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ABSTRACT

The increasing drive to use light materials, which will also meet the demands of industry, causes growing interest in zinc mixed
coatings. Especially compositions of zinc, aluminum and magnesium are of considerable interest due to their sacrificial pro-
tection of coated steel sheet metal in neutral and saline environments. The question that materials experts face is the amount
of coating used for anticorrosive protection, as it can significantly lower the cost of large-scale installations. In the presented
research, corrosion parameters of commercially available coating with three varying coating masses are assessed. The tests
were performed using Linear Polarization Resistance Method, which allows for determination of electrochemical parameters
and corrosion wear. The obtained results show that a coating with the most mass does not always provide the most optimal
protection in all environments. It is suggested that lower coating masses may lead to more uniform deposition of protective
products of electrochemical reactions. Additionally it was found out that thickness of substrate leads to different corrosion

protection parameters in same thickness coatings.
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INTRODUCTION

Corrosive material degradation costs the world econo-
my trillions of dollars. The increase in demand for new
materials and their cost is leading to a reassessment of
materials testing in this field [1]. Norms for assessment
of corrosive resistance of materials often employ test-
ing in neutral environments. However, the increasing
acidification of the environment caused by industrial
processes and climate change should lead to more con-
siderable testing in higher hydrogen ion concentrations
[2]. Increased greenhouse gas emissions will inevitably
lead to reductions in the pH of oceanic and intraconti-
nental water environments. It is estimated that within the
next two decades, the pH value of seawater will change
from 8 to 7 [3, 4]. In addition, polluted industrial envi-
ronments contain acidic ions, such as SO,*, CO,*" and
CI; these ions originate from industrial effluents and can
cause structural failure [5]. It is widely understood that
fluid acidity, particularly highly aggressive acidic ions, is
critical in the corrosion and degradation of metal alloys
[5, 6]. A variety of mechanisms can cause corrosion. Its
early stages can benefit further protection by forming
dense protective layers on the surface, which can sig-
nificantly reduce the corrosion rate [7, 8]. Examination
of the time-dependent damage processes revealed that
a surface corrosion layer can mitigate the influence of
tensile stress on the the Ni-Cr—Mo—V [9]. Zinc and other
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amphoteric coating materials applied to metallic surfac-
es are of considerable interest for this reason alone. Var-
ious order elements, such as aluminum and magnesium,
are also added to improve the anodic properties of zinc
[10, 11]. Zinc coating has excellent corrosion resistance
and protection against steel corrosion. It has great appli-
cation prospects in the corrosion protection of iron and
steel materials. Its chemical and electrochemical prop-
erties lead to the formation of a metal oxide or carbon-
ate layer in the atmosphere, which covers the surface of
the alloy and prevents further oxidation. This is due to
the fact that the standard potential of zinc is more an-
odic than the standard potential of iron. Therefore, the
galvanized layer with more negative potential will cor-
rode preferentially even when a local breakage occurs.
Furthermore, it still has electrochemical protection for
steel, sacrificing itself to protect iron-containing sub-
strates. However, environmental changes and the needs
of application scenarios impose stringent requirements
on the corrosion resistance of Zn coatings. Corrosion
experiments on Zn—Al-Mg alloy coating have been
widely conducted. Tests at marine test sites revealed that
increasing the eutectic content of the coating improved
the corrosion resistance. This finding is related to the
formation of stable layered double hydroxides. Similar
studies under varying atmospheric conditions for up to
6 years showed that mixed zinc—aluminum-magnesium
coatings exhibited excellent corrosion resistance with an
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average mass loss ratio of around 3 suggesting that their
high corrosion resistance is related to the formation of
protective corrosion products [12].

To shorten the time of corrosion experiments, Zn
alloy coatings are often studied under simulated en-
vironmental conditions in the laboratory rather than
in conventional atmospheric environments, in which
corrosion is slow. Accelerated studies revealed two
types of corrosion areas: grey and white coloured.
Both contained hydroxyl zinc, but most of the grey
regions comprised hydroxyl zinc chloride, while most
of the white areas were sparsely packed substances
such as zinc carbonate. The inner corrosion products
were dense layered double hydroxides which serve
a protective role [13]. Other research in accelerat-
ed environments investigated the types of corrosion
products and percentages of stabilized products in the
coating. Those studies proposed that Mg is preferen-
tially corroded in the coating and that the corrosion
products buffer the pH and inhibit oxygen reduction
[13]. Experimental evidence has been found that
zinc-magnesium-aluminium alloy underwent local-
ized corrosion (similar to pitting corrosion) under high
pH conditions, indicating that this alloy might not be
suitable in such conditions [14]. The research aims to
assess coating mass’s influence on its electrochemical
properties in a mildly acidified saline environment.

MATERIALS AND METHODS

The research material consisted of Zn3.5A13Mg type
coatings produced by ArcelorMittal by the hot-dip gal-
vanizing method [15] on S350GD and S320GD steel
substrates of various thicknesses. The investigation
focused on three coating types with varying substance
weights (310, 430 and 620 g/m?) and different coating
thicknesses. The coatings were coated on both sides
and were designated ZM-310, ZM-430, and ZM-620.
The ZM-310 coating was applied to a steel material
measuring 1.5 mm in thickness, while the ZM-430
coating was applied to steel materials measuring 2.5
and 3 mm thick. In contrast, the ZM-620 coating was
the sole product manufactured on S320GD steel with
a thickness of 3 mm. According to the manufacturer of
the tested coatings, the main component is zinc with 3
wt.% magnesium and 3.5 wt.% aluminium. The struc-
ture properties and chemical composition of the coat-
ing’s surface were analyzed with a Quanta FEG 250
scanning microscope integrated with an EDAX x-ray
microanalysis detector. Sodium chloride solutions
of 0.25, 0.5 and 1M were used for corrosive testing.
Such environments are comparable to environments
presented in ISO—12944. The first solution is similar
to C4-type environments: chemical plants, swimming
pools, ship and boat repair yards, industrial areas, and

coastal areas with medium salinity. The second most
concentrated solution has corrosion similar to C5 en-
vironments: buildings or areas with almost continuous
condensation and high pollution, industrial areas with
high humidity and aggressive atmosphere. The most
concentrated solution gives results similar to C5-M,
structures or areas with almost continuous condensa-
tion and high pollution, coastal and offshore areas in-
land with high salinity [16]. Crystalline sodium chlo-
ride (99 % weight ratio, Chempur Poland) and buffer
solution with a pH value of 6.5 achieved through
the use of (Chempur, Poland) were used to prepare
a slightly acidic environment. The study consisted of
measurements using the Linear Polarization Resis-
tance (LPR) method. To perform the measurement, a
degreased sample (ethanol 96 % by volume) should
be placed in an electrochemical vessel and connected
to a potentiostat-galvanostat (Atlas 1131). The LPR
method involves stabilizing the electrochemical sys-
tem to a fixed potential, lowering its potential by AE,
and raising it above the stationary potential by the
same amount. During the measurement, the results of
the sample potential (V) and the density of the flow-
ing current are read (A/m?). The density of the flowing
current is related to the amount of corrosion processes
occurring on the metal surface. The resulting polar-
ization curve consists of two parts: the anodizing and
cathodizing curve. Tafel curves are then drawn to the
anodizing and cathodizing curves. The intersection
point of the Tafel curves allows the current density
and corrosion potential to be read (Figure 1).
Corrosion wear was determined from the corro-
sion current values based on Faraday’s law (1) [2].
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m — mass of corroded material, g; M — molar mass
of metal undergoing reaction, g/mol; z — amount of
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Figure 1. Example of a polarization curve with Tafel tangents
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electrons given up in a single oxidation process; F —
Faraday’s constant 96500, °C/mol; / — corrosion cur-
rent density, A cm™?; ¢t — time, s.

In order to calculate corrosion wear, the mass
percentage composition of the coating was con-
verted to atomic percentage. Subsequently, the
molar mass of the alloy was determined to be 59
g/mol. Given that 96.5 % of the coating composi-
tion comprises zinc and magnesium, which donate
two electrons during the oxidation process, it was
assumed that the number of electrons donated per
unit process would be 2. To determine the life of the
coating, the corrosion potentials of the individual
coating components and the amount of coating per
square meter of material were used.

RESULTS

SEM ANALYSIS

The SEM/EDS examinations (Figure 2 and Table 1)
revealed that two thinner coatings (Figures 2, a, b)
were characterized by a more homogeneous layered
structure with numerous material defects in the form
of grooves and microcracks with visible grains de-
lamination on the coating surface (Figure 2, ). The
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coatings structure is formed of elongated grains con-
sisting of the solid solution areas of Al in Zn (&) on a
formed eutectic background (o+).

It is generally accepted that immersion time and
bath temperature influence the cracking and delami-
nation of the primary diffusion layer at the interface
with the steel substrate material. However, forming
brittle intermetallic phases from the Fe—Al system due
to the diffusion of iron from the steel substrate plays
a significant role in the delamination of the structure
of thin coatings in this zone [17]. A SEM/EDS study
of the chemical composition in micro-areas allowed
to establish that the most probable phase forming the
diffusion layer in the interface with the steel substrate
is the FeAl,(Zn), which in the final stage of structure
formation transforms, creating micro-areas with the
participation of even more brittle Fe Al (Zn) phase.
This causing microcracks and delamination of layers,
as visible in the structure of the ZM-430 coating (Fig-
ure 2, b). The structure of the same ZM-430 coating on
3 mm thick S350GD steel shows the influence of the
steel substrate on the formation of a layer with a high
degree of surface development (Figure 2, c¢). Most
likely, this effect is due to the high residual stress-
es that arise from the differing linear coefficients of
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y
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Figure 2. Example SEM/ SE images for: ZM-310 — on 1.5 mm steel (a); ZM-430 — on 2.5 mm () and 3 mm steel (c), respectively;

and ZM 620 — on 3 mm steel (d)
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thermal expansion between the steel substrate and the
complex, heterogeneous structure of the Zn—Al-Mg
coating, which contains high-aluminium intermetallic
phases from the Fe—Al system. Studies of Zn—-Mg—
Al alloy coatings have shown that one of the causes
of crack formation is the tensile stresses within the
structure, primarily generated by an increased cooling
rate [18]. Depending on the thickness of the substrate
material and the obtained coating, this phenomenon
can influence the proportion of micro-cracks and the
microstructural characteristics of the tested coatings.
This effect can be observed for ZM-430 coatings of
the same weight applied to S350GD steel substrate
with different thicknesses of 2.5 and 3 mm. Analysis
of the obtained results shows a favourable effect of
grain growth kinetics on the structure formation of the
ZM-620 coating, produced in a hot dip bath on 3 mm
thick S320GD steel. By increasing the thickness of
the coating, the rate of the Fe—Al reaction and the for-
mation of brittle intermetallic phases are eliminated,
resulting in a more structurally uniform coating in the
surface area with no visible material defects (Figure 2,
d). Microanalysis of the chemical composition on the
surface of the ZM-620 coating shows similar amounts
of magnesium as indicated by the manufacturer. It has
also been found that as the mass (thickness) of the
coating increases, the percentage of alloying elements
decreases and the carbon and oxygen content increas-
es (Table 1). The formation of carbonate layers, also

Table 1. Semiquantitative EDS analysis of coatings surfaces

I ZM-310_1.5 mm

092 - 2 ZM-430 2.5 mm
i 3 ZM-430_3.0 mm
=096 F 4 ZM-620_3.0 mm

L
o

0.25M NaCl

0.5M NaCl IM NaCl

Figure 3. Average values of corrosion potentials

found in [19], is most likely responsible for this. Car-
bonates form an oxidised protective layer but, unfor-
tunately, are also thought to be permeable to acidic
environments.

LPR ANALYSIS

Corrosion potential results are presented in Figure 3
and Table 2. Except for the ZM-310 coating, every
other coating has exhibited the highest corrosion po-
tential values in 0.25 M NaCl. The ZM-310 coating
showed the lowest corrosion potential in this solution,
—1.05+£0.01 V. In the least saline solution, the 3 mm
thick samples coated with ZM-430 coatings showed
the highest average potentials (—0.97+0.009 V), but
in most saline solutions, gave the lowest potentials
(-=1.034£0.01 V). The differences between potentials
are minor and can be assumed to be the same. In
higher salinity solutions, the highest potential was
measured for the ZM-430 coating on 2.5 mm steel
substrate (0.98+0.01 V in both solutions). It is worth
noting that this coating exhibits the least variation in

ZM-310 1.5 mm ZM-430 2.5 mm potential when salinity conditions are changed. This
Element
wt.% at.% wt.% at.% Table 2. Results of corrosion potentials
Zine 82.22+0.56 | 55.52+0.92 | 80.44=4.24 | 52.79+7.07
Corrosion potential, V
Oxygen | 5.62+0.06 | 15.52+0.33 | 6.60+2.33 | 17.33+5.13 Couti
t
Carbon | 4.24+0.38 [15.58+1.25 | 4.8+0.77 |16.95+1.55 0%HnE MM | Measure- | Measure- | Measure- | Measure-
- ment 1 ment 2 ment 3 ment 4
Aluminum | 4.47£0.1 | 7.31£0.24 | 4.30+0.44 | 6.79+0.52
- 0.25 M NaCl
Magnesium | 3.28+0.06 [ 5.90+0.05 [ 2.96+0.09 | 5.21+0.31
Chromium | 024035 | 0.1740.29 | 0.5£0.53 | 0.39+034 | [ ZM310_15 | -1.05 —1.06 -L.05 —1.04
Phosphorus 0 0 0.440.36 | 0.53£0.47 ZM430. 2.5 | 099 —0.97 —0.97 —0.97
ZM430 3 -0.97 -0.96 -0.97 -0.96
Table 1. Cont. ZM620 3 —-1.00 -0.98 -0.97 -0.98
0.5 M NaCl
ZM-430 3 mm ZM-620 3 mm
Element ZM310_1.5 ~1.03 ~1.04 ~1.03 ~1.02
wt.% at.% wt.% at.% ZM430 2.5 -0.98 -0.97 -0.98 -0.98
Zinc 80.88+2.68 | 52.86:4.09 | 77.15+3.42 | 46.83+4.93 ZM430 3 -0.99 -0.99 -1.00 -1.01
Oxygen 5.50+1.64 | 14.56+3.58 | 8.56+2.10 | 20.99+4.13 ZM620 3 -1.01 -0.98 -0.99 -0.99
Carbon 5.4540.43 | 19.33+0.87 | 6.32+0.66 | 20.78+1.20 1 M NaCl
Aluminum | 4.6+0.19 | 7.28+0.57 | 3.91£0.21 | 5.74+0.41 ZM310_1.5 -1.01 -1.02 -1.01 -1.00
Magnesium | 3.17+0.1 | 5.56+0.09 | 2.66£0.32 | 4.34+0.61 ZM430 2.5 -0.98 -0.97 -0.99 -0.99
Chromium | 0.22+0.39 | 0.17£0.3 | 0.85£0.27 | 0.64+0.18 ZM430 3 -1.02 -1.04 -1.03 -1.04
Phosphorus | 0.18+0.31 | 0.23+0.4 | 0.53+0.46 | 0.68+0.59 ZM620 3 ~1.00 -1.01 -1.01 -1.00
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Figure 4. Coating corrosion wear

may be attributed to the high oxygen content in the
coating, possibly resulting from protective oxide lay-
ers [20]. The ZM 310 coating is predominantly zinc
and aluminium rich in the surface layer, which, due to
the lowest anodic potential of these metals, may cause
a potential increase with increasing salinity [21].

In all of the investigated environments, the low-
est average corrosion wear in 0.25 M and 0.5 M
NaCl is exhibited by the ZM-430 coating on steel
with a thickness of 2.5 mm, which amounts to
115.6£9.34 g'm*year', 153.3142.31 grm?year’,
respectively. In most saline solution, the most mi-
nor corrosion wear is exhibited by ZM-620 coating
(225.26+4.62 g'm*year'). In 0.25 M NaCl envi-
ronment, the ZM-620 coating showed the highest
corrosion wear (148.814+4.39 g'-m*-year'). In higher
salinity corrosive environments, the highest corro-
sion wear for coating ZM-310 was calculated to be
331.31+8.90 g-m2*year! for 0.5 M environment
and 687.12+7.93 g-m2-year!' for I M NaCl (Ta-
ble 3). During corrosion tests in 1M NaCl solution
sample ZM-310 exhibited orange coloring of solu-
tion. This observation is probably caused by coat-
ing penetration and resulting presence of iron salts
in the solution. Additionally the corrosion products
of other samples exhibited a white-gray color while
ZM-310 sample exhibited black corrosion products,
which may be composed of non soluble Fe?" and Fe**
salts. Both of these observations can be related to
coating penetration.

The average corrosion wear values are shown in
Figure 4, while results from singular measurements
are shown in Table 3. Corrosion wear seems to be
dependent on coating mass, but not directly. In low-
er salinity solutions, the most densely coated sample
(with ZM-620 coating) shows higher corrosion wear
values, which increase less with increasing salinity.
It can be assumed that ZM-620 coating is more ef-
fective in creating other protective layers due to the

18

Table 3. Corrosion wear of coatings

Corrosion wear, gm>-year!
Coating Measure- | Measure- | Measure- | Measure-
ment 1 ment 2 ment 3 ment 4
0.25 M NaCl
ZM-310, 1.5 mm | 131.20 121.07 126.86 126.86
ZM-430,2.5mm | 123.97 108.05 123.48 107.08
ZM-430, 3 mm 124.93 123.97 119.62 126.38
ZM-620, 3 mm 150.98 143.26 147.60 153.39
0.5 M NaCl
ZM-310, 1.5 mm | 320.29 337.36 328.00 339.58
ZM-430,2.5mm | 150.50 15291 155.32 155.32
ZM-430, 3 mm 258.54 236.35 260.47 249.86
ZM-620, 3 mm 171.72 164.97 174.61 176.54
1 M NaCl
ZM-310, 1.5 mm | 686.88 685.91 678.19 697.49
ZM-430,2.5 mm | 228.64 225.74 237.32 223.81
ZM-430, 3 mm 288.45 299.06 289.41 310.64
ZM-620, 3 mm 224.78 218.99 227.67 229.60

high carbon content associated with carbonate salts,
and hydroxides layered [21].

CONCLUSIONS

Amount of coating used on steel sheet determines
to some extent its corrosion properties. However the
highest amount of coating does not always lead to
higher potentials and lower corrosion wear. It may be
suggested that deposition of substances to top of the
coating can be more beneficial in materials with lower
coating content. Coating ZM-430 dipped onto 2.5 mm
steel sheet exhibits smaller corrosion wear and higher
corrosion potentials in some environments than ZM-
610 and ZM-430 on thicker steel sheets which can be
attributed to different cooling rates.
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