surface during the corrosion process,
create various products (Mg(OH)2, MgCOQOs, and Mgs(CO3)4(OH).). These products could locally
elevate pH to reach the value of 10-11, which simultaneously impedes the dissolution process of zinc
[33].

The current work is a continuation of previously published corrosion articles from this
laboratory, on the hot-dip Zn-coated steel and Magnelis®-coated steel materials. In these works [21,
38], the sample materials were subjected to continuous, long-term exposure in 3 wt.% NaCl solution
along with a regular assessment of their corrosion parameters by means of the linear and Tafel
polarization plots, and ac. impedance spectroscopy techniques. Similarly, results obtained in current
work showed improved corrosion properties of Magnelis®-coated material, compared to the traditional
Zn-coated steel sample (significantly higher values of Ry and lower values of jeor) [21, 38].
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Table 3.The corrosion parameters obtained for Magnelis®-coated and hot-dip Zn-coated steel sheet
electrodes, immersed in a neutral solution of 0.1 M NaxSOa, derived from a.c. impedance
spectroscopy measurements.

R/Q cm? | Reoat/Q cm?® | Ca/pFem 25" | Cepa/uF cm 2 577
Self-aerated electrolyte
Hot-dip Zn-coated steel sample
2798 +555 | 10323 + 567 | 8.6+0.9 | 29.5+4.0
Magnelis®-coated steel sample
6412 +644 | 12708 +246 |  202+13 | 453+1.1
0O,-saturated electrolyte
Hot-dip Zn-coated steel sample
1300 +155 | 9504 + 324 |  681+65 | 93.1+1.7
Magnelis®-coated steel sample
4319 +206 | 10152+261 |  211+09 | 478+16
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Figure 3. The impedance plots for: (a) Magnelis®-coated and hot-dip Zn-coated steel electrodes,
registered at corresponding corrosion potentials at room temperature in self-aerated 0.1 M
Na>SO;4 solution and pH 7 and (b) Magnelis®-coated and hot-dip Zn-coated steel electrodes,
recorded in O.-saturated 0.1 M Na2SOs solution and pH 7; (c) Two CPE-R element equivalent
circuit model used for fitting the impedance data. The circuit consists of double constant phase
elements (CPEs) to balance the effect of distributed capacitance; CPEcoat and Rcoat €lements are
related to the capacitance of surface and resistance corrosion products; CPEg and Rct
correspond to the interfacial double-layer capacitance and reaction charge-transfer resistance
parameters, and Rsor IS the resistance of the solution.
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4. CONCLUSIONS

In this study, the authors comparatively provided information on initial corrosion behaviour of
typical hot-dip Zn-coated steel and innovative Magnelis®-coated steel materials, examined in the
function of changing environmental conditions (0.1 and 0.5 M Na>SOs solution, pH range: 3-11 and
under two electrolyte aeration states). The following conclusions have been drawn:

1. Initial, short-term exposure of Zn(Magnelis®)-coated samples proved that Magneli®
material remains significantly more resistant to a wide range and various corrosion atmospheric
conditions (including salt concentration, electrolyte pH and oxygen content) as compared to a typical
industrially-made hot-dip Zn coated material;

2. Exclusive corrosion behaviour of Magnelis® material is related to the fact that its Al
and Mg elemental modifiers (under working conditions) provide the additional surface formation of
the complex (Mg/Al) hydroxy carbonate precipitates, thus delivering superior protection to the base
material and partial inhibition of the cathodic oxygen depolarization reaction;

3. Additional laboratory work is needed in order to provide details on the respective, long-
time corrosion behaviour of these two technologically competing materials, under the examined range
of environmental parameters.
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