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2 Military Technical Institute, Ministry of Defence, Ratka Resanovića 1, 11030 Belgrade, Serbia
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Abstract: The influence of samarium, as an additional alloying element, on the morphology and
corrosion performance of the Zn-Co-Sm alloy electrodeposited coatings, was investigated by scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDS) and electrochem-
ical impedance spectroscopy (EIS) measurements. The Zn-Co-Sm coatings were electrodeposited
from the aqueous solution containing Sm(NO3)3, ZnCl2, and CoCl2 as the metal ion source. The
percentage of Sm in the coating may be very finely tuned by setting electrodeposition parameters, in-
cluding cathodic current density, glycine concentration in the electroplating solution, and the solution
temperature. The coatings with Sm content from 0.5 to 18.5 wt.% were produced. Since low deposi-
tion current densities (10–50 mA cm−2) were applied, the samples obtained were of good adhesion
and compact. The presence of Sm2O3 inclusion was verified by XRD as the Sm2O3 crystalline phase.
Samarium is incorporated in the coatings through the mechanism of oxide/hydroxide formation
during the electroreduction of Zn and Co. Corrosion tests in NaCl solution show that the presence of
Sm significantly increases the polarization resistance for the corrosion process of Zn-Co-Sm coatings
(one order of magnitude, i.e., from ~500 Ω cm2 measured without Sm to 2000–3000 Ω cm2 with
12 wt.% Sm), giving evidence of the self-healing action that is provided by Sm particles in the coatings.
This effect is more pronounced in the case when the coatings contain a higher Sm percentage.

Keywords: electrodeposition; composite coatings; Zn-Co-Sm; corrosion; self-healing

1. Introduction

The industrial application of electrodeposited Zn alloy coatings starts back in the
1980s, with the prime goal of increasing the Zn coating corrosion resistance in construction,
aerospace, and automotive branches [1]. The commercial Zn-Co electroplated coating was
the pioneer among all Zn-alloy coatings, as a successful improvement of the conventional
bare Zn plating [2]. Upon Zn-Co alloy corrosion, Zn preferential dissolution occurs, result-
ing in the Co enrichment of the coating surface layer and the formation of a non-conductive
and stable Co complex salt film, that enables the increased protective capability of this alloy,
in comparison to the pure Zn coating [3].

In addition to alloying, further prolongation of the Zn coating exploitation life is
achieved by chemical conversion coatings (chromate, phosphate, molybdate, vanadate,
silicate, or rare earth metal salts) and organic coatings, the most important being silane and
epoxy coating [4]. However, since the 2000s onward, a new demand has been added on the
new generation coatings, particularly for those whose main goal is anti-corrosion protection,
and this demand is a self-healing ability. Upon chemical or mechanical damage caused by
the corrosion environment, it is expected from the coating to self-repair the damaged spots
by some internal chemical process [5]. The most successfully applied self-healing coating
materials until now have been polymers or polymer-containing composites [6], coatings
with micro and nanocapsules [7], and hybrid oxide coatings [8].
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The oxide self-healing coatings consist of mixtures of several oxides, such as oxides
of titanium, silicon, iron, zirconium, aluminum, and rare earth element (RE) oxides, that
are applied by sol–gel, electroplating of plasma methods [5]. Here, it is important to
briefly explain the self-healing action taking place in RE oxide coatings, which resembles
the behavior of Cr(VI) compound containing conversion coating: in case of the coating
damage, the RE ions present in the coating, diffuse to the damaged spot and to the substrate,
where they form insoluble oxides/hydroxides, that, in addition, act as cathodic corrosion
inhibitors [9]. In the last decade, a new approach in the production of coating materials
has been investigated, where the rare earth element ion is not applied independently as
the top conversion coating, but instead, it is incorporated directly into the metal coating
matrix, thus forming composite coating, with an intention that it will retain and provide its
self-healing manner. A vast number of metal- and RE oxide-containing composite coatings
have been prepared with this goal, for instance, Zn-Co-CeO2 [10], Zn–TiO2·CeO2 [11],
Zn-Ni-CeO2 [12], Ni-Sm [13], Ni-Ce [14], etc.

Bearing in mind the above brief review, our main goal was to obtain insight into the
possibility of improving the corrosion resistance of Zn-Co alloy coating, by the incorpora-
tion of Sm(III) ion via the electrodeposition process. The electrolyte used was the aqueous
solution of the appropriate zinc, cobalt, and samarium salts, and all three elements were
simultaneously deposited, producing the composite coating. The coating characterization
was performed by SEM/EDS methods, while its corrosion performance in sodium chloride
electrolyte was tested by electrochemical impedance spectroscopy. Samarium has been
known as an additive element that increases the corrosion resistance of various metallic
coatings, and so coatings such as Co-Sm [15], Sm-Se [16], and Ni-Sm [13] have been ob-
tained by electrodeposition, yet to the best of our knowledge, the thorough investigation of
the Zn-Co-Sm electrodeposited coatings has not been undertaken until now.

2. Materials and Methods
2.1. Preparation of Zn-Co-Sm Coatings

The Zn-Co-Sm alloy coating on the metal substrate was prepared by an electrochemical
deposition method, with constant cathodic current density values ranging from 10 to
50 mA cm−2, using Princeton 173 Potentiostat/Galvanostat (EG&G Princeton Applied
Research, Princeton, New York, NJ, USA), at the temperature of 20 or 45 ◦C, with the
two high purity Zn anodes placed in parallel plane to the working electrode. During
the electrodeposition, a magnetic stirring of the electrolyte was applied, with a 300 rpm
rotating speed. The deposition time was adjusted to provide 7 µm thick coatings. The
coatings were electrodeposited using an additive-free aqueous plating solution containing
2 g dm−3 Sm(NO3)3, 0.1 mol dm−3 ZnCl2, 0.03 mol dm−3 CoCl2, 0.8 mol dm−3 H3BO3, and
3.0 mol dm−3 KCl. The Sm-free Zn-Co alloy coating, used as a reference for comparison
of corrosion behavior, was electrodeposited from the identical solution, but without Sm
nitrate, and using a current density of 20 mA cm−2. The electrodeposition and corrosion
testing solutions were prepared with double distilled water and analytical grade chemicals
purchased by Sigma-Aldrich (Saint Louis, MO, USA). Low-carbon steel AISI 1010 specimens
(20 × 20 × 2 mm3), used as a substrate, were gradually abraded with No. 600–2000 emery
paper, polished with Al2O3 powder (particle size distribution 0.01–1 µm), degreased in
ethanol + NaOH solution, pickled in diluted HCl for 30 s, washed with distilled water
and air-dried.

2.2. Coating Characterization

The microstructure and chemical composition of the electrodeposited samples were
analyzed by scanning electron microscopy (SEM, JEOL JSM 5800, JEOL Ltd., Tokyo, Japan)
equipped with energy-dispersive X-ray spectroscopy.

Rigaku Ultima IV diffractometer (Rigaku Analytical Devices, Inc., Wilmington, MA,
USA) with Ni-filtered CuKα radiation source was used for phase identification in the
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prepared deposits. The crystallographic data were collected in Bragg–Brentano geometry
in the 2θ range from 20 to 70◦ at a scanning rate of 2◦ min−1.

Corrosion behavior of the coatings exposed to an aqueous solution of 3.0 wt.% NaCl
was studied by electrochemical impedance spectroscopy (EIS), applying Reference 600 po-
tentiostat/galvanostat/ZRA (Gamry Instruments, Warminster, PA, USA). The EIS spectra
were recorded at open circuit potential after establishing constant potential (approximately
30 min after the immersion), in the frequency range from 100 kHz to 10 mHz, with 7 points
per decade and a sinusoidal amplitude potential perturbation of 5 mV. The corrosion tests
were performed in a plexiglass cell where the working sample was introduced by pressure
against an o-ring, with a 1 cm2 area exposed to NaCl solution. Platinum mesh and saturated
calomel electrodes were auxiliary and reference electrodes, respectively.

3. Results and Discussion
3.1. Chemical Composition of Zn-Co-Sm Coatings

The chemical composition of Zn-Co-Sm deposits was analyzed by EDS, and the EDS
spectra for two samples with different Sm content are presented in Figure 1.
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Figure 1. EDS spectra of Zn-Co-Sm coatings with varying Sm content.

Figure 2 depicts the dependence of samarium, oxygen, and cobalt content in the
coatings, on the applied current density and the glycine presence as an additive. A sharp
decrement in the Sm and O content, and a sharp increase in cobalt content, may be noticed
with the increase in the applied current density, due to the reasons explained below. It is
also clear that glycine facilitates the deposition of coatings containing higher Sm and O
content, and this phenomenon will also be explained.

Due to the standard electrode potential (<−2.3 V vs. SHE) which is far more negative
than the potential of water degradation, the electroreduction of rare earth elements (Ce,
Nd, Sm, Gd) to their metallic form (oxidation state zero) is thermodynamically impossible
in aqueous media [17]. However, rare earth elements still may be incorporated from the
electrolyte into coatings by electrochemical deposition, in two distinct ways.

The first way is the formation of alloy deposits containing rare earth elements in
metallic form when the electroreduction of rare metal ions to their zero oxidation state
occurs along with the electroreduction of other species, the process called an induced
codeposition [18]. In this manner, the Ce, Nd, Sm, and Gd-containing alloys [18], ZnCo-
CeO2 [19], and Sm-Se [16] alloys were obtained. A mechanism for aqueous codeposition of
rare earth elements containing alloys has been proposed [18], where glycine takes the key
role as a complexing agent. Dinuclear coordination complexes are formed, containing iron
group element cation and rare earth element cation as nuclei, and glycine ions as ligands.
These complex structures, with proper surface orientation, may expose both cations to
electroreduction [18].
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The second way of RE incorporation in coatings is characteristic of composite coating
containing RE, where the rare earth element hydroxide/oxide particles are trapped and
surrounded by other elements. The formation of rare element hydroxide occurs through
the pH-driven process, where the pH increment in the near-cathodic layer results in the
rare element hydroxide precipitation [17]. For example, the Ni coating with Sm(III) and
Sm(II) oxides [13], or Ni-cerium oxide coating [14] has been reported.

What is more, the single rare earth element oxide conversion films, resembling the
behavior of chromate film, for example, samarium [17], yttrium [20], and cerium [21]
conversion coatings, have also been reported. The hydroxide precipitation occurs indepen-
dently of the cathodic process that causes the pH increment, i.e., the oxygen reduction or
hydrogen evolution. However, the morphology of the hydroxide formed depends on the
cathodic process inducing the pH increment: the oxygen reduction causes the formation of
thin, dense, and non-porous hydroxide deposit, while the hydroxide precipitate formed as
a result of hydrogen evolution is a thicker, yet porous, with pores of 100 µm in diameter,
due to the gas evolution [17].

The dependence of Sm content on the deposition current density, observed in our and
previous works [13,22], is understandable bearing in mind the process that enables the Sm
incorporation into the coating. At low plating current densities, i.e., up to 50 mA cm−2,
oxygen reduction occurs along with Zn and Co plating. The oxygen reduction is a diffusion-
controlled process, it drives the constant pH increment regardless of the current density
applied, and so the Sm hydroxide deposition rate is constant. On the other hand, the rate
of Zn and Co electroreduction increases with the applied current density which, in turn,
causes a decrement in Sm hydroxide content (Figure 2).

However, as the current density, i.e., the overpotential increases, the more intense
hydrogen evolution takes part, and this reaction, contrary to the oxygen reduction, is
activation controlled: its rate increases with the applied current. Consequently, the Sm
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hydroxide precipitates in higher quantities at higher current densities, so the Sm amount in
the coating increases as well, as reported in [13,22].

In this work, low current densities have been applied, that enable oxygen reduction
under diffusion control and hydrogen evolution with low intensity, causing the Sm hy-
droxide precipitation on one side, but also the electroreduction of Zn and Co cations on
the other side. The result is a compact Zn-Co-Sm hydroxide composite coating, with Sm
content reaching 11 wt.%. The EDS analysis shows that the O:Sm ratio is close to 3:1 for
all current densities, pointing to the fact that Sm(OH)3 particles are incorporated in the
Zn-Co coating.

The glycine has been utilized as a complexing agent in our experiments, to elucidate
whether it may enable the formation of oxygen-free, ternary Zn-Co-Sm alloy, i.e., the elec-
trochemical reduction of Sm ion through the mechanism proposed by Schwartz et al. [18].
However, the EDS analysis still depicts the Sm hydroxide incorporation in the coating. It is
obvious from our results that glycine, as a complexing agent, inhibits the Zn and Co ion
reduction, resulting in an increment in Sm hydroxide content. So, as a result, the glycine
presence in the plating electrolyte (Figure 3) increases the Sm content in the coating. To
sum up, the electroreduction of the Sm(III) ion to its metallic state (oxidation state zero) has
not been recorded in our work.
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Figure 3. The effect of temperature and glycine concentration on the Sm content in Zn-Co-Sm
composite coatings.

The temperature effect on the chemical composition of the coatings has also been
investigated, and Figure 3 shows that the Sm content in an alloy increases when the
electrolyte of higher temperature is applied, as also observed earlier [22]. One may assume
that the higher temperature enables faster oxygen diffusion to the near cathodic layer,
which indirectly increases the rate of Sm deposition, bearing in mind that at low cathodic
current densities, the Sm precipitation is oxygen driven process.

3.2. Coating Morphology and Surface Appearance

In order to conveniently grasp the correlation between the presence of Sm inclusions in
the coatings and the surface morphology, the SEM microphotographs (Figure 4) of the sam-
ples obtained under various conditions, are plotted in the increasing order of Sm content.
It is clear that the three parameters: glycine concentration, temperature, and deposition
current density, independently influence the Sm content, enabling very fine tuning of the
coating chemical composition. The dependence of the coating morphology on the Sm
content is also very observable. At low Sm contents (below 2 wt.%), the surface consists
of round-shaped agglomerates, typical of Zn-Co or Zn-Fe alloy electrodeposits [23,24]. As
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the Sm content increases, the agglomerates are replaced with irregular, sharp edge or
needle-shaped particles that are less densely packed as Sm content increases. It could be
concluded that the occlusion of Sm hydroxide particles in the deposit violates and modifies
the formation of alloy agglomerates by the electrocrystallization process. This assumption
is supported by the fact that the decrease in the cathodic current density usually results in
the increment of the agglomerate dimensions, obeying the cathodic electrocrystallization
theory [25], but exactly the opposite is true for the Zn-Co-Sm composites in this work.
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Figure 4. The SEM microphotographs of the Zn-Co-Sm samples obtained at varying Gly concentra-
tions (0, 0.15, or 0.30 g dm−3), at 20 or 45 ◦C, and in the current density range of 10–50 mA cm−2.

Visual examination shows that all the samples obtained are dark grey in appearance,
the color characteristic for the coatings with Sm-hydroxide inclusion [26], and the standard
cross-hatch tape test shows that all the coatings are with good adhesion, i.e., the amount of
the removed coating is < 5%. The morphology of the coatings is free of scratches, cracks,
peeling, or any other surface defects.

3.3. Phase Composition of the Coatings

In order to obtain insight into the crystalline structure of the obtained coatings, the
X-ray diffraction measurements were performed for the Zn-Co-Sm samples deposited from
the solution containing 0.15 mol dm−3 glycine, at room temperature, at 5 mA cm−2 (the
coating contains 12 wt.% Sm and 2 wt.% Co) and 15 mA cm−2 (coating with 4.5 wt.% Sm
and 3.5 wt.% Co). In both XRD plots (Figure 5), one can observe the XRD patterns of at least
three distinct crystalline phases: hexagonal zinc η-phase (JCPDS card No. 03-065-3358),
Sm2O3 phase (JCPDS card No. 015-0813), and bulk Fe from the substrate (JCPDS card No.
06-0696). The XRD of binary Zn-Co alloy coating (with 1.3 wt.% Co) is shown in Figure 5
as a reference.
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) in all XRD patterns, owing to
the formation of a solid solution of Co with Zn in Zn-Co coatings with less than 5% Co.
The presence of Co and Sm caused changes in the crystal lattice which resulted in the shift
of 2θ values. Namely, the peak at 36.435◦, related to the (002) plane, in Zn-Co was shifted
to 35.745◦ and 35.825◦ for composite coatings deposited at 5 and 15 mA cm−2, respectively.
The peak at 70.254◦ in Zn-Co alloy coating diminished in composite coatings, whereas
additional peaks emerged at 82.448◦ and 82.368◦, related to the (112) plane.

The peaks denoted with (
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) have been indexed as the cubic Sm2O3 phase. Six diffrac-
tion peaks are detected at diffraction angles of 27.16, 31.15., 32.80, 40.98, 56.36, and 60.40◦,
corresponding to the plane orientation (100), (101), (400), (102), (200), and (004), respectively.
The Sm2O3 crystalline phase has been obtained by electrodeposition and reported by other
researchers as well [27]. The identification of the Sm2O3 phase confirms the proposed
mechanism for the Sm inclusion in the coating: Sm3+ ions are transferred to the cathode;
the pH increase occurs due to the oxygen reduction reaction; Sm(OH)3 species are formed
and irreversibly adsorbed on the cathode surface [28] and occluded by the reduced metal
atoms, and the oxide particles are formed upon the subsequent hydroxide dehydration.

The incorporation of Sm caused the increase in the (002) plane intensity, and a decrease
in its reflection width, suggesting the formation of bigger grains.

3.4. Corrosion Resistance of the Zn-Co-Sm Coatings

Electrochemical impedance measurements were performed on the Zn-Co-Sm coated
samples during immersion periods of up to 72 h in stagnant and aerated 3.5 wt.% NaCl
solution, to investigate the effect of the Sm presence in the coating on its corrosion per-
formance. The corrosion behavior of two coatings, with low and high Sm content, will
be discussed in more detail, not considering coatings deposited at a higher temperature.
The corrosion resistance of Sm-free Zn-Co coatings has been monitored in parallel with
the corrosion resistance of Zn-Co-Sm coatings, as a reference for the evaluation of the Sm
influence. Yet, the impedance diagrams are not presented in this work, since they may be
found in our previous investigations [10,23].

Figures 6 and 7 illustrate the evolution of Nyquist and Bode diagrams as a function
of their immersion time in a corrosive medium. The EIS plots related to the corrosion of
composite coatings are usually characterized by two time constants: the one at high/middle
frequencies is related to the coating layer/corrosion products layer, while the low-frequency
one is usually related to processes at the coating/substrate interface or finite thickness
layer diffusion process, that takes part as a step in the oxygen reduction [29]. These two
time constants, however, are not always easily distinguishable, and in some cases, they are
merged and form one, depressed semicircle, as in Figures 6 and 7, denoting that the two
processes with the time constants close to each other, occur [29]. For certain immersion
periods, the induction tail was observed at low frequencies, the phenomenon often met
in impedance diagrams related to zinc alloy corrosion, and usually being ascribed to the
adsorption of the intermediate Zn species formed during Zn anodic dissolution, namely
Znad

+, Znad
2+, and ZnOHad

+ [30].
In order to evaluate the coating corrosion properties, all the impedance spectra were

fitted with the appropriate equivalent circuits shown in Figure 8. For the majority of the
spectra, the simple circuit consisting of a parallel connection of a resistor and CPE element
was applied, where Rsol, Rct, and CPE are the resistance of the solution, the charge transfer
resistance of the corrosion process, and the constant phase element of the double layer at
the coating/electrolyte interface. For some cases, the diffusion step was dominant in the
corrosion process, and for these samples, the Warburg impedance element (Zw) was added
to the equivalent circuit (Figure 8b). An excellent agreement between the experimental
data and theoretical curves was obtained as shown by the fitting line that is presented as
an example for one immersion time in Figures 6 and 7.
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Figure 7. The (a) Nyquist and Bode: (b) modulus and (c) phase angle plots for Zn-Co-Sm coating
with 8.7 wt.% Sm (10 mA cm−2, 0.30 g dm−3 Gly, 20 ◦C) during exposure to NaCl solution.
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Figure 8. Equivalent circuits used to fit the experimental EIS data: (a) RctCPE and (b) RctCPE-W.

Table 1 shows the evolution of the coating resistance, Rct, which gives information on
the barrier property of the coating. The Rct value of the coating containing low Sm gradually
decreases during the immersion time, from 1298 Ω cm2 after 1 h immersion to 403 Ω cm2

after 9 h, indicating coating degradation. It increases to 692 Ω cm2 after 24 h and further to
2821 Ω cm2 after 48 h, the value higher than in the initial exposure time. Such behavior is
typical for self-healing, indicating the formation of some low solubility product [5,8,23].
The phase angle peaks for this sample are shifting from –36◦ at early exposure time, to
–28.5◦ and –24.5◦ after 3 h and 4 h, respectively, and –14◦ after 9 h immersion, also pointing
to the advancement of corrosion.

Table 1. Optimum fit parameters for Zn-Co-Sm coatings deposited at two current densities, depend-
ing on the immersion time in aqueous NaCl.

Sample:
10 mA cm−2

Immersion Time (h)

Rs
Ω cm2

Rct
Ω cm2

CPE Zw

Y0
10−6 S cm−2 sn n Y0

10−3 S cm−2 s1/2
B
s

1
2

1 113 2223 504 0.71 - -
3 143 3998 517 0.69 - -
5 112 5994 492 0.61 - -
24 103 3485 111 0.84 - -
48 102 1982 139 0.85 - -
72 108 2257 139 0.87 - -

Sample:
50 mA cm−2

Immersion time (h)

Rs
Ω cm2

Rct
Ω cm2

CPE Zw

Y0
10−6 S cm−2 sn n Y0

10−3 S cm−2 s1/2
B
s

1
2

1 198 1298 335 0.77 56.3 10.1
2 206 1210 415 0.81 - -
3 212 706 501 0.83 - -
4 211 566 432 0.91 - -
9 201 403 443 0.95 44.8 14.2
24 199 692 478 0.79 - -
48 186 2821 400 0.93 - -

Better corrosion stability was achieved with Zn-Co-Sm coating having greater Sm
content (8.7 wt.%). The greater initial charge transfer resistance of 2223 Ω cm2 was recorded,
which gradually increased to 5994 Ω cm2 after 5 h immersion. Phase angle peak values of
–46◦ during this time corroborate better stability of this coating as compared to one with
smaller Sm content. The Rct value decreased during longer immersion, while the phase
angle peak was positioned to higher frequencies after 24, 48, and 72 h exposure, reaching
–53 to –58◦, suggesting restoring protective properties.

The most important feature of the diagrams in Figures 6 and 7 are changes in the Zmod
and phase angle over time, denoting significant changes in corrosion rate upon the samples
immersion in NaCl. A convenient method for obtaining the polarization resistance of the
corrosion process is reading the impedance value at the lowest frequency, i.e., at 10 mHz,
which is approximately the value of the polarization resistance measured around the open
circuit potential, that may be obtained using classical linear polarization method [31]. The
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time dependence of the impedance values read at 10 mHz, for these two coatings, is plotted
in Figure 9. In order to show the influence of Gly and to compare their behavior with the
results for samarium-free, conventional, pure binary Zn-Co alloy coating, the results for
these samples are also shown.
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Figure 6 and the data in Table 1, related to the coating with only 0.9 wt.% of Sm,
depict the typical corrosion behavior of Zn-Co alloy coating in NaCl, also observed in our
previous work [23], where the impedance diagrams for the Zn-Co alloy with 3.11 wt.% Co
were presented: usually, at the initial immersion time, the corrosion rate of Zn-Co alloy
in NaCl is slightly higher than that of pure Zn coating, due to the more active, selective
Zn dissolution from the alloy, where cobalt acts as a cathodic element [32]. Upon the
immersion continuation, the result of dealloying is the enrichment of the coating surface
with cobalt, and the formation of cobalt complex salt, which offers inhibiting and protective
effects [3,32]. Such a pattern is nicely observed in Figure 6 and Table 1, where the corrosion
resistance firstly decreases, but after 9 h of immersion, continuously increases. There is an
additional effect in composite coatings. Namely, upon the ingress of electrolyte through the
coating pores Sm diffused, and once it reached the substrate precipitated at the damaged
spots forming a low solubility product [32,33], i.e., providing a self-healing effect. The
schematic representation of the action of Sm3+ ions is provided in Figure 10, together
with the assumed anodic and cathodic half-reactions [33]. This effect is confirmed by
the increased charge transfer resistance values. The polarization resistance after 72 h of
immersion reached 2320 Ω cm2 and this is considerably higher than the values reported for
Zn-Co alloy coatings in NaCl solution as reported in the literature [29,32,34] and shown in
Figure 9. These high values are probably the result of the greater stability of low solubility
products formed in the presence of Sm as compared to a layer formed on binary Zn-Co
alloy coatings. Very similar results were obtained for the composite coating deposited at the
same current density and temperature, but with higher Gly in the electrolyte. This coating
had three times higher Sm content and slightly higher Zmod values, probably resulting
from the more compact morphology.
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The corrosion behavior of the Zn-Co-Sm coating with 8.7 wt.%, described in Figures 7 and 9
and fitting data in Table 1, is much more interesting. In this case, a very sharp increment in
the corrosion resistance is measured in the first 5 hours of the sample exposure to NaCl,
however, after this initial period, a sharp fall in the polarization resistance occurs in the
24 h, and so after the 48th hour of immersion, the sample with 8.7 wt.% Sm shows almost
equal corrosion resistance as the samples with 0.9 wt.% and 2.7 wt.% Sm. High polarization
values in the first hours of immersion may be ascribed only to the self-healing effect, where
we assume that the initial corrosion reactions (Zn dissolution and oxygen reduction) caused
local pH increase, which was a trigger for the local deposition of Sm oxide [5,6,9]. The
second possibility is that the previously incorporated Sm hydroxide was exposed to the
electrolyte after the removal of Zn atoms from the interfacial coating surface. Either way,
very high resistance values evidence that the corroding rate was significantly reduced and
that the corrosion reactions were inhibited.

However, this protective action lasted for a very short period. We assume that ei-
ther the amount of Sm oxide was too low to cover the entire corroding surface, so the
corrosion proceeds at the oxide-free areas of the coating, or the Sm hydroxide particles are
detached from the surface over time. After 120 h of immersion, the polarization resistance
decreases and approaches values typical for corrosion rate of Zn-Co alloy coating in NaCl
medium [30,35].

2H2O + 2e− → H2 + 2OH− (1)

Sm3+ + 3OH− → Sm(OH)3 (2)

Sm(OH)3 → Sm2O3 + 3H2O (3)

Still, composite coatings showed higher corrosion stability throughout all exposure
times, as can be seen in Table 1. Better properties were achieved with higher Sm content.
When the corrosion rate of Zn-Co-Sm coatings is compared to the literature data for other
composites with rare metal oxides, it may be seen that the Zn-Co-Sm coatings show
approximately ten times higher polarization resistance as compared to the one for Zn-Co-
CeO2 [10]. However, the measured polarization resistance for Zn–TiO2·CeO2, Zn–CeO2,
and Zn–TiO2 composites was between 1300 and 3000 Ω cm2 [11], very similar to our values.
Further analysis is planned to provide deeper insight into the effect of the electrolyte
temperature and glycine concentration, on the corrosion performance of the coatings that
contain the highest Sm contents.

4. Conclusions

An investigation of the electrodeposition process of the Zn-Co-Sm alloy coating on
steel substrate was presented, applying galvanostatic electrodeposition mode, SEM/EDS,
XRD, and electrochemical impedance spectroscopy analysis. The increase in deposition
current density from 10 to 50 mA cm−2, brings an increase in Co (from ~2 to ~7 wt.%) and
a decrease in Sm (from 18.5 to 0.9 wt.%) and O content in the coating. The phase analysis
has shown the presence of zinc η-phase, cubic Sm2O3 phase, and bulk Fe phase from the
substrate. Based on these results, it is concluded that Sm is incorporated in the Zn-Co-Sm
alloy, obeying the hydroxide/oxide formation mechanism. Deposition conditions in broad
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limits provide coatings black in appearance, of good adhesion and compactness, as was
evidenced by SEM. The corrosion resistance in aqueous NaCl, measured by electrochemical
impedance spectroscopy as the charge transfer resistance, is significantly higher for the
coatings containing Sm, in comparison to the Zn-Co coating. The high corrosion resistance
values originate from the action of Sm3+ ions, that, when in contact with the corrosive
medium, form insoluble Sm-oxide.
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fect of CeO2 Sol in the Enhancement of the Corrosion Performance of Electrodeposited Composite Coatings. Metals 2021,
11, 704–723. [CrossRef]
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