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Abstract

As a chemical element, manganese is used in a wide range of industries, particularly
steelmaking and creating alloys and as a sacrificial coating for corrosion protection. Elec-
trodeposition is a low-energy process; however, manganese electrodeposition from aqueous
solutions remains challenging due to the highly negative reduction potential of Mn?*. The
addition of group VI elements such as selenium, sulfur or tellurium to the electrolyte
improves both coating quality and the current efficiency of manganese electrodeposits
by suppressing the competing hydrogen evolution reaction (HER). While selenium and
sulfur compounds are widely studied electrolyte additives, research on the use of tellurium
additives in the electrolyte and their influence on the manganese electrodeposition process
and subsequent coating properties remains limited. In this work, manganese electrode-
posits were obtained from a manganese ammonium sulfate bath (MASB) electrolyte with
a sodium tellurate(VI) additive at both room and elevated temperatures. The resulting
coatings, which also underwent a phosphating process to enhance the corrosion resistance
of the coating, were investigated for properties such as morphology, elemental composition,
and corrosion resistance; all corrosion tests were carried out in a 3% NaCl solution. The
findings show that coatings deposited at higher temperatures exhibit a more compact
surface structure, with «-Mn becoming more abundant as the MASB temperature increases.
Furthermore, higher-temperature deposition produces coatings with greater current effi-
ciency, though at the cost of a higher concentration of incorporated tellurium. Finally, the
coatings that underwent the phosphating were evaluated against untreated (uncoated and
non-phosphated) mild carbon steel regarding their corrosion resistance.

Keywords: manganese coatings; phosphating; corrosion; Te additive

1. Introduction

In terms of global demand, manganese is the fourth most consumed metal in the
world. It is widely used in electronic components, stainless steel processing, military
applications [1], the production of non-ferrous and many steel alloys, and as a sacrificial
coating in order to prevent corrosion. The processing of manganese deposits is mainly
carried out via pyrometallurgy [2] and hydrometallurgy [3].

Manganese electrodeposition faces challenges due to the highly negative reduction
potential of manganese (E® = —1.18 V vs. SHE) [4]. This standard potential results in low
current efficiency, i.e., ineffective electrodeposition that results in very thin coatings and
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prolonged deposition times. The most widely used electrolytes for the electrodeposition
of manganese coatings are chloride- or sulfate-based solutions [5], typically containing
MnSO;4 and (NHy4)2504 or MnCl, and NH,4Cl salts. Anode selection depends directly on
the chosen electrolyte: graphite is utilized in a chlorine-based medium, whereas Pb and Pb-
1%Ag alloys coated with lead(IV) oxide are used in a sulfate medium. A sulfate medium is
frequently preferred to avoid the environmental and safety hazards of the chlorine gas that
is generated during the electrodeposition. The ammonium salts formed in the electrolyte
act as a buffer within the MASB solution, maintaining pH values around 2-3.5 and 6-7.
Performing electrodeposition at a lower pH is advantageous as it facilitates the dissolution
of sodium tellurate, notably, with the addition of sulfuric acid. A mixture of manganese
sulfate, ammonium sulfate, and sodium tellurate maintains a pH of approximately 5.
Theoretically, manganese electrodeposition can be further enhanced by controlling the
surface of the substrate [6]. By displacing most of the water from the substrate and replacing
it with a thin layer of polymers or hydrogels, HER can be suppressed while allowing a more
effective deposition. However, a key challenge lies in developing polymers or hydrogels
that can withstand elevated electrolyte temperatures and resist degradation in highly acidic
media. This limitation can be circumvented by replacing polymer-based membranes and
hydrogels with more chemically stable aligned carbon nanotube array membranes that
can even further influence selectivity by generating symmetrical redox currents [7]; i.e.,
cation-selective multichannel membranes (CSMM) can selectively modulate ion transport
at the electrode interface. By utilizing this selectivity, only preferable ions such as Mn?* can
pass through, thereby electrodeposition, making it more efficient and coating chemically
pure manganese layer. Because the CSMM membranes are inherently cation-selective,
meaning H* ions would also pass through, making HER still an obstacle. By chemically
functionalizing carbon nanotube membranes [8,9], even greater selectivity can be achieved,
effectively mitigating the HER. Although these advanced membranes show promising
potential, they remain difficult to implement, and research about their implementation in
electrochemical deposition is scarce; in the majority of cases, to make electrodeposition
more efficient, additives to the electrolyte are used, making them the most common and
practical approach to enhancing electrodeposition efficiency.

Without additives, manganese electrodeposition yields very poor results, even un-
der optimal electrolyte concentration, pH value, or high current density [10]. Group VI
elements, such as sulfur, selenium, and tellurium, additives are viewed as essential be-
cause they alter the overvoltage of the water reduction reaction differently [4]: SO, has
the lowest effect, SeO, compounds have a moderate effect, and TeO; has the strongest
effect. As the water reduction reaction is suppressed, to an extent, electrodeposition in
this instance is favored, and, in turn, the effectiveness of the deposition increases. In acid
aqueous electrodeposition, Te can adsorb onto active deposition sites within the Mn lattices
in active deposition sites [11,12]. Hydrogen gets effectively repelled by tellurium from the
coating’s surface, mitigating HER and making it less predominant. As Te blocks incoming
manganese ions, it prevents the formation of crystal planes. This creates internal stress and
lattice distortion within the Mn deposit. For example, x-Mn cubic crystals become small in
size due to introduced stress and lattice distortion within the Mn coating. This mechanism
serves as a pathway to preferentially deposit a fine-grained x-Mn phase, ultimately pro-
ducing a denser and harder coating. However, it should be noted that an increased MASB
temperature during the deposition will naturally cause the a-Mn phase to dominate the
coating surface.

The dissolution of sodium tellurate is important to prevent the formation of MnTe
compounds, especially at the beginning of the electrodeposition when the tellurium con-
centration is highest. It was observed that if sodium tellurate is not thoroughly or not
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sufficiently dissolved beforehand, the MASB electrolyte becomes cloudy. It is suspected
that compounds such as MnTeOy4 form, which show very low solubility in water. For
that reason, tellurium(IV) oxide would fail to form, and elemental tellurium would not be
present to assist the electrodeposition process by suppressing HER. Consequently, orthotel-
luric acid is unsuitable to be used on its own without prior treatment (dissolution), as it
was discovered in other research [13]. Tellurium compounds [14] such as tellurous acid or
metatelluric acid could be potential candidates to serve as sodium tellurate alternatives,
but they are poorly characterized, and relevant research is limited. Hydrogen telluride was
considered as an alternative, but it is highly unstable and readily decomposes into water
and elemental tellurium (in the presence of air and oxygen); it also has poor solubility in
water. Nevertheless, if dissolved, it could react within the electrolyte solution, forming
insoluble MnTe compounds with Mn?* ions. Based on a comprehensive literature review,
there seems to be no other viable compound currently discovered to be used instead of
Na,TeOy. This conclusion is supported by the theoretical analysis presented in this work.

In the industrial setting, SO, is widely used due to the possibility of obtaining high-
purity manganese coatings at the expense of non-ideal coating morphology [15] and lower
current efficiency [16]. Conversely, selenium compounds are toxic [17] and deposit coatings
of lower chemical purity, although they offer the advantage of controlling the morphology
of the deposited coating [18,19].

As previously noted, research on tellurium additives and how they improve man-
ganese electrodeposition is scarce. Nonetheless, existing literature indicates that even trace
amounts of tellurium compounds can improve current efficiency [20,21]. Furthermore,
tellurium is lower in its toxicity to the environment than selenium compounds [22].

Despite the distinct limitations, additives are still being used and new additives
are being tested and developed to further improve electrodeposition efficiency. Recent
investigations into new organic and inorganic additives show promising results [23,24],
with a primary focus on minimizing structural impurities within the resulting coatings.

The chosen substrate, ASTM A283 Grade A steel plate is often utilized for the manu-
facturing of structural and framework components, construction, storage tanks and many
more [25,26]. This versatility and wide variety of uses make this substrate an adequate
candidate for electrodeposition and anticorrosion testing. Standard metal sheet production
methods of steel (hot-rolling or cold-rolling) and pickling typically produce the substrate’s
surface roughness between 6.3 and 12.5 pm (if pickled, i.e., acid washed, the surface can
become smoother: 3-6 um) [25,27]. While hot-rolling and cold-rolling techniques provide
distinct mechanical advantages, the critical step is tempering or annealing temperatures.
The annealing-rolling process can increase grain size and improve elongation [28], whereas
optimal tempering temperature can increase impact toughness [29]. Recently, novel ex-
periments have focused on mitigating issues associated with excessive substrate surface
roughness [30]. While it is preferred that there be a certain degree of microscopic texture to
promote coating adhesion, extreme surface roughness could be a hinderance; for example,
during electrodeposition metal ions would preferentially deposit on high points, peaks,
which leads to uneven deposition.

Based on previous studies [31,32] a cathodic current density of 15 A/ dm? within the
given temperature range from 20 °C to 80 °C, these parameters offer the potential to achieve
optimal quality in electrodeposited manganese coatings under these specific conditions
while effectively revealing temperature-dependent physical or chemical alterations. It
was chosen that electrodeposition will last for 7 min, meaning that the metal plate will
receive an electric charge of 504 A-s (coulombs). As other studies concluded, current
efficiency leading up to around 10 min sharply peaks, and beyond this point begins to
steadily decline [33,34], i.e., coating thickness increases with faltering current efficiency
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as time progresses. By looking at previously done studies and basing current efficiency
on deposition time, the thickness of the coating could be somewhat approximated. By
correlating current efficiency with deposition time based on historical data, the coating
thickness can be reasonably approximated. For instance, it was demonstrated that an 8 min
deposition time coupled with a temperature increase from 20 °C to 80 °C exhibited a slight
exponential dependence on current efficiency, rising from 37% to 71%, respectively [35].
This means that by knowing the theoretical mass of the electrodeposited coating, the lasting
deposition time, current efficiency and theoretical approximation of coating thickness could
be calculated by applying Faraday’s law [36]:
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where n—current efficiency; App,—metal atomic mass, g/mol; I—current intensity,
A; t—deposition time, s; Zp;,—metal charge, units; F—Faraday constant, C/mol;
pmn—manganese density g/cm?; P—effective plate surface area, cm?; a;,—coating thick-
ness, cm; Am—mass change in the substrate, before and after the deposition, that is
interpreted as coating mass, g; m;—theoretical coating mass, g; V—volume, cm?.

These predictive calculations (Table 1) serve as a valuable tool when a specific coating
thickness is required across various applications, provided the current efficiency is acceptable,

i.e., if the process efficiency is justified in large-scale production of manganese coatings.

Table 1. Theoretical Mn coating thickness based on calculations derived from theoretical current
efficiency and an 8 min deposition time.

Electrolyte Temperature During

. Theoretical Current Theoretical Coating
Electrochemical Manganese .. o .
e o Efficiency, % Thickness, pm
Deposition, °C

20 37 10.2

40 42 11.5

60 53 14.5

80 71 19.5

Manganese coatings on their own are rarely utilized for the sole purpose of anticorro-
sion; when applied, their primary function is as a cathodic sacrificial layer for steel [37],
creating a protective manganese hydroxide layer. Because manganese is inherently brittle it
is often used in creating alloys, which are superior; although manganese alloys have been
proven to have higher corrosion resistance their performance remains inferior compared to
that of phosphated manganese coatings [38]. Phosphating is an effective method to enhance
coatings corrosion resistance [39]. These treatments are classified as conversion coatings
because they chemically transform the metal surface into a rough, amorphous, or crystalline
phosphate composite layer. Previous research has demonstrated that zinc phosphating
processes show significant promise due to their high anticorrosion capabilities [40]. These
coatings provide superior adhesion and high corrosion resistance as compared to untreated
surfaces that had not undergone such a process.

This study aims to investigate the influence of manganese ammonium sulfate bath
(electrolyte) temperature, coupled with the addition of a tellurium(VI) compound, on the
substrate surface morphology and electrodeposition efficiency, as well as to evaluate the
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anticorrosion properties of the resulting phosphated manganese coatings. Furthermore,
theoretical predictions based on previous studies were taken into account and mathematical
predictions which are based on them will be tested. Ultimately, the primary objective is to
determine the optimal electrochemical parameters for producing high-quality deposits and
compare corrosion results with untreated steel plates.

2. Materials and Methods

All chemicals used in this study were of analytical grade (Eurochemicals, Vilnius,
Lithuania), and for the preparation of all solutions, twice-distilled water with resistivity
>5 MQ)-cm was used. To separate cathodic and anodic compartments, a thermally treated
PVC membrane meshed onto a PVC carcass was used. The MASB temperature was
monitored using a Lab Box Pt1000 (Lab Box, Premia de Dalt, Spain) temperature sensor
that was connected to a magnetic stirrer. Current strength was regulated by a power source
(Matrix MPS-30005S DC power supply (Matrix Technology Inc., Shenzhen, China)), and
an ammeter (Mastech MS8268 (Mastech Group, Shenzhen, China)) was used to ensure an
even distribution of current.

2.1. Electrodeposition

Manganese coatings for corrosion tests were electrodeposited on mild carbon steel
(ASTM A283, grade A) that has 0.08 dm? of active surface area (2 cm by 2 cm on both
sides of the plate); a 2-3 cm extension was maintained for holding the plate during the
experiments. Prior to electrodeposition, the substrates were cleaned before electrodepo-
sition by immersion in a 10% NaOH solution for degreasing, then washing them with
twice-distilled water, then etching them with a 5% HCI solution, and washing them again
with twice-distilled water. Electrodeposition was performed in an ammonium manganese
sulfate electrolyte bath that consisted of 0.62 mol/L MnSO4-5H,0; 0.95 mol/L (NH4),SO4
and 0.22 mmol/L Na,;TeO4-2H,O (pH was maintained at around ~2.33 with a 10% HSOy4
solution). The pH levels were kept acidic for sodium tellurate solubility. In the MASB bath,
which consists of twice-distilled water, the solubility of Nay;TeO4-2H,0 is 0.8 g/100 g when
the temperature is 25 °C [41]. But with the addition of sulfuric acid, sodium tellurate is
turned into orthotelluric acid, HgTeOg (also shown as Te(OH)g), which has much greater
solubility in water (up to 50.1 g/100 g of water at 30 °C) [42].

2.2. Electrochemical Tests

Short-term electrochemical studies of the corrosion of manganese coatings were per-
formed at room temperature (21 & 1 °C). The three-electrode electrochemical cell was
composed of a naturally aerated 3% NaCl aqueous solution, a Pt wire (surface area of
~15 cm?) was used as a counter electrode, and Ag/AgCl sat. KCl(aq) was used as a reference
electrode (all potentials in this work are provided with respect to this specific saturated
electrode). The distance between the three electrodes was kept at ~4 cm. The raw steel
extensions of the electrodeposited plates were isolated using an epoxy resin coating to
ensure that only the manganese-coated surface area was evaluated. Corrosion potential and
potentiodynamic polarization curves were recorded using a BioLogic SP-150 potentiostat-
galvanostat (BioLogic, Seyssinet-Pariset, France) interfaced with EC-Lab v10.39 software
(BioLogic, Seyssinet-Pariset, France). Using the Tafel approximation of the Butler—Volmer
equation and by extrapolation of the recorded potentiodynamic polarization curves with
the Tafel fit curve, corrosion parameters, such as the equilibrium corrosion potential and
corrosion current density, were calculated using the EC-Lab v10.39 software.

Long-term electrochemical studies of the corrosion of manganese coatings were per-
formed at room temperature (21 £ 1 °C). The open circuit voltage (OCV) or corrosion
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potential of coatings was measured using a two-electrode system: the test electrode was
a phosphated manganese-coated steel substrate, and the reference electrode was a silver—
silver chloride electrode filled with saturated KCl solution. The test medium was a naturally
aerated 3% NaCl aqueous solution. The variation in OCV over time was registered by
using a data logger PicoLog TC-08 (Pico Technology Limited, St Neots, United Kingdom)
connected via USB to a personal computer and monitored with PicoLog software v.6.2.11
(Pico Technology Limited, St Neots, United Kingdom).

2.3. Phosphate Treatment

Manganese coating corrosion resistance was improved by phosphating in a solution,
which was as follows: 0.34 mol/L H3zPOy, 0.17 mol/L Zn(NOs3);, 0.4 mol /L NaNOs (pH
was controlled and maintained at ~2.35 with 2 M NaOH solution). Phosphating was
performed at room temperature (21 &= 1 °C) for 20 min [43,44].

2.4. Structural, Elemental and Morphological Analysis

Scanning electron microscope (SEM) pictures were taken by a S 3400N (Hitachi, Hi-
tachinaka, Japan); settings were as follows: low vacuum setting, electron accelerating
voltage 5-15 kV, working distance 7.5-10 mm, LFD detector.

Energy-dispersive X-ray spectroscopy (EDX) data were collected using the previously
mentioned SEM apparatus with a spectrometer Xflash QUAD 5040 (Bruker, Berlin, Ger-
many); settings were as follows: low vacuum setting, electron accelerating voltage 15 kV,
working distance 9.9-10.1 mm, SDD detector.

X-ray diffraction (XRD) analysis of corrosion products formed on the surface of Mn
coatings was performed using an X-ray diffractometer D8 DISCOVER (Bruker, Karlsruhe,
Germany). Data were analyzed by PDF-2 (International Centre for Diffraction Data (ICDD),
Newtown Square, PA, USA).

3. Results

3.1. The Effect of Temperature on the Thickness and Current Efficiency of Electrodeposited
Manganese Coatings

After performing electrochemical deposition of manganese coating at selected temper-
atures, the current efficiency and deviations were calculated (Figure 1 and Table 2). The
results demonstrate a direct correlation between operating conditions and process perfor-
mance: higher electrolyte temperatures yield significantly increased current efficiency.
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Figure 1. Influence of temperature on the current efficiency of coatings from MASB when the
deposition time is 7 min.
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Table 2. Influence of temperature on average current efficiency from MASB when the deposition time

is 7 min.

Electrolyte Temperature During
Electrochemical Manganese

Average Current

Average Current Efficiency

Deposition, °C Efficiency, % Deviation, %
20 42.6 2.7
40 50.6 2.6
60 54.5 3.6
80 64.6 1.2

Furthermore, elevated temperatures were directly associated with increased coating
thickness (from 10.22 pum to 15.51 um respectively), indicating that a greater amount of
material was deposited on the substrate. At lower temperatures, these values closely align
with the theoretical coating thickness theoretical calculations derived from Faraday’s law
equations. However, as the electrolyte temperature increases, the theoretical thickness
begins to outpace the experimentally observed values (Figure 2).

20

Coating thickness
18 -

—®— Theoretical coating thickness
16 -

14 A

12 A

Coating thickness, um

10 4

20 40 60 80
Electrolyte temperature, °C

Figure 2. Direct comparison of Mn coating thicknesses between experimental deposition and theoret-
ical calculations and how they are influenced by the temperature of MASB.

3.2. Effect of Temperature on the Composition of Electrolytic Mn Coatings

EDS analysis demonstrates that an increase in electrolyte temperature directly corre-
lates with an elevated concentration of tellurium within the manganese coating (Figure 3).
The amount of oxygen in the coating remains the same throughout all electrolyte tem-
peratures (2.5 £ 0.5 wt.%). The higher tellurium content obtained at elevated deposition
temperatures and high current density can be attributed to the formation of mono- and
ditelluride variants (MnTe (hexagonal phase), MnTe;, (cubic phase), or traces of elemental
Te) at high deposition temperatures combined with high current density [21] or by the
higher solubility of HgTeOg. Because atomic hydrogen is generated from the electrochemi-
cal discharge during the decomposition of the ammonium sulfate, reduction in orthotelluric
acid proceeds as follows [21]:

NHI(aq) +e — H(ads) + NH3(’W) 4)
N02T€O4~2HQO(S) + HQSO4(M) — H6T€O6(aq) + NLIQSO4(M) (5)
H6Teoé(aq) + 3H2(g) — TeOz(S) + 6Hzo(aq) (6)
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Figure 3. Influence of MASB temperature on Te and Mn concentrations (% mass) in deposited
Mn coatings.

Because of baths acidity TeO, form HteO," cations which can be reduced electrochem-
ically to elemental Te [21]:

TeOy(s) + H(*;q) = HTeo;(aq) @)
HTEO;(M) + 3H&q) +4e” — TE(S) + ZHQO(aq) (8)

Although EDS analysis confirmed the presence of trace tellurium, it remained unde-
tectable via XRD analysis. As the temperature of the electrolyte increased (Figure 4), so did
the amount of x-Mn (PDF 04-007 5288) as is expected [45]. Minor, unconfirmed peaks of
3-Mn (PDF 03-065-9738) and y-Mn (PDF 00-017-0910) allotropes were noticed in the diffrac-
tograms, but their presence may be attributed to the highly disordered or amorphous nature
of the material deposited at lower temperatures and high current density. Furthermore, the
phase transformation of metastable 3-Mn and y-Mn requires a prolonged duration and
higher temperatures to transform into the thermodynamically stable o-Mn [45].

* —a-Mn

Intensity, cps

k T T T i
35 40 45 50 55
Difraction angle 20, degrees

Figure 4. XRD patterns of Mn coatings deposited from MASB at temperatures of: (1) 20 °C; (2) 40 °C;
(3) 60 °C; (4) 80 °C.
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3.3. The Influence of Temperature on the Structure and Morphology of Electrolytic Mn Coatings

As shown in Figure 4, the x-Mn phase becomes increasingly prevalent as the elec-
trolyte temperature rises; this phase development can be observed in the coating’s surface
morphology where the a-Mn phase is seen as distinct cubic crystals (Figure 5h).

el T

® ’ (h)

Figure 5. SEM images at different magnifications of the surface of Mn coatings deposited at various
electrolyte temperatures: (a,b) 20 °C; (c,d) 40 °C; (e,f) 60 °C; (g,h) 80 °C, general view magnification
(a,c,e,g)—x500 and close-up (b,d,f,h)—x5000.

A comparison of the images in Figure 5b,d,fh shows that «-Mn gains pore prevalence
and is more noticeable due to its cubic structure. As stated before, 3-Mn and y-Mn take time

https://doi.org/10.3390/coatings16070798


https://doi.org/10.3390/coatings16070798

Coatings 2026, 16, 798

10 of 17

and higher temperatures to transform into x-Mn. Images a-d show coatings on an amorphous
surface that has not transformed to the c-Mn phase at low deposition temperatures.

3.4. Phosphated Manganese Coatings” Composition and Morphology

As shown in Figure 6, phosphated manganese coatings generate various crystalline
compounds, although Zn3(POy4),(Hy0)s and Zny(PO4)2(OH),(H,0)3 are most promi-
nent [44]. In the diffraction angle range 40-45 26, the same amorphous manganese and
o-Mn can be viewed as in Figure 6. This suggests that the various metal phosphate
compounds generated during the phosphating process do not completely cover the un-
derlying manganese coating surface. Identified compounds were: «-Mn (PDF 04-002-
1283), Zn3(PO4)2(H20)4 (PDF 04-010-4349), Zny(PO4)2(OH)2(H20)3 ((PDF 04-012-5397),
Zn4(SO4)(OH)6(H20)3 ((PDF 01-082-3605), Zn2,5Mn0,5(PO4)2(HZO)4 (PDF 04-023-0786),
MnyZn(PO4),(H20)4 (PDF 00-065-0457); NH4ZnPO, (PDF 00-022-1048).

m — Zn3(POu)2(H20)4

A - Zn25Mnos(POs)2(H20)

4 * —a-Mn

0 = Zny(PO4)2(OH)2(H20)3
1 - Zns(SO8)(OH)s(H:0)s

¥V — Mn2Zn(POs)2(H20)4
¢ - NHiZnPO:

Intensity, cps

| /
3 | \‘ A /
m""‘;ww‘ Lw-‘x—k/w‘ RN T v PSR 'WJ\/MWW’%WvM

"“wvwmw

T
10

T
15 20

T
30

T
40

Difraction angle 26, degrees
Figure 6. XRD patterns of phosphated manganese coatings at room temperature at different MASB
temperatures: (1) 20 °C; (2) 40 °C; (3) 60 °C; (4) 80 °C.

As the analysis of Figure 6 showed, the EDS analysis and SEM images of the surface
chemical composition of phosphated manganese coatings show that not all of the surface is
covered by metal phosphate crystals (Table 3 and Figure 7).

Table 3. EDS analysis of the chemical composition of Figure 7.

Element C Zn Mn P (0] Fe Te K
(a), % mass 0.81 46.50 4.49 16.22 30.68 1.24 0 0
(b), % mass 0.70 26.95 31.64 14.19 19.32 1.22 4.28 1.70

The morphology of the newly formed crystals (Figure 7a) and the affected manganese
surface (Figure 7b) differ in chemical composition (Table 3). This shows that the crystals
are composed of zinc phosphate compounds. The morphology of the seemingly cracked
spheres consists of manganese and phosphorus compounds or manganese-zinc phosphates.
Observed microcracks can be attributed to the evolution and release of hydrogen gas, a
process known to induce coating damage [46], which occurs as a byproduct during the
synthesis of metal phosphate conversion layers.
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116_x1.000
MAG: 1000 x HV: 15.0 kV WD: 10.5 mm

Figure 7. SEM images of at-room-temperature phosphated manganese coatings, when MASB temper-
ature is 80 °C, in various locations, magnification: (a,b)—x1000.

The unexplained small traces of potassium shown in Table 3 can be explained by: peak
overlaps that lead to false positives, automatic EDS system identification of an element,
and cross-contamination between samples. Elemental mapping of phosphated manganese
coatings shows elemental dispersion within the coating (Figure 8).

(e) ()

Figure 8. EDS elemental mapping of manganese coatings phosphated at room temperature and
deposited at 80 °C MASB, magnification 3000, displaying pictures of elements: (a) SEM picture;
(b) Mn; (c) Te; (d) P; (e) Zny; () O.
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The morphology observed in Figure 7b corroborates the findings presented in Figure 8
and Table 3, confirming that the newly formed crystals primarily consist of zinc-based and
manganese-based metal phosphates and sulfates.

3.5. Phosphated Manganese Coatings’ Long-Term and Short-Term Corrosion Results in 3%
NaCl Solution
Potentiodynamic polarization analysis reveals a decrease in the anodic Tafel slope
coating values for all phosphated manganese coatings (Figure 9), which means that the
overall corrosion process is predominantly controlled and inhibited by the cathodic reac-
tion kinetics.
EV
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Figure 9. Potentiodynamic polarization curves of manganese coatings phosphated at room tempera-
ture and deposited at different MASB temperatures: (1) 20 °C; (2) 40 °C; (3) 60 °C; (4) 80 °C.

Tafel extrapolation was utilized to determine the anodic (8,) and cathodic (B.) Tafel
constants, the corrosion potential (Eqor, representing the thermodynamic tendency to
corrode), and the corrosion current density (I.or, representing the kinetic corrosion rate);
the corrosion rate was calculated by extrapolating Tafel corrosion calculations as shown in
Table 4. The lowest corrosion rate was observed for the phosphated manganese coating
electrodeposited from the MASB at 60 °C. Overall, a clear trend emerges showing that
the corrosion rate decreases as the MASB deposition temperature increases, whereas the
corrosion potential remains relatively constant across all investigated temperatures. The
short-term corrosion rates calculated for these coatings confirm that this trend of enhanced
corrosion resistance persists. The initial kinetic data were used to estimate coating longevity;
a projection of the service life can be speculated: corrosion of millimeters per year (Table 4).

Table 4. Corrosion characteristics of manganese coatings phosphated at room temperature and
deposited at different MASB temperatures in naturally aerated 3% NaCl solution.

Telfli)e;;;?lg‘,:eoc Ecorr, mV (Ag/ AgCl) CR, mmpy Lcore, LA/ cm? ,Bul mV/Dec 'B c» mV/Dec
20 —1268 0.179 119.1 15.1 37.7
40 —1293 0.105 69.7 10.6 36.2
60 —1291 0.073 48.9 12.9 59.7
80 —1281 0.079 529 15.3 48.2
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For comparison, ASTM A283 steel substrate, neither coated with manganese nor
phosphate, was examined as a control sample. It was observed that although the initial
corrosion rate appeared low, this uncoated substrate still exhibited susceptibility to ac-
celerated corrosion over time (Table 5), although it is acknowledged that the coating is a
temporary shield preventing steel corrosion; while the phosphate Mn coating deposited at
various MASB temperatures is actively corroding and dissolving, it is physically blocking
the steel underneath from oxidizing. This comparison demonstrates the primary utility
of the phosphated manganese coatings: they are effective when deployed as sacrificial
coatings for protection against corrosion.

Table 5. ASTM A283 steel plate corrosion characteristics.

Ecorr, mV (Ag/AgCl) Ieror, WA/cm? Ba, mV/Dec Be, mV/Dec
—683 17.0 23.3 23.0

Long-term corrosion tests (Figure 10) show that the phosphated manganese coating
deposited at an MASB temperature of 20 °C experiences a rapid degradation of its corro-
sion potential within the first 6 h of immersion, subsequently stabilizing at —900 mV. A
similar but less pronounced degradation trend is observed for the coating deposited at
40 °C; however, its potential stabilizes much more rapidly and stabilizes at —1175 mV. Coat-
ings deposited at 60 °C and 80 °C MASB temperature maintain electrochemical stability,
maintaining a stable corrosion potential during the first 12 h.

=900

-950 - 1

-1000 ~

-1050 H

-1100 -

E, mV

-1150 -

-1200 ~

-1250 EI“JVJ‘ i

-1300 T T T T T

0 2 4 6 8 10 12
Time, h

Figure 10. Change in free corrosion potential over time (12 h) of phosphated at room temperature
manganese coatings obtained at different MASB temperatures: (1) 20 °C; (2) 40 °C; (3) 60 °C; (4) 80 °C.

Due to the rapid loss of corrosion potential for the phosphated manganese coating
deposited at an electrolyte temperature of 20 °C, its data were omitted from Figure 11 to
avoid redundancy. Similar electrochemical trends persist when the exposure period is
extended to 48 h. The phosphated coating electrodeposited at 80 °C exhibits the most stable
corrosion potential over the 48 h testing duration. The corrosion potential remains relatively
unchanged between —1220 mV and —1250 mV for the first 20 h. However, after 20 h, it
can be observed that the corrosion potential begins to steadily rise to —1200 mV. For the
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phosphated coating deposited at 60 °C MASB, the open-circuit potential increases steadily
over a 34 h period, moving from —1220 mV to —1130 mV. At this point, the coating’s
free corrosion potential stabilizes and remains unchanged until 48 h. In contrast, for the
phosphated coating deposited at 40 °C MASB the change in corrosion potential occurs
during the first 15 h from —1250 mV to —1140 mV and then stabilizes. Interestingly, the
upward trend in corrosion potential for the phosphated coating deposited at 80 °C MASB
coating appears to continue progressively even past the 48 h mark.

-1100

-1120 2
~1140 1
-1160 -
_-1180 -
=
o
-1200 - 3
-1220
-1240 \/
-1260 . . . . ; . .
0 6 12 18 24 30 36 42 48
Time, h

Figure 11. Change in free corrosion potential over time (48 h) of phosphated at room temperature
manganese coatings at different MASB temperatures: (1) 40 °C; (2) 60 °C; (3) 80 °C.

4. Conclusions

Previous studies have demonstrated that Te(VI) additives significantly enhance the
current efficiency of manganese electrodeposition by suppressing the competing hydrogen
evolution reaction (HER) at the cathode surface and directly modifying the manganese
crystal structure. The influence of Te(VI) additives combined with high MASB temperature
and high current density of 15 A/dm? (receiving an electric charge of 504 A-s (coulombs))
produces a stable x-Mn coating that could be further improved by the phosphating process.

This study tries to make mathematical predictions that were derived from previous
works in the field in predicting coating thickness provided the same or similar efficiency. At
lower deposition temperatures (from 20 °C to 40 °C), the experimental data align well with
the theoretical predictions. However, as the electrolyte temperature increases (from 60 °C
to 80 °C), the experimental results begin to deviate significantly from the calculated values,
indicating a breakdown in the predictive capacity of the model at elevated temperatures.

As the MASB electrolyte temperature increases, the surface concentrations of tellurium
and manganese begin to diverge; Te increases, and Mn decreases. Literature analysis
suggests that this phenomenon can be attributed to the thermally activated formation of
MnTe compounds at higher temperatures and the increased solubility of sodium tellurate
and orthotelluric acid, thereby increasing the mass transport and subsequent incorporation
of tellurium into the electrodeposited coating.

High current yield and the highest thickness of the Mn coating were achieved at the
highest deposition temperatures (the difference in efficiency between electrolyte tempera-
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tures of 20 °C and 80 °C is around 22%,; the difference in average coating thickness between
electrolyte temperatures of 20 °C and 80 °C, at deposition is 4.8 um).

The utility of these sacrificial phosphated manganese coatings is evaluated primarily
on the basis of their inherent degradation rates. By utilizing the initial corrosion rates to
estimate coating longevity, a clear projection of the service life can be established. Based
on these initial kinetic data, the estimated lifespan of the coatings scales progressively
with the MASB deposition temperature: phosphated Mn coating deposited at 20 °C MASB
temperature could last up to 21 days, phosphated Mn coating deposited at 40 °C MASB
temperature could last up to 42 days, phosphated Mn coating deposited at 60 °C MASB
temperature could last up to 65 days, and phosphated Mn coating deposited at 80 °C MASB
temperature could last up to 72 days.

The temperature of electrochemical deposition alters the coating surface, i.e., x-Mn
produces a surface of rough characteristics; it does not significantly affect the increase
in the mass of coatings after the phosphating process. On average, the coatings become
0.0044 g (0.55 mg/cm?) heavier. This uniform accumulation suggests that substrate surface
morphology does not play a critical role in determining phosphating efficiency.

Electrochemical evaluations demonstrate that phosphated manganese coatings de-
posited at higher electrolyte temperatures exhibit lower corrosion rates. 12 h and 48 h
corrosion tests show that phosphate coatings deposited at higher MASB temperatures main-
tain a more stable corrosion potential that takes longer to reach. Free corrosion potential
of phosphated Mn coating deposited at 20 °C MASB stabilizes after 6 h; phosphated Mn
coating deposited at 80 °C MASB does not stabilize even after 48 h.
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