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Abstract: The potentiostatic electrodeposition of Zn—Ni—Mn was carried out in an alkaline solution with the addition of
Mn salt. The effects of electrolyte Mn®" concentration and deposition potential on the surface morphology, phase
structure and corrosion behavior of coatings were studied. The results of corrosion polarization showed that the
presence of higher Mn content in Zn—Ni—Mn coatings could lead to the formation of a good passive layer with a 7-fold
increase in R, of coating and a significant decrease in the corrosion current density compared to those of Zn—Ni coating.
The XRD and the XPS analyses from the surface of Zn—Ni—Mn after corrosion test showed that the passive layer was
composed of zinc hydroxide chloride, zinc oxide, zinc hydroxide carbonate, and manganese oxides.
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1 Introduction

Zinc-based coatings have been found many
applications in industry as sacrificial anodes to
protect steel components. The high dissolution rate
of pure zinc in corrosive media is the main
drawback of these coatings [1-3]. In order to
overcome this problem, various alloying elements
have been added to improve the corrosion
resistance of Zn. The incorporation of alloying
elements such as Fe, Co and Ni in the structure of
zinc coatings shifts the corrosion potential to nobler
values and also reduces the corrosion current
density. Among these alloys, Zn—Ni, due to its good
corrosion and mechanical properties, has attracted
great attention in recent years as a potential
substitute for Cd [4—10]. Zn—Ni coatings provide
better corrosion protection than zinc, and the
corrosion mechanism consists of sacrificial
dissolution of zinc in the corrosive media and

formation of low soluble corrosion products on the
surface of the coating. Zn—Ni coatings deposited in
alkaline baths show better quality of element
distribution and  morphological  uniformity
compared with those deposited in acidic
electrolytes  [11,12]. Zn—Ni coatings with
12-15wt.% Ni show the highest corrosion
protection while in coatings with higher Ni content,
the sacrificial properties of deposits are decreased
[13]. Furthermore, according to various literatures,
the addition of a third alloying element such as Cd,
Fe, Co and P or a ceramic reinforcement such as
ALLO; and carbon nano-tube can effectively
improve the corrosion resistance of the Zn—Ni
deposits [9,14-20].

Zn—Mn alloy coatings are also known to show
high corrosion protection. The equilibrium potential
of Mn/Mn*‘is less noble than that of Zn/Zn*" and
Ni/Ni*". Thus, the protection mechanism in this
alloy is different from other Zn alloy coatings.
The double-protection mechanism proposed by
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BOSHKOV et al [21] begins with the sacrificial
dissolution of less noble Mn in the corrosive media
and the subsequent increase in pH of the solution at
the surface of the coatings [22]. This enhances the
formation of a compact and thick protective
layer [23]. Moreover, the addition of Mn as a third
alloying element to Zn—Ni and Zn—Mo coatings
significantly enhances the corrosion protection of
these coatings by the formation of a more corrosion
resistant passive layer [24,25]. The successful
electrodeposition of Zn—Ni—Mn coatings from
acidic sulfate and sulfate—citrate electrolytes has
been reported [25—27]. The electrodeposition of this
alloy coating in alkaline electrolytes has not been
reported in the literature to the best of our
knowledge.

The purpose of this work was to study the
feasibility of Mn co-deposition with Zn and Ni
from an alkaline Zn—Ni electrolyte, and to
investigate the effect of various amounts of Mn on
the corrosion protection of Zn—Ni—Mn coatings.
The effect of adding various amounts of Mn
additive to Zn—Ni deposition electrolytes on the
electrodeposition behavior was investigated by
cyclic and linear sweep voltammetry techniques.
Zn—Ni—Mn alloy coatings deposited
potentiostatically. Scanning electron microscopy
(SEM) was used to investigate the surface
morphology of samples. Energy dispersive
spectroscopy (EDS) and X-ray fluorescence (XRF)
were used to identify the changes in the chemical
composition of coatings. XRF was also used to
measure the thickness of coatings. X-ray diffraction
(XRD) was used to characterize the phase structure
and crystallite size of the coatings. Moreover,
anodic polarization was used to study the effect of
addition of various amounts of Mn on the corrosion
behavior of coatings in NaCl solution. X-ray
photoelectron spectroscopy (XPS) and XRD were
used to determine the chemical composition of the
corrosion products formed on the surface of Zn—Ni
and Zn—Ni—Mn samples after corrosion tests.

Wwere

2 Experimental

2.1 Preparation of electrodeposition solution

The Zn—Ni alkaline electrodeposition solution
composed of NaOH, ZnO, ethylenediamine (ED),
triethanolamine (TEA) and Ni additive (5 vol.% ED,
10 vol.% TEA, and 360 g/L NiSO,) was used as a

base solution. In order to investigate the effect of
Mn addition, MnSO,4 was added to the base solution.
The addition of MnSO, to the transparent base
solution (in the absence of Ni additive) changed the
color to pink due to the formation of manganese
hydroxide particles. Subsequently, white manganese
oxide precipitates were formed at the bottom of the
glass container. In order to avoid this reaction, Mn
was complexed with sodium gluconate in another
container and the resulting solution was added to
the base solution as Mn additive. The choice of
sodium gluconate as an additive was made because
it has been successfully used as Mn- complexing
agent in the high pH range [28]. A solution of Mn
additive was made by dissolving 0.53 mol/L
MnSO; and 0.64 mol/L sodium gluconate in
deionized water. In order to elucidate the effect of
Mn concentration on the deposition of Zn—Ni—Mn
alloy coatings, 100 mL Zn—Ni electroplating
solution with various Mn®" concentrations (0.57,
1.14, 1.71 and 2.28 umol/L) was prepared.
However, adding more than 2.28 pmol/L Mn** to
the base solution led to the formation of dark brown
Mn oxide particles in the solution. The continuous
variation in color of the solutions, containing
different amounts of Mn, from red to dark brown
with time corresponds to the change in the
oxidation state of Mn complexes in NaOH solution.
Thus, Zn—Ni—Mn solutions were left unstirred for
5h in order for them to stabilize prior to
electrodeposition. A sample coding pattern on the
basis of the concentration of Mn®" in the electrolyte
and electrodeposition potential used in this work is
given in Table 1 (e.g., sample A-1 means the sample
electrodeposited in 0.19 pmol/L Mn®" containing
electrolyte (bath A) at —1780 mV (vs Ag/AgCl)
potential).

Table 1 Sample coding system based on Mn*

concentration in electrolyte and electrodeposition
potential
Mn** Electrodepositon
Code concentration/ | Code potential
(umol-L™" (vs Ag/AgCly/mV
A 0.19 1 —1780
B 0.57 2 —1820
C 1.14 3 —1860
D 1.71 4 —1900
E 2.28 5 —1940
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2.2 Electrochemical analyses

All the electrochemical measurements were
carried out using Amel 2551 Potentiostat/
Galvanostat and a saturated Ag/AgCl electrode as a
reference electrode. Pt wire was used as the counter
electrode in cyclic voltammetry, linear sweep
voltammetry, and corrosion measurements, whereas
Ni mesh was used as the counter electrode in
electrodeposition. In order to study the
electrochemical reactions involved in Zn—Ni—Mn
alloy deposition, cyclic voltammetry (CV) was
carried out on a glassy carbon electrode as the
working electrode in a solution containing
1.71 umol/L Mn*". The potential sweep was from
0 to —2 V at a scan rate of 10 mV/s. Cathodic
linear sweep voltammetry of steel samples with
0.01 mV/s scan rate was employed to study the
effect of various concentrations of Mn additive on
the electrochemical behavior of alloy deposition.
Prior to electrodeposition, 1.5 cm X 2 ¢cm mild steel
sheets were polished with emery paper to 1200 grit
and sonicated in acetone for 10 min. Then, all
samples were etched in 35% HCI and rinsed in
deionized water. The Zn—Ni—Mn alloy coating was
electrodeposited  potentiostatically on 1.5 cm®
exposed area of the substrate and the remaining area
was masked by Kapton tape. In order to study the
corrosion behavior of coatings, anodic polarization
measurements were performed in aerated 3.5 wt.%
NaCl solution at the room temperature. Samples
with 1 em”® in exposed surface area and 12 pm in
thickness were used for corrosion analysis. All
samples were stabilized in the NaCl solution for
30 min prior to each measurement. The potential
sweep was carried out at £500 mV of open circuit
potential (pocp) with 1 mV/s.

2.3 Coating characterization

Zeiss EVO 50 EP scanning electron
microscopy (SEM) was used to observe the effects
of Mn concentration and electrodeposition potential
on the surface morphology of coatings. Energy
dispersive spectroscopy (EDS, Oxford Instrument,
INCA Energy 200) and X-ray fluorescence (XREF,
Fischerscope X-ray XAN) measurements were used
to determine the chemical composition of coatings.
The thickness of coatings was also measured by
XRF. The phase structure of coatings was
characterized by X-ray diffraction (XRD, Philips-
PW 1830) using Cu K, radiation (1=1.5405 A). A

method suggested by Wilson and Rogers was
applied to determining the preferred orientation of
electrodeposited coatings, and the Williamson—Hall
method was used to measure the crystallite size of
coatings. The crystallite size was estimated
according to the modified Scherrer formula:

Bjircos 6=0.91/D+C-¢sin 6 (1)

where B is the full width at the half maximum of
the XRD peaks, D is the crystallite size, 6 is the
Bragg angle, and ¢ is the lattice strain. The
crystallite size was extracted from the intercept
of Williamson—Hall plot (Buycosé vs C-sin @
plot) [29,30].

The chemical composition of the surface of
Zn—Ni and Zn—Ni—Mn alloy coatings after
corrosion test was determined via the XRD and
the X-ray photoelectron spectroscopy (XPS,
SPECS PHOIBOS 150 analyzer). The XPS spectra
were obtained using K, radiation (1486.6 eV).

Moreover, in order to study the protective
properties of the coatings, neutral salt spray test was
carried out according to ASTM B 117, using 5 wt.%
NaCl solution.

3 Results and discussion

A solution with a high concentration of Mn**
was chosen for cyclic voltammetry. Figure 1 shows
the CV of a glassy carbon electrode in a bath
containing 1.71 pmol/L Mn**. In the negative scan,
two current peaks are evident; the first one c; at
—-0.46 V (vs Ag/AgCl) can be attributed to Ni*"
reduction which is close to Ni/Ni*" equilibrium
potential, and the second one ¢, at —1.62 V
corresponds to Zn®" reduction. The parasitic
reaction of  hydrogen  evolution
simultaneously with Zn reduction and drastically
increases the cathodic current density. This also
masks peaks related to the reduction of Mn ions.
Afterwards, a crossover loop is observed in the
positive direction scan suggesting a nucleation
process. Several oxidation peaks are observed
during the positive scan, from —1.3 to —0.6 V,
corresponding to the dissolution of metals from
different phases in the coating. Peaks a; and a, at
potentials of —1.25 and —1.03 V can be related to Zn
dissolution from # and y phases of Zn—Ni, while
anodic peak a; represents the dissolution of Ni from
the coating [11,31,32].

occurs
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—2I.0 —116 —112 —0.I8 —OI.4 0
o(vs Ag/AgCl)/V

Fig. 1 Cyclic voltammogram of glassy carbon electrode

in bath containing 1.71 pmol/L Mn®" (scan rate 10 mV/s)

The effect of Mn additive concentration on
linear sweep voltammetry of steel electrode is
illustrated in Fig. 2. Due to steel corrosion at more
positive potentials, voltammetry was carried out
from —0.9 to -2 V. Compared to glassy carbon
electrode, Zn*" reduction occurs at more positive
potential. This can be attributed to higher
over-potential of Zn deposition on the surface of the
glassy carbon. It is obvious from Fig. 2 that adding
the higher concentration of Mn to the solution
reduces the cathodic current density in potentials
more negative than —1.8 V.

or
P — 0.57 pmol/L Mn?*
-20 -+ 2,28 umol/L Mn?*
& -40
g
s
é -60
S
=80T ;
Y
S18 -1 16 15 14
-100 o(vs Ag/AgCV
-120

-20 -1.8 -1.6 -14 -12 -1.0

o(vs Ag/AgCl)y/V
Fig. 2 Effect of Mn ion concentration in electrolyte on
linear sweep voltammogram of medium steel electrode
(scan rate 0.01 mV/s)

The electrodeposition potential range from
—1780 to —1940 mV (vs Ag/AgCl) was chosen
based on cyclic voltammetry results in order to
study the effect of potential on microstructure,
chemical composition and phase structure of the

coatings. In order to ensure the presence of a high
concentration of Mn ions, a bath containing
2.28 pmol/L Mn”*" was used. Initially, some test
samples were deposited in more positive potentials
(from —1570 to —1740 mV), but XRF did not show
any amount of Mn in the coatings deposited in this
particular potential range.

It is clear from the XRF results (Fig. 3(a)) that
by increasing the potential to more negative values
in solutions containing 2.28 pmol/L Mn*" ions, the
Mn content of coatings increased significantly from
2.72 wt.% at —1780 mV to 11.6 wt.% at —1940 mV
while Ni content decreased from 13.8 to 7.7 wt.%.
A similar trend can be seen for increasing the Mn®*
ions concentration in the electrolyte from 0.19 to
2.28 umol/L (Fig. 3(b)). A-3 sample was composed
of less than 1 wt.% Mn and 15.9 wt.% Ni, and E-3
was composed of 9.69 wt.% Mn and 9.41 wt.% Ni.
However, the highest Mn content was achieved in
E-5 sample (11.6 wt.% Mn and 7.7 wt.% Ni).

141®)

Content/wt.%

= —Ni
e —Mn

Z1900  -1860 1820 -1780

o(vs Ag/AgCl)/V

—
N
T

Content/wt.%

N Y (=
T

= —Ni
e — Mn

(=]

05 1.0 15 20 25
Mn?* concentration/(umol-L™")

Fig. 3 Ni and Mn contents of coatings electrodeposited

in 2.28 pmol/L Mn?" electrolyte at various potentials (a)

—-1860 mV in

concentrations  of

and coatings electrodeposited at

electrolytes various

Mn*" (b)

containing
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The influence of electrolyte composition and
electrodeposition potential on the surface
morphology of coatings is shown in Fig. 4.
Increasing the Mn concentration significantly
affects the surface morphology. In Fig. 4(a), various
non-closed U-shaped morphologies ranging from
25 to 45 pm on the surface of C-3 coating can be

seen. These are surrounded by a large quantity of
smaller globular nodules randomly formed on the
surface of the coating. The surfaces of D-3 and E-3
coatings (Figs. 4(c, e)) are smoother and no sign of
U-shaped morphologies can be seen. Also, the
number of globular nodules on the surface of these
samples decreased significantly.

Content/wt.%

Mn Ni  Zn Total

11.66  9.06 79.28 100.00
10.88 10.26 78.86 100.00
11.02  8.56 80.45 100.00

Zn

Mn
Mn Ni Ni Zn

(&
Zn
Position
Underlying film
Surface nodules
Low magnification
Ni
M
| Alsortinnvay
1 2 3 4

6 7 8 9 10

Energy/keV

Fig. 4 SEM micrographs of coatings deposited in 1.14 pumol/L (a, b), 1.71 umol/L (c, d) and 2.28 umol/L (e, f) Mn*"
electrolyte, at electrodeposition potentials of —1860 mV (a, c, e) and —1940 mV (b, d, f) (vs Ag/AgCl), and chemical
composition of underlying layer and average of three nodules, and low magnification EDS spectrum of E-3 sample (g)
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The EDS analysis from the surface of E-3
sample shows a small difference between the
chemical composition of underlying film and
surface nodules (Fig. 4(g)). Similar to this sample,
the Ni and Mn contents of globular nodules in the
other coatings are lower than those in the
underlying surface. The presence of some pin holes
on the surface of these coatings is due to hydrogen
evolution. It is obvious from the SEM micrograph
that an increase in electrodeposition potential from
—1860 to —1940 mV, increases the grain size of the
coatings. The average size of nodules on the surface
of D-3 (Fig. 4(c)) is about 7 um, while it increases
to 20 um in D-5 sample (Fig. 4(d)). The SEM
micrographs with higher magnification show that
C-5 consists of many fine micro-cracks both at the
surface and in the nodules (Fig. 4(b)).

Considering the binary phase diagrams of
Zn—Ni and Zn—Mn, various phases could be formed
in Zn—Ni—Mn alloy coatings. Zn—Mn coatings are
mostly composed of a solid solution of Mn in Zn
with Mn content less than 1 at.%, and intermetallic
phases ¢ and ¢. According to Zn—Mn phase diagram,
{ (ZnMny;) is obtained when the Mn content is
lower than 10.2 at.%, while ¢ phase usually appears
above 200 °C with the Mn content being between
11 and 58 at.% [33].

However, the presence of the ¢ phase in the
coatings with a lower amount of Mn at room
temperature has also been reported [34]. On the
other hand, Zn—Ni alloy coatings with Ni content
less than 15 wt.% consist of # phase, a solid
solution of Ni in Zn, and y (NisZny), an
intermetallic phase [31].

The XRD patterns of samples electrodeposited
at —1860mV (vs Ag/AgCl) in Zn—Ni—Mn
electrolyte with different concentrations of Mn
additive are reported in Fig. 5(a). The chemical
composition of coatings was largely dependent on
the Mn concentration in electro-deposition baths. It
has been shown in Fig. 3 that by increasing the
amount of Mn additive, the Mn content of coatings
increased from 0.82 wt% in A-3 sample to
9.69 wt.% in D-3 sample, while the Ni content
decreased from 15.1 wt.% to 9.41 wt.% in A-3 and
D-3 samples, respectively.

The diffractogram of A-3 sample corresponds
to a two-phase Zn—Ni structure, composed of # and
y phases. As it can be seen, the diffractograms of

other samples resemble that of A-3 sample and the
difference is in the slight shift towards a lower
angle in the position of the peaks and a lower
intensity (Table 2). This indicates that Mn is
incorporated in the lattice of Zn—Ni phases
(Fig. 5(a)).

The influence of electrodeposition potential on

Table 2 Effect of Mn®" concentration in electrolyte on
shift of y phase XRD peaks position electrodeposited at
—1860 mV (vs Ag/Ag/AgCl) shown in Fig. 5(a)

Mn?* concentration/

(umol-L ™" 26/C)
0.19 42928 62.382 78.531 89.183
0.57 42.840 61.963 78.220 88.641
1.14 42.616 61921 77.848 88.591
1.71 42543 61.691 77.637 88.063
2.28 42.538 61.529 77.620 88.020
by 2.28 pmol/L
i Mn?*
y 1.71 umol/L
MnZ+
g 1.14 pmol/L
Mn?*
¥ 0.57 pmol/L
i an*
f\ 0.19 pmol/L
; Mn?*
160

~1940 mV

-1900 mV

-1860 mV

-1820 mV

-1780 mV

0 20 40 60 80 100
200(°)

Fig. 5 XRD patterns of coatings deposited at —1860 mV
(vs Ag/AgCl) from electrolytes containing different
of Mn*
2.28 pmol/L Mn*" electrolyte at various potentials (b)

concentrations (a) and deposited from
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the phase structure of coatings deposited in
2.28 pmol/L Mn*"-containing electrolyte is shown
in Fig. 5(b). The XRD patterns of coatings
deposited at more positive potentials such as —1780
and —1820 mV reveal the presence of peaks
corresponding to & phase (26=68.3°) in addition to
those of # and y phases. As previously mentioned, ¢
phase was observed in deposits with Mn content
higher than 10.2 at.%; however, Fig. 3 shows
that the Mn content of E-1 and E-2 samples
(2.28 pmol/L Mn*", —1780 and —1820 mV) is lower
than this value.

It is interesting to note that the & phase peaks
disappeared by increasing the electrodeposition
potential despite the increase in the Mn content of
coatings up to 12 wt.%.

The increase of Mn content of coatings by
increasing the potential and additive concentration
in the bath did not affect the preferred orientation of
crystallites. In all samples, (330) has the highest
orientation index and the preferred orientation.

The crystallite size variation with deposition
potential in  samples electrodeposited in
2.28 umol/L Mn*" electrolyte (bath E) is shown in
Fig. 6. By increasing the electrodeposition potential,
the crystallite size decreases from 28 nm at
—1780 mV (vs Ag/ AgCl) to 16 nm at —1940 mV.
An increase in electrodeposition potential increases
the nucleation rate and consequently decreases the
crystallite size.

N D NN
NS I SN e o)

Crystallite size/nm

161

-1940 -1900 -1860 -1820 -1780

o(vs Ag/AgCl)/mV

Fig. 6 Effect of deposition potential on crystallite size of
coatings deposited from 2.28 pmol/L Mn?" solution

The polarization curves of Zn—Ni—Mn
coatings electrodeposited at —1860 mV in the
electrolytes with various concentrations of Mn®" are

shown in Fig. 7. The corrosion current density (Jeor)
and corrosion potential (@.;) were determined
using Tafel extrapolation. Adding Ni to Zn coatings
shifts the g, to nobler potentials, while Mn due to
its less noble nature shifts the @c, of Zn—Ni
coatings to more negative potentials. An increase in
the Mn>" concentration of Zn—Ni—Mn coatings is
accompanied by a reduction in Ni concentration
(Fig. 3). Thus, the decrease in the corrosion
potentials shown in Table 3 is due to the higher
concentration of more electronegative Mn in the
coatings.

_1 -
_2 L
T ol
2
< \
S —4r |
=0 i :
1 | | ZoeNi
i
61 | 0.57 umol/L Mn?*
. 2.28 pmol/L Mn?*
-1.5 -1.0 -0.5 0
o(vs Ag/AgCl)/mV

Fig. 7 Polarization curves of coatings deposited at
—1860 mV (vs Ag/AgCl) with solutions containing
various concentrations of Mn?*

Table 3 Corrosion parameters of Zn—Ni coating and
Zn—Ni—Mn alloy coatings electrodeposited at —1860 mV
(vs Ag/AgCl) in
2.28 umol/L Mn*"

solutions containing 0.57 and

Corrosion parameter

Sample 5
Joor/(MA-CM 7)) @eor (vs Ag/AgC)/mV  R,/Q
Zn—Ni 457 —848 138
B-3 267 —886 242
E-3 30.65 —1358 1065

A passivation behavior cannot be observed in
the polarization curves of Zn—Ni coatings. The
incorporation of Mn into the Zn—Ni coatings,
however, changed the corrosion behavior of the
coatings. The polarization curves of samples with
various concentrations of Mn”>" are composed of a
passivation region. The J.. is decreased from
457 pA/em® in Zn-Ni to its lowest value of
30.65 pA/em® in E-3 sample. The polarization
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resistance of the coatings increased from 138 Q in
Zn—Ni sample to 1065 Q in E-3 sample, which also
corresponds to the formation of a passive layer at
the surface resulting in a coating with a higher
protective property.

White rust formation was first observed at the
surface of Zn—Ni after 96 h of exposure in the
neutral salt spray chamber. While the formation of
white rust on the surface of Zn—Ni—Mn coatings
took longer time. It was first observed at the surface
of B-3 sample with lower Mn®" concentration at

144 h and then at the surface of E-3 sample in 168 h.

Red rust was observed at the surface of Zn—Ni after
288 h. While first signs of formation of brown
corrosion products on the surface of Mn-containing
sample were observed after 408 h and no red rust
was observed. This could be due to the presence of
Mn compounds in the corrosion products of these
coatings. It can be said that incorporation of Mn
to Zn—Ni coatings significantly improved the
corrosion resistance of Zn—Ni—Mn coatings.

The XRD patterns of Zn—Ni and Zn—Ni—Mn
(E-3) alloy coatings, after corrosion tests, are
presented in Fig. 8. The most of observed peaks, in
both samples, correspond to simonkolleite
(Zns(OH)sCl,-H,0) except the peak with the
highest intensity, which is positioned at 26=42.7°,
and the peaks at 26=28.2°, 45.5°, 62° which are
associated with the presence of NiZn;. The
formation of NiZn; can be addressed to
dezincification and migration of Zn ions from the
underlying layer to the corrosion film.

The C 1s spectra of both samples are shown in

*
*— Zns(OH),Cl,-H,0
+—NiZn,

Zn—Ni—Mn

10 20 30 40 50 60 70
20/(°)
Fig. 8 XRD patterns of Zn—Ni and Zn—Ni—Mn (E-3)
coatings after corrosion test

Fig. 9(a). The peak is de-convoluted into three
components. Two peaks at 284.4 and 286.3 eV that
correspond to the organic contamination, and the
third at 288.8 eV can be attributed to the presence
of carbonate groups on the top layer of the
surface. The O 1s spectrum of the binary alloy is
composed of peaks at 530.7, 532.2, and 533.7 eV
that are related to zinc oxide, simonkolleite,
and hydrozincite (Zns(CO;),(OH)s), respectively
(Fig. 9(b)). Hydrozincite is the product of the
reaction between Zn ions and dissolved carbonate
in the atmosphere [35]. The asymmetry in peak
shape of O 1s toward lower binding energies in
ternary alloy could be caused by the higher ratio of
metal oxide compared to the binary alloy that could
be due to the formation of Mn oxides. This can be
confirmed by a low-intensity Mn 2ps;, peak at
642 eV in the spectrum of ternary alloy, as shown in
Fig. 9(c). It is suggested that the formation of
manganese oxide hinders the reduction of oxygen
on the cathode surface and subsequently decreases
the corrosion rate [36].

Ni 2p peaks can be observed in the XPS of the
binary alloy (Fig. 9(d)), while no Ni peaks were
discernible on the XPS spectrum of the ternary alloy.
This can be due to the larger thickness of corrosion
film in the ternary alloy. Ni 2ps, peak at 855.4 eV
and doublet separation of 17.8 eV are characteristic
of Ni(OH),.

The chemical shift between Zn 2p peaks of
various chemical states of Zn is quite short,
therefore it is hard to differentiate between them
(Fig. 9(e)). Both the XPS and XRD were used as
surface analysis methods. While the depth of
sampling in XPS is limited to 3—10 nm from the
surface, this is in micro-metric scale in XRD.
Therefore, considering the results of the XRD and
XPS methods, it can be concluded that the passive
film formed on both samples is mainly composed of
simonkolleite and two other zinc compounds,
namely hydrozincite and zinc oxide. In addition to
these compounds, the presence of Ni(OH), on the
surface of Zn—Ni coating explains the lower
protective properties of this coating compared to
Zn—Ni—Mn coating with Mn oxides on the surface.
This also points to the reason behind the 7-fold
increase in the R, and the significant decrease of
Jeorr In Zn—Ni—Mn coating (E-3) in comparison with
Zn—Ni.
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(@ (b)
K\
Zn—Ni—Mn
Zn-Ni-Mn
Zn-Ni Zn—Ni
B e S any
292 290 288 286 284 282 280 278 538 536 534 532 530 528 526
Binding energy/eV Binding energy/eV
(© (d)
. Zn—Ni
Zn-Ni-Mn
648 646 644 642 640 638 636 680 675 670 665 660 655 650
Binding energy/eV Binding energy/eV
()
Zn—-Ni—Mn

Zn—Ni

1050

1040

1030 1020

Binding energy/eV

Fig. 9 C 1s (a), O 1s (b), Mn 2p3/, (c), Ni 2p (d) and Zn 2p (e) photoelectron spectra of Zn—Ni and Zn—Ni—Mn (E-3)
coatings after corrosion test

4 Conclusions

(1) Increasing both the Mn concentration of
the Zn—Ni—Mn electrolyte and increasing the

deposition potential increased the Mn content of the
coatings, and affected the surface morphology and
the phase structure of these coatings.

(2) The results of corrosion polarization
showed that the presence of higher Mn content in
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Zn—Ni—Mn coatings could lead to the formation of
a good passive layer with a 7-fold increase in R, of
coatings.

(3) XPS and XRD analyses of the corrosion

products formed at the surface of Zn—Ni and

Zn—Ni—Mn (E-3) coatings

showed that =zinc

hydroxide chloride was the main constituent in both
samples. However, the layer formed at the surface
of Mn-containing coating was also composed of Mn
oxides that can improve the protective properties of
this coating.
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