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Technology, Radvilenų str. 19, 50254 Kaunas, Lithuania; egidijus.griskonis@ktu.lt (E.G.);
algirdas.sulcius@ktu.lt (A.Š.)
* Correspondence: nerita.zmuidzinaviciene@ktu.lt

Abstract: Manganese coatings are excellent for the cathodic protection of steel against corrosion.
Although manganese is more electrochemically active than widely used protective coatings of zinc,
the exceptional resistance of manganese coatings in neutral and basic media is determined by the film
of insoluble corrosion products, which forms on the surface of manganese and greatly suppresses
its further corrosion. It is known that the electrodeposition process of Mn coatings from sulphate
electrolytes is positively affected by some additives of chalcogenide (S, Se and Te) compounds
in the electrolyte. However, a more detailed study on the corrosion properties of Mn coatings
electrodeposited from sulphate bath with Te(VI) additive is lacking. In this work, the measurements
of free corrosion potential and potentiodynamic polarization in a neutral NaCl solution, as well as
the corrosion resistance properties of obtained Mn coatings, were evaluated in a salt spray chamber.
It was obtained that the best corrosion resistance was shown by Mn coatings, electrodeposited at the
cathodic current density of 15 A·dm−2 and at higher temperatures (60 and 80 ◦C). Meanwhile, the
corrosion resistance of phosphated Mn coatings, obtained from a room temperature bath, increased
about 5 times and reached up to 1000 h until corrosion of the steel substrate occurred.

Keywords: manganese–ammonium sulphate bath; Te additive; corrosion resistance; salt spray
chamber

1. Introduction

Manganese, an important, basic, industrial raw material with large demand, was not
only used in the smelting and processing of stainless steel [1] and nonferrous alloys [2],
but also widely used in electronic materials [3] and special chemicals, used in medicine,
agriculture and animal husbandry departments [4]. Despite the very negative potential of
Mn (E0 = −1.18 V vs. SHE), which results in a low current efficiency, recently, electrolysis
from aqueous electrolytes have become the main choice in the manganese production
industry [4,5].

Manganese electrodeposition from ammonium sulphate [6] and chloride media has
been well studied [7,8]. However, a sulphate bath should be chosen in order to avoid the
negative impact provided by the chloride medium (Cl2 formation and the corrosive nature
of the electrolyte) [9].

It is known that electrodeposited Mn coatings obtained from aqueous solutions con-
taining ammonium salts corrode during electrolysis [10,11]. Fast corrosion of Mn coatings
and the high rate of hydrogen evolution on electrodeposited Mn coatings in ammonium
sulphate/chloride electrolytes are the main disadvantageous processes during manganese
electrodeposition. Additives of chalcogen compounds were used in order to avoid these
disadvantages and increase the current efficiency of Mn coatings.

The electrodeposition of Mn from the sulphate bath requires selenium compound
additives, such as SeO2 or H2SO3 [12–16], to control the structure and morphology of
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manganese coatings. The expensive and toxic SeO2 presents hazardous effects on the
environment [9,17–20], which is against the goals of green chemistry. In addition, the
formation of MnSe in coatings leads to the low purity of Mn [21,22]. Therefore, sulphur
dioxide SO2 is often used in the industry, which makes it possible to obtain high purity
(~99.5%) Mn coatings, but they have poor morphology [23].

From the literature review, it must be concluded that the most effective electrolytic
additives used for electrodeposition of Mn are inorganic compounds, containing sulphur,
selenium and tellurium. However, there is insufficient data on the Te compounds’ influence
on the electrodeposition of Mn coatings and their properties. Recently, the influence of
some tellurium Te compound additives on the electrodeposition process of Mn coatings
and their properties (structure, morphology, current efficiency, etc.) were studied [24–26].

Literature analysis on the influence of sulphur, selenium and tellurium additives on
the corrosion properties of electrolytic Mn coatings is very scarce. Only one old literary
source was found, where corrosion of Mn coatings electrodeposited from Se additive
containing electrolytes was investigated by immersing in 3% NaCl aqueous solution and
artificial groundwater, as well as by exposing them to artificial fog in a self-made corrosion
chamber at 99%–100% humidity and 30± 1 ◦C temperature [27]. It was found that corrosion
potential values of Mn coatings in corrosion media increase with increasing the duration of
the test, and Mn coatings completely lose the protective properties with respect to the steel
when oxidation of Mn occurs at temperatures above 600 ◦C. However, it did not provide
comparative studies of Mn coatings deposited from electrolytes without S and Se additives.
It is also known that during the deposition of Mn coatings from chloride electrolyte with
SeO2, an addition of sodium acetate improves the corrosion resistance of the manganese
deposits [28]. However, there is no data on the influence of Te compounds on corrosion of
electrodeposited Mn coatings.

Phosphate coatings are the most often used form of steel surface treatment because of
their good adhesion, high-corrosion resistance, and acceptable manufacturing costs [29–31].
It was found that the manganese phosphate coatings have the highest hardness and have
superior corrosion and wear resistance [32]. However, little has been published on the
fundamental mechanism of the manganese hot-dip phosphatizing process widely applied
for steel [33]

The aim of the present work was to investigate the influence of a tellurium(VI) additive
in a sulphate bath on the corrosion properties of electrolytic Mn coatings obtained at
different temperatures, and to evaluate the influence of phosphate coatings on corrosion
resistance.

2. Materials and Methods

All chemicals used in this study were analytically pure (Sigma-Aldrich, St. Louis, MO,
USA, and Reakhim, Moscow, Russia), and for the preparation of all solutions, twice-distilled
water with resistivity ≥5 MΩ·m was used.

2.1. Electrodeposition

Mn coatings for corrosion tests were electrodeposited on mild carbon steel (ASTM
A283 [34], grade A) plates of two sizes (see below). The surfaces of mild carbon steel plates
before electrodeposition of Mn coatings were polished with a felt wheel by using Cr2O3 pol-
ishing paste, degreased with Vienna lime, thoroughly washed with tap water and distilled
water, and pickled in a 2% H2SO4 aqueous solution. Electrodeposition of coatings was per-
formed in a manganese–ammonium sulphate bath (MASB) of the following composition:
0.62 M MnSO4·5H2O; 0.95 M (NH4)2SO4 and 2.2 mM Na2TeO4 (pH~2.3). Since previous
studies [25,26] have shown that Mn coatings of the best quality are electrodeposited from
MASB at a cathodic current density of 15 A·dm−2 and in the temperature range from 20 to
80 ◦C, the corrosion properties of Mn coatings electrodeposited under analogous conditions
were investigated in this work. The average thickness of all electrodeposited Mn coatings
was maintained at about 10–11 µm.
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2.2. Electrochemical Tests

Electrochemical studies of the corrosion of Mn coatings, electrodeposited on square
mild carbon steel plates of 10 mm× 10 mm size (thickness 0.5 mm), were performed at room
temperature (20 ± 1 ◦C) in the thermostat-deployed, three-electrode electrochemical cell,
filled with naturally aerated 3% NaCl aqueous solution. A silver-silver chloride (Ag/AgCl)
electrode filled with saturated aqueous KCl solution (E vs. SHE = 0.197 V) and placed in a
Luggin capillary tube was used as the reference electrode (RE), and a rectangular Pt plate
with a surface area of both sides ~20 cm2 (3.0 cm × 3.3 cm size) was used as a counter
electrode (CE). In all experiments, the distances between working electrode (WE)—a test
sample—and the Luggin capillary, and WE and the Pt plate were kept constant and equal
to ~1 mm and ~5 cm, respectively. The schematic diagram of the electrochemical cell is
presented in Figure 1. The surface of the test specimen, located on the opposite side of the
Luggin capillary and counter electrode (Pt plate), was isolated by coating it with epoxy
resin and thus, the surface area of the test specimen was constant and equal to 1 cm2.
All potentials in this work are provided with respect to the saturated Ag/AgCl electrode.
Both variations of the free corrosion potential Ef.corr. of Mn coatings applied over time,
and the potentiodynamic polarization curves in the range no less than ±160 mV around
open circuit potential, were recorded by using a potentiostat–galvanostat BioLogic SP-150
(Biolgic, Seyssinet-Pariset, France) interfaced with the EC-Lab v10.39 software. Potential
sweep rate of potentiodinamic polarization was 0.166 mV/s. Corrosion parameters of Mn
coatings, such as the equilibrium corrosion potential Ecorr. and corrosion current density
icorr. were calculated according to the Tafel approximation of Butler-Volmer equation and
by extrapolation of the recorded potentiodynamic polarization curves with the Tafel fit tool
of the software mentioned above.
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Figure 1. Schematic diagram of the electrochemical cell used in corrosion tests of Mn coatings exposed
to naturally aerated 3% NaCl solution (20 ± 1 ◦C).

2.3. Salt Spray Test

The long-term corrosion resistance of Mn coatings, electrodeposited on rectangular
mild carbon steel plates of 50 mm × 100 mm size (thickness 1.0 mm), was tested in a
neutral salt spray fog atmosphere according to the standard EN ISO 9227:2022 [35]. For this
certified salt spray chamber, a Q-Fog CCT 600 (Q-Lab Corporation, Westlake, OH, USA)
was used. Testing in a salt spray chamber is used because it is inexpensive, quick, well
standardized, and reasonably repeatable, although it does not always replicate real-world
corrosive conditions and often accelerates corrosion. The salt spray fog in the chamber
was generated by spraying 5% NaCl aqueous solution (pH 6.5–7.2). Temperature in the
chamber was 35 ± 2 ◦C. The specimens’ angle of inclination was 20◦. The deposition
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rate of salt spray on 50 cm2 surface area of each sample was 1–2 cm3/h. The corrosion
rate of Mn coatings in salt spray fog was evaluated gravimetrically according to weight
changes of samples over time. The results were calculated as the mass change average of
three samples.

2.4. Phosphate Treatment

In order to improve the corrosion resistance of Mn coatings, a cold phosphating
solution of this composition was used (M): Zn(H2PO4)2·2H2O—0.31; Zn(NO3)2·6H2O—
0.185; NaF—0.21; MnCO3—0.087; pH 2.4–2.6; t = 20–24 ◦C [36]. Total acidity of the
phosphating solution was 64–66 points; free acidity, 6–7 points. One point corresponds to
1 mL of 0.1 mol/L NaOH solution used to neutralize 100 mL of phosphating solution. The
phosphate coating on the surface of the Mn coating were formed within 20 min and the
thickness of the coating was ~0.15 g/dm2.

2.5. Structural, Elemental and Morphological Analysis

X-ray diffraction (XRD) analysis of corrosion products formed on the surface of Mn
coatings was performed by using X-ray diffractometer SmartLab (Rigaku, Tokyo, Japan)
with a rotating X-ray tube with a Cu anode and Ni filter. The diffraction angle measurement
range was from 10◦ to 70◦, the measurement step 0.02◦, and rotation speed of the detector
1◦·min−1. PDF-4+ database of crystalline compounds was used for phase analysis of
corrosion products.

The elemental analysis of the corrosion products formed on the surface of Mn coatings
exposed in the salt spray chamber was carried out by wavelength dispersive X-ray fluo-
rescence spectroscopy (WDXRF) using an Axios mAX spectrometer (Malvern Panalytical
B.V., Eindhoven, The Netherlands) with an Rh anode X-ray tube. Chemical composition
studies were performed using the benchmark quantitative elemental analysis software
Omnian (Malvern Panalytical B.V., Eindhoven, The Netherlands). The samples for XRD
and WDXRF were prepared by grinding the corrosion products scraped from the surface of
Mn coatings and forming 20 mm diameter tablets.

The investigation of surface morphology of Mn electrodeposits was performed using
a FEI Qanta 200 FEG (Hillsboro, OR, USA) scanning electron microscope (SEM).

3. Results and Discussion
3.1. Corrosion of Mn Coatings in Naturally Aerated 3% NaCl Aqueous Solution

First of all, we performed long-term measurement of free corrosion potential (Ef.corr.)
in naturally aerated 3% NaCl aqueous solution of mild carbon steel substrate via Mn
electrodeposits. It was observed (Figure 2) that the values of Ef.corr. for mild carbon steel
substrate decreased the most, i.e., from −470 to −690 mV, during the first 24 h, and then,
a uniform drop to −720 mV was observed for the rest of the observational period (up to
240 h). It shows that the steel substrate corrodes without passivation. Meanwhile, the
values of free corrosion potential of Mn coatings, electrodeposited from MASB with 2.2 mM
Te(VI) additive ata cathodic current density of 15 A dm−2 and in a temperature range of
20–80 ◦C, increase over time, and this could be associated with manganese’s tendency
to passivate.

The fastest increase of the free corrosion potential from −1250 mV to −1100 mV was
observed in the first 24 h for Mn coatings, obtained from MASB at room temperature
(20 ◦C). After the first 24 h, the free corrosion potential stabilised and slowly increased
up to −1050 mV during the remaining time of the experiment (up to 240 h). The free
corrosion potential of Mn coatings electrodeposited from MASB at 40 ◦C stabilised after
48 h and increased slightly from −1160 mV to −1120 mV during the remaining time of
the experiment (up to 240 h). The free corrosion potential of Mn coatings electrodeposited
from MASB at 60 ◦C increased linearly from −1250 mV to −1115 mV over the entire
experiment period.
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Figure 2. Change of the free corrosion potential Ef.corr. over time of mild carbon steel substrate
and Mn coatings in naturally aerated 3% NaCl solution at 20 ± 1 ◦C temperature. Mn coatings
were electrodeposited on steel substrate at a cathodic current density of 15 A·dm−2 and various
temperatures (20, 40, 60 and 80 ◦C) of MASB, containing 2.2 mM of Te(VI) additive.

Finally, the free corrosion potential of Mn coatings electrodeposited from MASB at
80 ◦C stayed relatively stable, while varying in a narrow range from −1280 to −1290 mV
during the first 24 h, and then slowly increased up to −1250 mV during the remaining
observation time. It is important to note that these coatings had the lowest free corrosion
potential when compared to the other Mn electrodeposits obtained at lower temperatures.

During the corrosion of Mn coatings, in naturally aerated 3% NaCl solution, the
formation of dark-brown coloured precipitate was observed. This precipitate most likely
consisted of Mn hydroxide and/or Mn basic salts, and resembled a light-brown precipitate
(presumably Fe(III) hydroxide and/or Fe(III) basic salts) formed during the corrosion of
mild carbon steel.

In order to analyse the progress of corrosion of Mn coatings in naturally aerated 3%
NaCl aqueous solution, the potentiodynamic polarisation curves were recorded at different
times (after 1 h, 24 h, 72 h, and 240 h) after immersing the samples into the corrosive
medium (Figure 3).

After Tafel approximation of these curves, the values of Tafel constants for anodic and
cathodic processes (βa and βc, respectively) were determined. By applying approximations
of Butler–Volmer equation when the electrode potential was E >> Ecorr. and E << Ecorr., the
corrosion equilibrium potential Ecorr and current density icorr were calculated (Table 1).
The values of equilibrium corrosion potential of Mn coatings calculated by using this
method (Table 1) accurately correlate with the experimentally obtained values of free
corrosion potential and their changes over time (Figure 1). It should be noted that, the
higher the temperature during the electrodeposition of Mn coating from MASB, the lower
the corrosion potential values are in naturally aerated 3% NaCl solution, i.e., the coatings
are more electronegative.

The calculated values of corrosion current density, which are directly proportional
to the corrosion rate and their change over time (Figure 4), showed that Mn coatings
electrodeposited from MASB with 2.20 mM Te(VI) additive at a cathodic current density
of 15 A·dm–2 and at lower temperatures (20 ◦C and 40 ◦C) had the fastest corrosion rate
during the first hour after immersing into the corrosive medium. However, after one day,
the corrosion current density and corrosion rate of these Mn electrodeposits decreased up
to four and two times, respectively, whereas after 3–10 days these coatings corroded even
2.5–3 times slower than 1 h after immersion into the corrosive medium.
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Figure 3. Potentiodynamic polarization curves of Mn coatings recorded after different periods of
corrosion in naturally aerated 3% NaCl solution at 20 ± 1 ◦C temperature. Mn coatings were elec-
trodeposited on steel substrate at a cathodic current density of 15 A·dm−2 and various temperatures
of MASB, containing 2.2 mM of Te(VI) additive: (a) 20 ◦C; (b) 40 ◦C; (c) 60 ◦C; (d) 80 ◦C.

This can be explained by the formation of a corrosion product film, which possesses
good protective properties and provides passivation of the Mn coatings. Meanwhile, Mn
coatings, electrodeposited from MASB with 2.2 mM Te(VI) additive at 60 ◦C and a cathodic
current density of 15 A·dm−2, corroded the slowest at 1 h after the initial immersion
moment. However, after one day, their corrosion rate increased, as the value of icorr. Nearly
doubled. After 3–10 days, the icorr. Of these Mn coatings suddenly decreased nearly to the
initial level, and the corrosion rate was close to that of the Mn coatings electrodeposited
from MASB at 20 ◦C and 40 ◦C.
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Table 1. Corrosion parameters of Mn coatings, electrodeposited on steel substrate at a cathodic
current density of 15 A·dm−2 and various temperatures of MASB, containing 2.2 mM of Te(VI)
additive. Corrosion parameters were determined by Tafel fitting of potentiodynamic polarization
curves recorded after different exposition periods in naturally aerated 3% NaCl solution (20 ± 1 ◦C).

Temperature
of MASB, ◦C

Corrosion
Time, h

Ecorr., V
(vs. Ag/AgCl)

icorr.,
µA·cm–2

−βc,
mV·dec–1 βa, mV·dec–1

20

1 −1251 93.4 66.7 37.5
24 −1104 22.6 96.2 37.1
72 −1082 14.1 60.6 23.6

240 −1048 41.1 233.2 44.1

40

1 −1249 97.7 99.8 24.8
24 −1215 52.4 81.8 70.4
72 −1169 39.6 96.5 72.9

240 −1114 31.5 122.8 38.8

60

1 −1257 37.9 68.4 18.4
24 −1267 79.8 126.1 84.8
72 −1193 35.9 125.0 96.8

240 −1117 10.4 54.1 20.1

80

1 −1288 64.2 94.2 34.4
24 −1282 73.6 89.9 73.8
72 −1269 114.8 87.4 70.1

240 −1253 258.8 83.1 84.5
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NaCl solution over time. Mn coatings were electrodeposited on steel substrate from the MASB with
2.20 mM Te (VI) additive at a cathodic current density of 15 A·dm–2 and different temperatures (20,
40, 60 and 80 ◦C).

The linear increase of icorr. Values, and thus the corrosion rate over time, is charac-
teristic to the Mn coatings electrodeposited from MASB at 80 ◦C. The corrosion of such
coatings intensified almost twice within 1–3 days, and after 10 days the corrosion current
density was four times higher than the one measured 1 h after immersion into the corrosive
medium. Such observation could be explained by a greater corrosive activity of the Mn
coating itself, which could be caused by possible surface defects and the formation of
the poorly adhering, porous film of corrosion products on the surface of these coatings.
Overall, all the differences in corrosion rates of Mn coatings electrodeposited from MASB
of different temperatures is most probably caused by structural and morphological fea-
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tures of the coatings, as well as the variation of concentrations of Te incorporated into
Mn electrodeposits [25]. Since in all cases examined, the Tafel constant value of cathodic
corrosion process was greater than the one of anodic corrosion process (βc > βa), based on
the literature data [37], it may be assumed that Mn corrosion was limited by the cathodic
process, i.e., in formation of hydroxide ions:

O2(g) + 2H2O(l) + 4e− → 4OH−(aq)

An anodic process that did not limit the corrosion kinetics was oxidation of manganese:

Mn(s) →Mn2+
(aq) + 2e−

3.2. Corrosion of Mn Coatings in a Salt Spray Chamber

In order to accurately determine the behaviour of electrolytic Mn coatings for the long-
term protection of a steel base, they were tested in a salt spray fog atmosphere. Corrosion
resistance of Mn coatings was evaluated gravimetrically, according to the mass changes
of the coatings per unit area over time. The tests in the salt spray chamber showed that
during the initial stages of corrosion (within first 24 h), the mass of Mn coatings did not
decrease significantly (Figure 5), which is most likely due to the formation of more soluble
Mn corrosion products, one of which is likely to be Mn(II) chloride. However, as the
corrosion progressed, poorly soluble and insoluble corrosion products accumulated on the
Mn coatings, and then the mass of the samples increased (Figure 5).
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Figure 5. Mass change per area unit for the Mn coatings in the salt spray chamber over time. Mn
coatings were electrodeposited on steel substrate from MASB with Te(VI) additive at a cathodic
current density of 15 A·dm–2 and different temperatures: 1—20 ◦C; 2—40 ◦C; 3—60 ◦C; 4—80 ◦C;
5—20 ◦C + phosphated.

The mass of Mn coating electrodeposited from MASB of lower temperatures (20–40 ◦C)
increased the fastest in the salt spray chamber. These coatings had fully corroded after 8–10
days (192–240 h), when the signs of corrosion of the steel base were noticeable on the surface
(Figure 2). Meanwhile, the mass of Mn coatings electrodeposited from MASB of higher
temperatures (60–80 ◦C) increased slower. These types of coatings were able to protect the
steel base for twice as long. The corrosion of steel bases coated with these coatings occurred
only after 17–19 days (408–456 h) in the salt spray chamber. The indicators of corrosion, i.e.,
formation of various coloured compounds from Mn coating and steel, on the surface of Mn
electrodeposits after testing in the salt spray chamber, and time until their occurrence, are
presented in Table 2.
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Table 2. Time of the appearance of corrosion products on the surface of Mn coatings and changes
in appearance during exposure time in the salt spray chamber. Mn coatings were electrodeposited
on steel substrate from MASB with Te(VI) additive at a cathodic current density of 15 A·dm–2 and
different temperatures. Some samples were additionally phosphated.

Temperature of
MASB, ◦C

The Appearance of:

Individual Dark
Brown or Black Dots Bluish Spots Dark Brown

Spots White Spots Orange
Spots

Corrosion of
Steel Substrate

20 6 h 6 h 72 h 66 h 72 h 240 h

40 3 h 6 h 36 h 126 h 84 h 192 h

60 12 h 24 h 42 h 48 h 108 h

after 408 h,
corroded coating
separates from

the steel substrate

80 12 h 42 h 42 h 42 h 78 h
after 456 h, only
at the corners of

the samples

20+ phosphated 24 h 312 h 192 h 264 h - 960 h

Typical SEM views of the surface of Mn coatings, electrodeposited from different
MASB temperatures with 2.2 mM Te(VI) additive at a cathodic current density of 15 A·dm−2,
and exposed in the salt spray chamber for a long time (7 days), are presented in Figure 6. As
shown, as the MASB temperature increases, a more compact and uniform layer of corrosion
products forms on the surface of the Mn electrodeposits under the attack of salt spray. This
may be related to the tendency of quality improvement of Mn coatings when increasing
MASB temperature.

Since the electrodeposition of Mn coatings from the room temperature (20 ◦C) MASB
is both technologically and energy-wise more favourable (there is no need to heat the
electrolyte and as a result, its intensive evaporation is also avoided, the electrolyte compo-
sition remains more stable, etc.), these coatings were selected for additional phosphating to
increase their corrosion resistance. It was noticed that after the application of an additional
phosphating procedure for Mn coatings (Figure 7a), a continuous macrocrystalline film of
insoluble phosphates formed on their surface (Figure 7b), and this significantly increased
the longevity of such complex coatings (Mn + phosphate film). The mass of phosphated Mn
coatings increased the slowest during corrosion in the salt spray chamber, and indications
of the corrosion of the steel base were noticed only after 38 days (912 h). Higher resistance
to corrosion in the salt spray chamber of phosphated Mn coatings can be explained by the
fast passivation of the Mn coating surface by the insoluble phosphate film. SEM analysis
showed that even after performing such a long corrosion procedure, the surface of the steel
substrate remained covered in phosphated Mn coating and a layer of insoluble corrosion
products (Figure 7c,d).

The chemical composition (chemical elements and their mass fraction concentration)
of non-phosphated and phosphated Mn coatings electrodeposited from MASB of room
temperature was determined by performing WDXRF analysis (Table 3). The results of
the analysis showed that the main elements in corrosion products of non-phosphated Mn
electrodeposits were manganese (most probable in the form of Mn(II) oxide) and iron—
the main element of the steel base (most probable in the form of Fe(III) oxide). On the
other hand, the main element in the corrosion product of phosphated Mn coating was
exclusively manganese (also in the form of Mn(II) oxide), and the concentration of iron was
almost 10 times smaller than in the corrosion products of non-phosphated Mn coatings.
Phosphorus is a characteristic of phosphated Mn coatings, and most likely was in a form
of poorly soluble Mn(II) phosphate. It should be noted that in the corrosion products
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of phosphated Mn coatings, there were no traces of Zn, which is the main metal in the
phosphatation solution.
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Figure 7. SEM images of Mn coatings electrodeposited on steel substrate from MASB at a cathodic
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Magnification: (a–c)—×500; (d)—×15,000.

Table 3. WDXRF analysis data of corrosion products formed on the surface of non-phosphated
and phosphated Mn coatings, exposed in salt spray chamber up to corrosion of steel substrate. Mn
coatings were electrodeposited from MASB with Te(VI) additive at a cathodic current density of
15 A·dm–2 and 20 ◦C temperature.

Temperature of MASB, ◦C Element, at. %

20

O—25.58
Na—1.13
Si—0.09
S—0.02
Cl—0.91

Mn—49.16
Fe—22.75
Te—0.35

20 + phosphated

O—30.8
Na—0.00
Si—0.15
S—0.10
Cl—0.76

Mn—63.33
Fe—2.04
P—3.03
Te—0.42

After performing XRD analysis of corrosion products of Mn coatings electrodeposited
from MASB of various temperatures and corrosion products of additionally phosphated Mn
coatings, it was determined that due to the effects of the salt spray chamber, various oxidic
Mn(II) and Mn(III) compounds, such as MnO2, MnO·MnOOH, MnO·Mn2O4, and MnCO3
were formed on the surface of the coatings (Figure 8). It was noted that the characteristic
peaks of FeO·Fe2O3 in the XRD pattern for corrosion products of phosphated Mn coatings
were significantly less intense than those of corrosion products of non-phosphated Mn
coatings. These XRD pattern results add on to the data of WDXRF analysis and make them
more accurate.
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and different temperatures.

4. Conclusions

Based on free corrosion potential and corrosion current measurements of Mn coatings
in a naturally aerated 3% NaCl aqueous solution, and data of the experiments in the salt
spray chamber, the following was found:

• The most resistant to corrosion were Mn coatings, electrodeposited from higher tem-
perature (60–80 ◦C) MASB at 15 A·dm–2 cathodic current density and containing
incorporated Te (about 1.1–1.4 wt. %). The increased corrosion resistance of Mn coat-
ings, electrodeposited at higher temperatures, could be associated with the changes
in their structure from the mixture of α-Mn and β-Mn phases to α-Mn phase and a
two-fold decrease in crystallite sizes of Mn coatings [25], and all this ultimately leads
to an overall improvement in the quality of Mn coatings.

• The corrosion resistance of Mn coatings can be significantly increased by additionally
coating them with a phosphate film. The corrosion resistance of phosphated Mn
coatings, electrodeposited from room temperature (20 ◦C) MASB, increases by a factor
of about five times and reaches 1000 h before corrosion of the steel substrate occurs.
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