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Corrosion of diffusion zinc coatings in neutral chloride solutions
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Abstract

The corrosion behavior of the diffusion zinc coatings based on the d-phase FeZn7_10 in a solution
of 3wt.% NaCl in water was studied using electrochemical and physicochemical methods.
Initial corrosion of the coatings involves selective dissolution of zinc from the 6-phase. As
exposure duration increases, both components of the coating alloy dissolve. The
physicochemical nature and electrochemical properties of the corrosion product layer were
studied under conditions of simultaneous dissolution of the coating components. Iron can
accumulate in the layer of corrosion products during prolonged corrosion of the coatings. In this
case, the chemical composition of the electrolyte near the electrode and the structural and phase
state of the corrosion products change. After long-term corrosion, the layer of products consisted
of zinc oxide and amorphous hydroxide compounds of zinc and iron.
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1. Introduction

Zinc coatings are used for anti-corrosion protection of steel products in construction,
automotive, oilfield and other industries. Galvanic deposition, hot-dip galvanizing using
zinc-filled polymer compositions, as well as thermal diffusion galvanizing produce zinc
coatings. The last method known as sherardization has different advantages including no
waste, environmental friendliness, uniform galvanizing of relief products, and produces
Zn,Fe-coatings, which are so-called diffusion zinc (DZ) coatings based on the intermetallic
d-phase (FeZn7_10) [1-6].

The corrosion resistance of zinc coatings in neutral environments is often associated
with the protective properties of the layer of zinc corrosion products. A homogeneous, dense
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layer of corrosion products with low electrical conductivity creates a barrier to aggressive
particles, while the corrosion resistance of coatings increases. Traditionally the increase in
corrosion resistance is associated with the barrier properties of layered zinc hydroxosalts.
The chemical composition of salts depends on the chemical composition of the corrosive
environment. For example, in a corrosive environment with a high concentration of CI-,
basic zinc chloride (simonkolleite) is formed [7, 8], and in a corrosive environment with a
relatively high concentration of CO,, basic zinc carbonate (hydrozincite) is formed [9-12].
The mechanism of formation of these corrosion products has been well studied for zinc and
for zinc coatings with low concentrations of alloying components. The surface layers of hot
zinc coatings consist of the n-phase, in which the concentration of iron is very low
(>95.0 wt.% Zn) [1]. Therefore, the corrosion mechanism of pure zinc is used when
describing the corrosion mechanism of hot zinc coatings.

At the same time, corrosion of zinc alloy coatings with a high concentration of alloying
component, such as, for example, DZ coatings can be accompanied by selective dissolution
of zinc [13-16]. Its effect can be negative, leading to accelerated corrosion, or positive,
increasing corrosion resistance due to the accumulation of a more electropositive component
on the surface. The influence mechanism of alloying components of zinc coatings on their
corrosion resistance is poorly understood in this case, and the approaches to describe this
effect are rather controversial. According to some authors, the alloying component increases
the density of the layer of corrosion products; on the other hand, the authors suggest that the
alloying component reduces the electrical conductivity of the layer of corrosion products.
The purpose of this work is to study the influence of the alloying component (iron) on the
corrosion behavior of DZ coatings in neutral chloride-containing aqueous solutions. This
work is a continuation of studies of the corrosion behavior of DZ coatings in slightly acidic
[17] and alkaline solutions [18].

2. Material and Methods

As in our previous works [17, 18], we used the author’s sherardization technology to obtain
DZ coatings [19]. Only Zn powder with a hydrothermally treated particle surface [19, 20]
was used for coating. A layer of zinc oxide forms on particles of zinc powder during
hydrothermal treatment. The zinc oxide layer prevents zinc particles from sticking together
when heated and increases the zinc vapor pressure. This allows one to avoid the use of
activators and fillers. The technology and process of coating are described in detail in [17—
20]. The technology makes it possible to obtain uniform, homogeneous coatings with high
adhesion based on the 6-phase with a thickness of up to 100 microns. Such coatings not only
have high protective properties, but also are convenient objects for studying the corrosion of
iron-zinc alloys and the influence of films of corrosion products on the process.

2.1.Coatings samples preparation

Steel St20 was used as a substrate for DZ coatings. Samples were made in the form of disks
with a diameter of 20.0 mm and a thickness of 3.0 mm with a hole for hanging. Their surface
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was sanded and degreased with isopropyl alcohol. The geometric parameters of the samples
were measured with an accuracy of 0.01 cm and the surface area was calculated. The weight
of the samples was determined before and after coating treatment with an accuracy of
0.1 mg. The thickness of the coating was calculated from the difference in mass before and
after coating. We used hydrothermally treated zinc powder of the PZR-1 brand; the particle
size ranged from 10 to 40 um, and the thickness of zinc oxide films on metal particles was
~1 um [19, 20]. Steel samples and zinc powder were loaded into a laboratory furnace and
heated to 420°C. After processing, the samples were cooled in an oven. Before all tests,
coated samples were sanded with P1200 and P2500 sandpaper and degreased with isopropyl
alcohol.

2.2.Characterization of the coatings

The atomic fractions of iron and zinc in the surface intermetallic layer of the samples were
determined by X-ray fluorescence spectrometry using an ARL QUANT’X Energy-
Dispersive XRF Spectrometer (Thermo Scientific) at accelerating voltage of 20 kV. The
surface of the coatings before and after the corrosion tests was studied using a JEOL
JSM7001F scanning electron microscope equipped with an Oxford INCA X-max 80 energy
dispersive X-ray fluorescence spectrometer for elemental analysis. X-ray diffraction analysis
of the DZ coatings and of their corrosion products was performed with a Bruker D8 Discover
diffractometer with Cu Ka-radiation, within the 26 range of 10°—125°,

2.3.Corrosion tests

1) Coatings with thickness of 40—45 um were weighed with an accuracy of 0.0001 g, their
geometrical parameters were measured with an accuracy of 0.01 cm. The coatings with
surface area of 10+£0.5 cm? were exposed in 0.5 dm?® polypropylene containers with a
solution of 3 wt.% sodium chloride in water at 20+2°C under air. The electrolyte was not
changed during the whole period of exposure, and the samples remained completely
immersed in it for 1, 2, 3, and 6 months.

2) After removal from the solution, the coatings were washed with distilled water and air-
dried. The samples were divided into two parts. The first part of samples was used for
studying the electrochemical and corrosion behavior of the coatings (the methods are
described in Section 2.4). The second part was used for physical and chemical
characterization of the corrosion products (the methods used for studying morphology,
chemical and phase composition are described in Section 2.5).

3) The corrosion products were further removed mechanically and by washing in a
hydroxylamine solution. The corrosion rate (g/m?-hour) was determined gravimetrically
from a decrease in the sample weight.
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2.4.Electrochemical measurements

The open circuit potential and polarization curves were measured after the exposition of the
coatings in 3 wt.% NacCl solution without removing the film of corrosion products. Then the
corrosion products were removed and the same measurements were repeated. The resistance
of the corrosion product layer was determined by electrochemical impedance spectroscopy.

2.4.1. Open circuit potential (OCP) and polarization curves

Potentiostat-galvanostat Elins P-30J and clamp cell was used for the electrochemical tests.
OCP was measured for 1 h, and the polarization curves were measured from the cathodic
(-1.5 V vs. SHE) to the anodic region (—0.3 V vs. SHE) at a scan rate of 0.005 V-s*. The
experiments were carried out at a temperature of 20+£2°C under air. The potential was
measured with respect to a silver/silver chloride reference electrode with a saturated KCI
solution. The potentials are given relative to a standard hydrogen electrode. The counter
electrode was graphite. The curves were plotted in the semi-logarithmic coordinates E—Igi,
and the corrosion current (icorr, MA/cm?) was determined from the intersection of the Tafel
sections of the anodic and cathodic curves.

2.4.2. Impedance spectroscopy

The impedance spectra were obtained using an Elins Z-1500J impedance meter in a clamp
cell with a graphite counter electrode in the frequency range from 10 mHz to 20 kHz with
an alternating signal amplitude of 20-100 mV.

2.5.Characterization of the corrosion products

Scanning electron microscopy (Section 2.2), X-ray diffraction (Section 2.2), FTIR-
spectroscopy and Photoelectron spectroscopy were used for characterization.

2.5.1. FTIR-spectroscopy

Corrosion products were removed from the sample surface, pressed with KBr (dried at 200°C
for 5 hours), and studied using a Shimadzu IRAffinity-1S infrared spectrophotometer within
the measurement range from 400 cm™ to 4000 cm. The device resolution was 4 cm, the
number of scans was 100.

2.5.2. Photoelectron spectroscopy

The XPS measurements of the coating corrosion products were conducted at the Resource
Center “Physical Methods of Surface Investigation”, St. Petersburg State University, using
the photoelectron spectrometer “Escalab 250Xi” with a monochromatic AlKa radiation
(photon energy is 1486.6 eV). The spectrometer was calibrated on the Au 4f7, standard line
(binding energy is 84.0 eV). The spectra were recorded in the constant pass energy mode at
50 eV, using XPS spot size of 650 pum. A total energy resolution of the experiment was about
0.3 eV. Measurements were performed at room temperature in an ultrahigh vacuum of the
order of 1-10° mbar. The combined ion-electronic charge compensation system was used
to remove the sample charge.
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3. Results

3.1.Characterization of the coatings

The concentration of zinc in the surface layers of coatings, according to X-ray fluorescence
spectroscopy, was 89.0+2.2 at.% with a DZ coating thickness of 20 um; 92.30+0.03 at.%
with a thickness of 40—45 um and 92.9+0.2 at.% with a thickness of 80—90 pum. In the range
of zinc concentrations of 88.5 and 93.0 at.%, there is a &-phase, according to the phase
diagram of the Fe—Zn system [1]. Thus, the chemical composition of the surface layers of
DZ coatings with a thickness of 20 to 100 um is in the concentration range of the d phase. In
Figure 1 shows X-ray diffraction patterns of DZ coatings of various thicknesses. It can be
seen that the phase composition of the surface layers is indeed represented by the 6 phase
(ICDD No. 01-083-4808). In further studies, coatings with a thickness of 40—45 um were
used, because this is the thickness used in industry.
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Figure 1. X-Ray diffraction patterns of DZ coatings with different thickness.

3.2.Corrosion and electrochemical behavior

Table 1 presents the corrosion rate Veor; 0pen circuit potentials (OCP) Eqp; corrosion current
densities icor; cOMponents of equivalent electrical circuits of the coatings: Rs — electrolyte
solution resistance; Ry — resistance of ion transport through the corrosion products layer;
Rct — charge transfer resistance at the interface of the layer of corrosion products/solution.

The corrosion rate calculated from the loss of mass coating decreased over time, but
the decrease rate was less than 15% over 6 months of exposure.
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Table 1. Corrosion and electrochemical parameters of the DZ coating after exposition in 3 wt.% NaCl.

Time, months

Parameter
1 2 3 6

Vearr, g/m?-h 0.054 0.048 0.045 0.046
Eocp With products corrosion layer, mV -531 —456 -376 -388
Eocp Without products corrosion layer, mV -575 —600 —540 —670
icor With products corrosion layer, mA/cm? 0.35 0.32 0.31 0.25
icor Without products corrosion layer, mA/cm? 0.21 0.47 0.71 0.73
Rs, Ohm 21.5 28.8 26.1 20.1
R with products corrosion layer, Ohm 2457 2900 1748 352.8
Rct with products corrosion layer, Ohm 4188 1057 1838 856.6

The OCP of the DZ coating before exposure (—721 mV) was close to that of zinc in a
solution of 3 wt.% NaCl (—800 mV [21]). As exposure increased, the potential became more
positive. The change in potential occurred more intensely during the first 3 months of
exposure. When the exposure time increased to 6 months, the potential changed by only
12 mV. The change in potential was associated with dezincification of the coating and the
formation of a layer of corrosion products and removing them caused the potential to become
more negative.

Figure 2 shows the polarization curves of DZ coatings in 3 wt.% NaCl solution before
and after removal of the corrosion product layer. It can be seen that anodic polarization of
the coating leads to an increase in the anodic current and to the appearance of an anodic peak
at the potentials of —1050 to —1080 mV. The anodic peak corresponds, probably, to the
oxidation of zinc. For the coatings with a corrosion product layer, the peak height decreased
with time. Removing the layer led to a three times increase in the anodic peak intensity. A
decrease in the anodic current by 1.5-2 times was observed in the potential interval of
300 mV, then the current increased. The intersection of the Tafel sections of the cathodic
and anodic curves shows the corrosion current. It decreased by 1.4 times with increasing
exposure for the coatings with a corrosion product layer. Removing the corrosion product
layer led to an increase in the current at all exposures, except for the 1-month exposure.

Figure 3 shows the impedance spectra of DZ coatings for different exposure times. The
spectra have the form of elongated semicircles with the centers below the x-axis. Figure 4
shows an equivalent electrical circuit of the corrosion process used for calculating the
polarization resistance. The circuit consists of a resistance which is connected in series with
a part of the circuit, consisting of a capacitance and resistance connected in parallel, which,
in turn, is connected in series to the resistance of a layer of corrosion products. The first
element shows the properties of the outer layer of corrosion products, which is in contact
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with the electrolyte. They are caused by the resistance of ion transport and the electric double
layer described in the circuit by the constant phase element (CPE). The second element
corresponds to the layer of corrosion products that is adjacent to the coating surface. Thus,
this scheme simulates a layer of corrosion products divided into two parts. CPE probably
arises due to the distribution of the time constant, since all the recorded spectra are not purely
capacitive in nature. Therefore, a constant phase element (CPE) was used instead of a
capacitor to describe the electric double layer. The use of CPE is often required due to the
inhomogeneity of the interface caused by surface roughness, hydration phenomena, complex
structure and, as a consequence, uneven distribution of reaction rates and current on the
corroding surface.

—— 1 month —— 3 month ~——— 6 month

= =+ 1 month (no products) = = - 3 month (no products) = = -« 6 month (no products)

lgi Im;\h:mzl

(5}

T T T T T T
-1400 -1200 -1000 -800 -600 -400
E (SHE), mV

Figure 2. Polarization curves of the DZ coatings after different exposure time in 3 wt.% NaCl.
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Figure 3. EIS spectra of the DZ coatings after different exposure time in 3 wt.% NaCl.
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Figure 4. Equivalent electric circuit used to simulate the EIS data obtained for the DZ
coatings. CPE,r — constant phase element; Rs — resistance of the electrolyte solution; Ry —
resistance of ion transport through the corrosion products layer; Ret — resistance to charge
transfer at the interface of the layer of corrosion products/solution; Cq — capacity of the
double layer at the film/solution interface.

Table 1 shows the equivalent circuit parameters for different exposures. Resistance Rs
has a maximum at 2 months of exposure and then decreases to 20 Ohms, which is close to
the initial value. This may be due to the chemical binding of ions into insoluble precipitates.
The resistance of ion transport through the corrosion products layer (Ry) also has a maximum
after exposure for 2 months. With an exposure of 6 months, the resistance Ry decreases
almost by 10 times. Resistance R has a complex dependence on exposure time, but also
decreases slightly with increasing exposure time to 6 months.

3.3. Analysis of the corrosion products

3.3.1. Scanning electron microscopy of the coatings after corrosion

Figure 5 shows SEM images of the surface of DZ coatings after exposure to a 3 wt.% NaCl
for 1, 3 and 6 months and removal of corrosion products layer.

The coating surface becomes morphologically heterogeneous after 1 month of exposure
(Figure 5a). This is typical of corrosion of alloys with selective dissolution of zinc. The
roughness of the coating surface increases with increasing exposure to the corrosive
environment. Corrosion pits increase in size and have clearer boundaries (Figure 5b) after
3 months of exposure. Pits can become centers of crystallization of corrosion products.
Elongated crystals with the length of about 1 um with hexagonal facets of 0.1 um in size are
present inside the pits (Figure 5d). Thus, selective dissolution of an alloy component can
create centers of crystallization of the corrosion products. The surface morphology, as well
as the unremoved corrosion products, can affect the shape of the polarization curves
(Figure 2). Analysis of the coating surface after exposure for 3 months did not show large
cracks or exposure of the steel substrate. The Zn:Fe concentration ratio determined by
micro-X-ray analysis of the surface was 12.5:1, which was close to the initial Zn:Fe ratio in
the 0 phase. After exposure for 6 months, the surface of the DZ coating became loose and
uneven. Areas of open steel substrate and cracks were observed on the surface. The Zn:Fe
concentration ratio was 1:1, according to X-ray microanalysis.
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Figure 5. SEM images of the DZ coating after exposure in 3 wt. % NaCl of different duration:
a—1 month; b, d — 3 months; ¢ — 6 months.

3.3.2. FTIR-spectroscopic characterization of the corrosion products

Figure 6 shows the IR spectra of corrosion products of DZ coatings after exposure to a
3 wt.% NacCl for 1, 2, 3 and 6 months (the spectrum number in the text corresponds to the
exposure time).

The absorption band at the frequencies of 3600-3200 cm™ corresponds to the
stretching vibrations of OH~ [22, 23]. In spectrum 1, the band 3600—3200 cm™ broadens,
and the peak frequency is 3396 cm, which is characteristic of Zn(OH), [24]. As exposure
increases, the band becomes sharper, the peak frequency shifts by 100 cm™, and the intensity
increases. The absorption band splits in spectrum 6. The shift of the absorption bands shows
that the stretching vibrations of the OH group belong to 2ZnOHCI-3Zn(OH), [24]. This
compound is similar to simonkolleite (ZnCl,-4Zn(OH),-H,0). Band splitting may be due to
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the simultaneous presence of Zn(OH), and ZnOHCI, which form 2ZnOHCI-3Zn(OH),. The
cause of splitting may be intermolecular interaction in the unit cell of a substance. The
authors of [25] showed that the splitting of this absorption band was associated with the
formation of simonkolleite.

1 month 3 month
2 month 6 month

Transmission, %

3487 - 3458

T T T
4000 3000 2000 1000
‘Wave number, ¢cm !

Figure 6. FTIR spectra of the corrosion products formed on the DZ coatings after exposure in
3 wt.% NaCl of different duration.

The absorption bands at the frequencies of 2925-2850 cm™ have low intensity and are
present only in spectra 2 and 6. They correspond to the stretching vibrations of the OH group
in Zn(OH),. A doublet may appear due to the heterogeneity of the corrosion products
distribution or due to adverse chemical reactions.

The absorption band at the frequencies of 1625-1555 cm™ corresponds to bending
vibrations of OH~. With increasing exposure, the absorption band shifts to higher
frequencies. In comparison with the absorption band in the region of 1547—-1382 cm, this
band is poorly resolved. The authors of [22] attribute the absorption band at 1620 cm™ to
simonkolleite. The authors of [21] showed that this band corresponded to deformation
vibrations of H,O in the interlayer space of basic zinc salts. An increase in the intensity of
this absorption band may indicate an increase in the number of water molecules.

The absorption band at the frequencies of 1547-1382 cm corresponds to vibrations of
the C—O bond in hydrozincite Zns(OH)s(CO3), [26—30]. The authors of [22, 23, 28, 31]
showed that the absorption bands at the frequencies of 1380 cm™ and 1510 cm* belonged
to asymmetric stretching vibrations of the C—O bond in CO3 . The highest intensity of the
bands in this range was observed after 2 months of exposure. As the exposure time increased
further, the intensity of the absorption band decreased until it disappeared completely.
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The absorption bands at the frequencies of 1122-1088 cm™* are present in spectra 1 and
2. The authors of [25] attributed the vibrations in the region of 1000-700 cm™ to the
Zn—0-H bond. The authors of [26, 28] attributed three characteristic absorption bands
between 1100 and 600 cm™ to simonkolleite. There are no absorption bands at these
frequencies in spectra 3 and 6.

The absorption band at the frequencies of 1048—1033 cm™ corresponds to bending
vibrations of Zn—OH in simonkolleite. Absorption bands in the frequency range of 920—
715 cmt correspond to deformation vibrations in simonkolleite, according to [23, 24, 27,
32]. At the same time, the absorption bands at 1040, 840 and 730 cm™! were attributed to
hydrozincite [27, 28, 31]. The authors showed [29] that hydrochloride contaminated with
CO3~ had absorption bands at 1593, 1492, 1388, 1026 and 707—735 cm™. At the same time,
hydrozincite has an absorption bands at 1558, 1489, 1375, 1303, 1031 and 831 cm™. The
intensity of these absorption bands decreased with increasing exposure time.

The absorption band at the frequencies of 482-458 cm™ is wide and has a high
intensity. A clear resolution of this band can be observed after sample exposure for 1 month.
Absorption bands in the region of 600—350 cm™ relate to the Zn—0O bond in ZnO oxide [25—
29, 32, 33]. At the same time, a broad band may consist of narrow absorption bands of
Zn—0 and Zn—ClI bonds.

3.3.3. XRD characterization of the corrosion products

Figure 7 shows X-ray powder diffraction patterns of coating corrosion products after
exposure to 3 wt.% NaCl for 1, 2, 3 and 6 months.

The ZnO peaks have the highest intensity in all X-ray diffraction patterns. In addition,
all XRD patterns contain NaCl and ZnCl, peaks, but their intensity decreases with the
exposure time. They disappeared from XRD after 6 months of exposure. The peak at
20~11.5° is present in all X-ray diffraction patterns. Its position is close to the position of
the most intense peak of the layered zinc hydroxides, which are often found in corrosion
products of zinc coatings. Under experimental conditions, and according to IR spectroscopy
data, the layered zinc hydroxides can be either simonkolleite and/or hydrozincite. Table 2
shows the interplanar distances for the diffraction maximum at 20 ~11.5° and the interlayer
distances of various layered zinc hydroxides. In layered zinc hydroxides, this peak
corresponds to the reflection from the layers containing zinc atoms in octahedral and
tetrahedral coordination. Groups of atoms between the layers determine the interlayer
distance and, accordingly, the position of the diffraction maximum.

The interplanar distance changed slightly with increasing exposure of the coatings to
the corrosive environment. In this case, the value of the interplanar distance was in between
the interlayer distances typical of simonkolleite and of the recently described zinc hydroxide
dihydrate [34], that is, ClI- and OH-containing compounds. There were no other diffraction
peaks of the layered structures. This might be caused by layer disorder in the layered zinc
hydroxide.



Int. J. Corros. Scale Inhib., 2024, 13, no. 1, 337—-356 348

= 1 month 2 month == 3 month == 6 month

s

A Wan

Intensity, Imp/s

10 20 30 40 50 60 70 80
20
Figure 7. XRD spectra of the corrosion products formed on the DZ coatings after exposure in
3 wt.% NaCl of different duration (o — layered zinc hydroxide; o — ZnClz; A — NaCl; reflexes
without name — ZnO).

Table 2. Interplanar distances corresponding to the peak 20~11.5 on X-ray diffraction patterns of corrosion
products at different exposures and interlayer distances for layered zinc hydroxides [34].

Time, months/compounds d, A

1 7.67

2 7.68

3 7.66

6 7.69

Simonkolleite Zns(OH)sCl> 7.88
Layered hydroxide Zns(OH)g(OH)2-2H20 7.53
Hydrozincite Zns(OH)s(CO3)2 6.86

In layered zinc hydroxides, this peak corresponds to reflection from layers containing
zinc atoms in octahedral and tetrahedral coordination. Groups of atoms between layers
determine the interlayer distance and, accordingly, the position of the diffraction maximum.
The interplanar distance changes little with increasing exposure of coatings to a corrosive
environment. In this case, the value of the interplanar distance is between the interlayer
distances for simonkolleite and the recently described zinc hydroxide dihydrate [34], that is,
Cl~ and OH-containing compounds.
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There are no other diffraction peaks of layered structures. This may be caused by
disorder in the layers of layered zinc hydroxide.

3.3.4. Photoelectron spectroscopy of the corrosion products
Figure 8 shows XPS spectra taken from the surface of the coatings after exposure to a 3 wt.%
NaCl for 1, 2, 3 and 6 months.
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Figure 8. XPS spectra of the corrosion products formed on the DZ coatings after exposure in
3 wt.% NaCl of different duration.

Table 3 shows the elemental composition of the surface of the corrosion product layer.
The concentration of chlorine on the surface of the layer of corrosion products increased
after exposure for more than 2 months. Iron also appeared in the corrosion products only
with increasing exposure for more than 2 months. The concentration of iron in the corrosion
products increased significantly only after 3 months. Carbon concentration decreased with
increasing exposure. The oxygen concentration is in the range from 40 to 50 at.%.

Table 3. Chemical composition of corrosion products layer according to XPS spectroscopy.

Zn2p

33.71

37.48 25.53

Time, months 1 2 3 6
Element at.%
Cls 18.03 16.26 14.40 12.34
Cl2p 0.59 2.78 2.10 2.10
Fe2p - 2.44 8.53 7.71
Ols 47.67 41.04 49.45 43.56

32.30
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Figure 9 shows the XPS spectra of the elements in details. Fe2p spectra after exposure
for 2 months demonstrate a higher intensity of satellites, in comparison with the Fe2p spectra
after exposure for 3 and 6 months. Differences in satellite intensity may indicate differences
in corrosion products at different exposures. Iron is present as ferric chloride in the coating
corrosion products after 2 months. Ferric chloride transforms into iron oxide or hydroxide
after three months of exposure.
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Figure 9. Fe2p (a) and Zn2p (b) XPS spectra of the corrosion products formed on the DZ
coatings after exposure in 3 wt.% NaCl of different duration.

Zn2p spectra (Figure 9b) in the corrosion products after exposure for 1 and 2 months
have larger linewidth compared to the spectra after 3 and 6 months of exposure. The spectra
of the corrosion products after exposure for 1 and 2 months can be decomposed into two
components with binding energies of 1021.7 eV and 1023.2 eV. The component with the
binding energy of 1021.7 eV corresponds to zinc metal. The component with the binding
energy of 1023.2 eV corresponds to zinc compounds of undetermined nature. At the same
time, the spectra of zinc Zn2p corrosion products after exposure for 3 and 6 months have
one component with a binding energy of about 1022.2 eV, which can be attributed to zinc
oxide.

4. Discussion
It is known that zinc corrosion is a set of Zn oxidation reactions at localized anodic sites:

Zn—2e > Zn%,

and O, reduction at the cathode sites:

%02 1 2e+H,0->20H".

The main corrosion product is amorphous zinc hydroxide:
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Zn?* +20H" —> Zn(OH), 51y,

which can be transformed, depending on conditions, into zinc oxide ZnO or into crystalline
B-Zn(OH),. When a corrosive environment contacts with air, carbon dioxide dissolves in the
environment and turns into CO3~ and HCO; ions, and hydrozincite can be formed by the
reaction between Zn(OH), and HCO; [27, 28]:

5Zn(OH), + 2HCO; +2H* — Zn,(OH),(CO,), +4H,0.

At a relatively high concentration of chloride ions Zn(OH), can be transformed into
simonkolleite [29—32]:

5Zn(OH), +2CI +H,0 — Zn (OH),Cl, -H,O + 20H".

The authors of [35—37] reported that zinc corrosion products had protective properties
due to simonkolleite. The rate of the coating corrosion decreases if the corrosion products
layer is uniform, compact, non-porous with low electrical conductivity. It is important to
take into account that corrosion can occur through the mechanism of selective dissolution of
a more electronegative component if the coating is a zinc-based solid solution or an
intermetallic compound. The matter is the surface roughness of the coating increases during
this process, and this increase contributes to the formation of a more compact, uniform layer
of corrosion products. Over time, selective dissolution can turn into co-dissolution of metals.
Then the substances of other coating component appear in the layer of corrosion products,
along with the zinc substances.

After 1 month of exposure of the zinc-based DZ coatings under study to 3 wt.% NaCl
solution, iron is absent both in the corrosive environment and in the layer of corrosion
products (Table 3). The ratio of Fe and Zn concentrations on the surface of coatings after
corrosion is close to the ratio of metals in the coating before corrosion. Corrosion of the
coatings with a thickness of 40+5 microns based on the 6-phase occurs through the
mechanism of selective dissolution of zinc upon exposure for 1 month in a solution of 3 wt.%
NaCl. The layer of corrosion products after 1 month exposure consists of ZnO and layered
zinc hydroxide. There are no crystalline forms of simonkolleite or hydrozincite. Apparently,
crystallization of amorphous Zn(OH), into simonkolleite or hydrozincite is difficult under
the conditions studied. However, chlorine and carbon are present in the layer of corrosion
products according to XPS spectra. This can be explained by the sorption of a certain amount
of CI-ions or CO% ions on layered zinc hydroxide. At the same time, basic zinc salts may
be present in the layer of corrosion products in an amorphous state. In this state, they do not
produce reflections in diffraction patterns, but corresponding absorption bands may appear
in the IR spectra. The corrosion current does not decrease after exposure of the coating for
1 month (Table 1), despite the resistance of the layer of corrosion products. Apparently, the
layer of products after 1 month exposure has rather weak protective properties.
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After 2 months of exposure, iron is present in the corrosion products. The concentration
of chlorine in the products increases by 5 times compared to that after 1 month exposure.
Thus, the selective dissolution of zinc is replaced by simultaneous dissolution of Zn and Fe.
IR and XPS spectra do not allow to unambiguously determine the chemical compound of
iron in the corrosion products. However, based on the position of the satellites in the XPS
spectra, it can be assumed that this is a ferric chloride or another complex compound with
CIl™ ligands. The intensity of the absorption bands of simonkolleite increases in the IR
spectra, but crystallization of simonkolleite is not observed, according to XRD. Thus, weakly
bound CI~ ions accumulate in the corrosion products and this can significantly accelerate the
dissolution of iron.

If the solution contains Zn?*, Fe3* and CI-, then there may be equilibria between them:

2+ - + _ .
Zniy +Clgy < ZnCl, logp, =0.32;
3+ - 2+ _
Fely +Clig <> FeCliy, logP, =28.57.

Here [ is the stability constant of the complex compound. The stability constant of
FeCI?* is by two orders of magnitude higher than that of ZnCI*. At the same time, the stability
constant of FeOH?* is by five orders of magnitude higher than that of ZnOH* [38]. Thus, the
formation of chloride and hydroxo complexes of Fe®* is thermodynamically more likely with
the simultaneous dissolution of metals.

The corrosion rate of the coatings decreases as the exposure duration increases, whereas
the resistance of ion transport through the corrosion product layer increases and has a
maximum value after 2 months of exposure. Removing the layer of corrosion products
increases icor. This suggests that the corrosion product layer effectively protects the coating
from corrosion.

After exposure for 3 and 6 months, the concentration of chlorine in the corrosion
product layer stabilizes, and the concentration of Fe increases by 3.5 times. The intensity of
the absorption bands in the IR spectra, which relate to simonkolleite and hydrozincite,
decreases. After 6 months of corrosion, only the absorption band of OH™ stretching
vibrations has a high intensity in the IR spectra. The reflection of layered zinc hydroxide
disappears from the diffraction patterns. Apparently, Fe** ions compete with Zn?* for H,O
molecules, CI- and OH" ions during long-term corrosion of DZ coatings. Iron inhibits the
crystallization of basic zinc salts in the corrosion product layer. Also, Fe3* ions are
hydrolyzed in aqueous solutions, and the pH value near the electrode decreases. Because of
this, zinc hydroxyl salts can be destroyed, since they are unstable in acidic environments.

This is consistent with the results obtained in [39-43], where Zn base salts were
chemically precipitated in the presence of Fe ions. The authors showed that simonkolleite
did not precipitate in the presence of Fe3* ions in the electrolyte. A compact precipitate of
small, poorly crystallized ZnO particles was formed instead of simonkolleite. At the same
time, complex hydroxides Fe(OH)$™* were formed as a result of hydrolysis. They
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condensed into amorphous iron oxides/hydroxides, and the compactness of the corrosion
products of the layer increased [43].

Zinc oxide ZnO is the only crystalline corrosion product of the coatings after 6 months
of corrosion. As a semiconductor, it reduces the electric resistance of the corrosion product
layer, which should negatively affect the protection of the coating. However, the corrosion
rate of DZ coatings stabilizes, and the corrosion current increases when the corrosion
products layer is removed. This can be explained by the high density and compactness of the
corrosion product layer that creates a barrier for oxygen and corrosive ions.

5. Conclusion

We studied the corrosion of 40+5 pum thick DZ coatings based on the d-phase FeZn; i in
3 wt.% NaCl solution under static conditions, full continuous immersion, without electrolyte
renewal throughout the experiment. At the initial stage, corrosion of the coatings is
accompanied by selective dissolution of zinc. This leads to the formation of zinc corrosion
products, including basic layered hydroxides, which provide high corrosion resistance of the
coatings. After 2 months of corrosion, the selective dissolution of zinc is replaced by the
simultaneous dissolution of zinc and iron. The dissolution of iron is accompanied by a local
change in the composition of the electrolyte due to hydrolysis, which leads to the destruction
of layered zinc hydroxides with the formation of crystalline zinc oxide, which does not
provide high corrosion resistance of coatings. However, even with a prolonged corrosion in
chloride solutions, the basic compounds of zinc and iron in the amorphous state are
spectroscopically determined in the corrosion products.
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