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Abstract Zn—SnO, composite coatings were prepared by direct potential using electrolytic co-deposition technique from
sulfate solution. The effect of Zn>* and SnO, concentrations in deposited bath on the mechanical properties and mor-
phological characteristics of the composite coatings were examined. The characterizations of the sample were analyzed
using scanning electron microscopy couple with energy dispersive spectroscopy (SEM/EDS), X-ray diffraction (XRD) and
atomic force microscopy (AFM). The electrochemical degradation behavior of the samples in 3.65 wt.% NaCl solution was
studied using potentiodynamic polarization technique and characterized by high-resolution optical microscope. From all
the fabricated composite coatings, obvious diffraction peaks were observed with Zn-7Sn-S-0.3V film with Zn,Sn;, Sn,
Zn,Sns and Zn phases, confirming the presence and formation of Zn—SnO, coating. The XRD pattern shows that the
presences of SnO, particle remarkably play a major role in the precipitation and orientation of the alloy matrix. From the
SEM/EDS and AFM results, the deposits show that composite particle and proper bath composition have strong influence
on the microstructure. An enhanced corrosion resistance was attained as a result of the induced particles.
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1 Introduction

Mild steels are one of the leading engineering materials
over years for many scientific and industrial applications,
especially in automobile and aero-system industries, be-
cause of their unique properties [1]. Yet, their susceptibility
to corrosion, poor tribological resistance and low hardness
limit their applications [2, 3]. Nevertheless, many surface
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enhancement techniques such as thermal spray, vapor de-
position, laser alloying, galvanizing and painting have been
adopted to improve mild steel properties against electro-
chemical reaction and plastic deformation [3-7].

Co-deposition through electroplating has been found
superior properties to several mentioned techniques due to
their bonding characteristics [3, 8], texture, cost and
thickness ratio [9-12]. Composite deposition is a trend for
depositing particle of metallic and non-metallic compound
in insoluble form or ceramics in electrolyte for specific
functional properties [13]. Anti-corrosion and mechanical
properties have been studied extensively in zinc alloy
composite coatings such as Zn-Zr [14], Zn-Cr [15, 16],
Zn-Co, Zn-Ni [17], Zn-TiO,-TiAIN [18], Zn-Fe [19]
prepared by different methods [20-24]. Evolution of
based materials containing composite and ceramics such
as TiO,, Al,O3, ZnO, ZrO,, Fe,03, Cr,O3 and SiO, ex-
hibits excellent oxidation stability and tribological resis-
tance [25-29].
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Though, unlike other composite particles, very few on
SnO, has been reported in open literature. Some work fo-
cused on the corrosion properties and morphological be-
havior of Sn-Zn coatings, but mechanical properties have
not been explored [30, 31]. It is evident that for material to
be used for industrial applications, corrosion behavior as
well as mechanical properties should be studied [32]. In the
present paper, we fabricate Zn—-SnO, composite coatings
through electrolytic deposition, microstructure of the de-
posited layer was characterized, and the corrosion resis-
tance was also measured. Besides, tribological behavior
was evaluated by using sliding wear test; the scanning
electron microscopy with attached energy dispersive
spectroscopy (SEM/EDS) was employed to characterize
the morphological crystal structure/topography. The phase
studies were carried out by using X-ray diffractometer
(XRD) and Raman spectroscopy.

2 Experimental
2.1 Preparation of Substrates

Commercial mild steel (40 mm x 20 mm x 1 mm) sheet
from Nigeria was used as the cathode, and zinc plates
(60 mm x 40 mm x 2 mm) with 99.5% purity were used
as the anode. The steel sheets were prepared with fine
grade of emery paper as described in a previous study [23].
Samples were properly cleaned with sodium carbonate,
pickled and activated with 10 wt.% HCI solution at am-
bient temperature for 10 s followed by instant rinsing in
deionized water. The chemical composition (wt.%) of the
used mild steel is: 0.15 C, 0.45 Mn, 0.18 Si, 0.01 P, 0.31 S,
0.005 Al, 0.008 Ni and balance of Fe.

2.2 Processing Details

The deposition of Zn—SnO, binary composite alloy was
performed in a single cell containing two zinc anodes and a
single cathode. The distance between the anode and the
cathode is 15 mm. Before plating, analytical grade che-
micals and deionized water used in solution were admixed
and preheated to 40 °C. The bath solution composition is as
follows: 75 g/L. Zn, 10 g/L thiourea, 50 g/L NaSOy, 10 g/L
boric acid, 7 or 13 g/L SnO,, 10 g/L glycine and 75 g/L
ZnSO,. The pH value of the bath solution is 4.8.

The chosen deposition parameter is in line with the
preliminary study and the previous work [27]. The pre-
pared electrodes were connected to the direct current via a
rectifier at varying applied potential and current density
between 0.3 and 0.5 V at 2 A/cm? for 20 min with stirring
(200 r/min). The processing parameters for different sam-
ples are listed in Table 1. The distance between the anode
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and the cathode and the immersion depth were kept con-
stant as described in Ref. [1]. After deposition, samples
were rinsed in distilled water and air-dried thereafter sec-
tioned for characterization.

The deposition time and voltage were varied during
deposition to achieve good coating thicknesses and weight
gain. The choice of each condition and parameters are
optimized by our pre-study. It is expected during co-de-
position micron and sub-micron grade particle inoculated
into the deposition bath in either minute quantity should
provide improved properties and stabilized solid structure
[15]. The possibility of having a substantial coating weight
and coating thickness in relation to the coating parameter is
dependent on the bath formulation.

2.3 Characterization of Coating

The structure of the deposited composite coating was
characterized by VEGA 3 TESCAN Scanning electron
microscope (SEM) equipped with EDS. The XRD scan was
performed on PANalytical Empyrean diffractometer with
Pixel detector and fixed slits with Fe filtered CoK, ra-
diation. The phases were identified using X’Pert Highscore
plus software and quantified using the Rietveld method.
Micro-hardness studies were carried out by using a Dia-
mond pyramid indenter EMCO Test Dura-scan 10 micro-
hardness testers with a load of 0.1 N for 20 s. The average
micro-hardness was measured across the plated surface in
an interval of 2 cm by using screw gauge attached to the
Dura hardness tester.

2.4 Friction and Wear Tests

The friction and wear behaviors of the deposited alloy were
evaluated by using CERT UMT-2 muiti-functional tribo-
logical tester at ambient temperature (25 °C). The recip-
rocating sliding tests were carried out with a load of 5 N at
a constant speed of 5 mm/s for 20 min, and the displace-
ment amplitude is 2 mm. A SizN, ball (4 mm in diameter,
1,600 HV) was chosen as the counterpart for the evaluation
of tribological behavior of the coated sample. The area of
the specimen for wear tests is 2 cm x 1.5 cm. After wear
tests, morphology of the wear scar and worn surface is
further examined with high-magnification Nikon optical
microscope.

2.5 Corrosion Studies

Corrosion resistance of the samples was evaluated by using
linear potentiodynamic polarization tests. Measurements
were systematically performed by using an auto-lab po-
tentiostat (PGSTATI101 computer controlled) with the
general purpose electrochemical software (NOVA 1.8)
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Table 1 Processing parameters for different samples

Material sample Time of deposition (min)

Stirring rate (r/min)

Potential (V) Current density (Alem?) SnO, additive (g/L)

Zn-7Sn0,-0.3V 20 200
Zn-7Sn0,-0.5V 20 200
Zn-135n0,-0.3V 20 200
Zn-135n0,-0.5V 20 200

0.3 2
0.5 2
0.3 2 13
0.5 2 13

package version. Measurements were carried out at room
temperature in 3.65 wt.% NaCl solution. The NaCl solu-
tion was prepared from analytical grade reagents and dis-
tilled water. An electrochemical cell composed of working
electrode (coated samples), the counter electrodes (graphite
rods) and a reference electrode (Ag/AgCl 3 mol/L KCl
electrode, SCE) were used. Scanning potential ranges from
—1.51 V to 1.5 V with a scan rate of 1.2 V/s.

3 Results and Discussion
3.1 AFM Studies

Figures 1 and 2 show the AFM images obtained from Zn-
7Sn0,-0.3V and Zn-13Sn0,-0.3V layers. There are ob-
served structural changes in topography based on the in-
corporated fraction of the particulate and the deposition
potential used. There was orderliness of the grain with
good separation of the crystal in Zn-7Sn0,-0.3V layer.
Comparing this micrograph with Zn-13Sn0,-0.3V in
Fig. 2, it is observed that particles with coarse-grained
formation having non-uniform crystal size. Reason for this
is not clear, and it could be expected that with more of
composite particles inclusion in the electrolyte, the adhe-
sion should be instant. However, it was reported by [33]
that the surface roughness increased significantly with the

film thickness which was in agreement with the observa-
tion in this study where the fabricated Zn-7Sn0,-0.3V
layer produced a well adhered and separated grain at
moderate induced composite and lower potential rate.
However, our previous observations [3, 5] revealed that
metallurgical parameter for a particular alloy coating could
result in unexpected crystal growth, thereby restricting the
proper precipitation of particles within the cathode surface.

In all, fine-grained crystals and uniform arrangement of
the distributed crystals were achieved in both coatings.
Another report by [31] stated that deposition films obtained
within 1.0-1.4 V mostly covered the substrate and exhib-
ited coalesced crystallites. It is also reported that at lower
potential, a fine adhesion resulted from steady throwing
power could give a uniform crystal growth [1], which is in
agreement with the results presented in Fig. 1.

3.2 XRD/Raman Analysis

Figures 3, 4 and 5 show the XRD patterns and Raman
profile for Zn—SnO, sulfates deposited samples. The in-
termediate phase of the considered Zn—-SnO, matrix was
assessed, and all shows very similar pattern. From the
profiles, possible existing phases are Zn, Zn,Sn;, Sn and
Zn,Sns for Zn-7Sn0,-0.3V coating. The response of tin in
zinc admixed bath resulted in zinc-tin intermetallic pre-
cipitates. Generally, the coating consists of peak with

Fig. 1 AFM images of the Zn-7Sn0,-0.3 V layer: a 2D image; b 3D relief image; ¢ roughness analysis
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Fig. 2 AFM images of the Zn-13Sn0,-0.3V layer: a 2D image; b 3D relief image; ¢ roughness analysis
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strong plane and Zn-7Sn0,-0.3V produced a better phase
as a result of smaller crystal. It is reported that current
densities often influence the produced grain size, which
could determine the phase composition of such coating [19,
34]. Considering the decreased sulfur in bath due to Zn>"
and Sn2+cati0n, the visibility of the plane is a function of
dissolution of sulfur, which leads to the improvement in
crystallinity of the deposits. However, when comparing Zn-
13Sn0,-0.5V to Zn-7 Sn0,-0.3V, the significant differ-
ences were found to be peak level as a result of the bonding
effect. The similarities in XRD patterns confirmed the
presence of composite particle, while the differences in the
peaks could be attributed to the rate of deposition. Zn,Sn;,
ZnSn and Zn account for the major peaks for Zn-13Sn0O,-
0.5V binary composite coating as presented in Fig. 4.

The effect of SnO, incorporated composite particle in
the electrolyte of Zn-7Sn0,-0.3V matrix was examined by
Raman spectrum. As shown in Fig. 5, a remarkable shift
was observed at 2,863 cm ™!, in accordance with the result
obtained from XRD pattern. The predominate intensity of
about 500 a.u. was noted for the Zn-7Sn0,-0.3V, which is
the best among the deposited series. It should be mentioned
that the adsorption of Sn by Zn>" is responsible for the
shield growth of the intensities. It is believed that the in-
corporation of composite particle will shift diffraction
pattern [16].

3.3 SEM/EDS Results

SEM/EDS results on the influence of composites particle
incorporated in the Zn—-SnO, matrix are shown in Figs. 6
and 7. The structure comprises of dispatched shape crys-
tallites of various compactable sizes. Moreover, the parti-
cles are more adhered with Zn-7Sn0,-0.3V matrix. Grains
show a different shape from Zn-13Sn0,-0.5V coating as
expected. Although study by [12] affirmed that the grain
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Fig. 6 SEM image and EDS result of Zn-7Sn0,-0.3V coating
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Fig. 7 SEM image and EDS result of Zn-13Sn0,-0.5V coating

size of a metallic matrix is independent on the composite
concentration, which is in correlation to our findings.
Although slight increase is observed on the grain size of the
matrixes prepared with higher incorporated particle. This
stable adhesion is supported by report made by [31].

On the contrary, the observation on this regard might not
be fully agreed with each other in all the deposition studies,
and the reason might be that particle embedded in the
coatings could influence the orientation of the metallic
coatings matrix which could also affect the grain size.
More so, composite particle has strong effect on the de-
posited surface structure, and the changes in deposition
mechanism should be the main reason for morphology
differences. The nucleation and the crystal growth could be
attributed to the current density and potential, which is in
agreement with previous reported result of [34]. No pores
were observed on the surface of the Zn-7Sn0,-0.3V. The
EDS identified the presence of Sn ions distributed within
the Zn interface. Distinctive larger crystals were observed
in Zn-13Sn0,-0.5V coating compared to Zn-7Sn0,-0.3V.

If the deposition rate is faster due to higher applied
potential, alloy deposits have a large number of tiny par-
ticles on the cathode’s surface that could produce irregular
cluster of crystal as indicated in Fig. 7.

Figure 8 shows the optical micrographs of the binary
fabricated Zn-7Sn0,-0.3V matrix and composite coating
produced at Zn-13Sn0O,-0.5V, respectively. There is
smaller crystal nucleus for Zn-7Sn0,-0.3V than that for
Zn-13Sn0,-0.5V, which is in accordance with SEM ob-
servations. The nature of the deposit is uniform and ad-
herent except some few overlaps in the region. The
morphological of Zn-7Sn0,-0.3V in Fig. 8a mostly ex-
hibits small and compact deposit without porosity on the
interface. For Zn-13Sn0,-0.5V (Fig. 8b) composite coat-
ing, dark region within the surfaces was observed, which
may actually be caused by the difference in process
parameters.

3.4 Micro-Hardness Tests

The micro-hardness of the deposited coatings for each
sample at different applied potentials was compared with
the measured mild steel as-received sample as shown in
Fig. 9. It can be seen that the hardness increased from 33.5
HV for base mild steel to approximately 116 HV for the
hardest composite alloy. It is observed that increase in
composite content from 7 to 13 g/L did significantly
change the hardness characteristics. The incorporation of
SnO, improved the micro-hardness to some appreciable
point with Zn-7Sn0,-0.3V alloy possessing the highest
hardness of 116 HV.

The micro-hardness of the best improved coating dou-
bles the substrate value. Reason for this improvement is
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Fig. 8 SEM images of Zn-7Sn0,-0.3V a, Zn-13Sn0,-0.5V b
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Fig. 9 Micro-hardness for Zn—SnO, composite coatings

numerous: firstly, the in situ intermetallic phase could re-
sult into the improved hardness observed. Moreover, at
lower current density and potential, the longer deposition
time required to give a preferred thickness [16] forces the
particle to precipitate at the cathode, which hence changes
the structural properties. Therefore, the possibility of ag-
glomeration and entrapment of the particle at the cathode
could result in an improved hardness coating. On the other
hand, microstructure characteristics of individual materials
and the atomic bonding could also result in improved
hardness propagation. However, [28, 31] reported that the
higher hardness of the coating is often caused by the fine-
grained structure of the deposit or alloys and the dispersed
particles in the fine-grained matrix. Contrary to the ob-
tained results of Zn-13Sn0,-0.5V coating with 100.6 HVN,
it is obvious that increasing the deposition rate and com-
posite incorporation does not facilitate thin film dispersion
into the Zn-matrix. These results were ascertained by [24,
33] report that higher amount of particle incorporation is
not directly correlated with crystallite, and the crystalline
size is dependent on the variety of additional plating
parameter.

@ Springer

3.5 Wear Behavior

Figure 10 shows the wear loss of the substrate and the
deposited alloy. All the composites’ admixed deposited
coating exhibits lower wear loss. The wear loss for the as-
received sample is about 2.351 g/min, while the Zn-7SnO,-
0.3V coating has the lowest wear rate of 0.005 g/min. It is
believed that composite particles migrated from the bath
through the influence of applied potential in the cathodic
region significantly provide a cohesive structural effect
needed for improved properties as observed for all coated
alloys. More so, it is certain that SnO, particles co-de-
posited in the Zn-matrix could restrain grain growth of zinc
and hence influence by reducing the occurrence of plastic
deformation under applied force. It is reported that SnO,
contents strengthen mechanical properties and thus provide
a suitable wear resistance [36].

Figures 11 and 12 present the friction coefficient against
time and sliding velocity of the as-deposited Zn-7SnO,-
0.3V composite coating and mild steel substrate. The
substrate had the highest friction coefficient in the tested
duration and under all velocities. On the contrary, as-de-
posited composite alloy had lower friction. The lower co-
efficient could be attributed to the coherent precipitation of
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Fig. 10 Wear rate of mild steel and Zn-Sn-S coatings
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SnO, to demonstrate friction-reducing behavior in the Zn-
Sn matrix at lower potential. Similar result has also been
reported by [17]. It is important to mention that since in-
corporation of SnO, particle could alter the microstructure
and strengthen the coatings, the compact and crack-free
coating may also assist in the minimal friction coefficient.

Figure 13 shows the morphology of the worn surface of
the mild steel substrate. Obviously, plastic deformation,
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Fig. 13 SEM image of the wear scar of the mild steel substrate

grooves, pits and fracture were observed on the surface of
the substrate.

Figure 14 shows the morphologies of the worn surfaces
of the Zn-7Sn0,-0.5V and Zn-13Sn0,-0.5V coatings.
From Fig. 14, it can be found that few fractures with mild
damage are observed on the worn surfaces of composite
coatings. Noticeably the deposits possess very smooth
worn surfaces. For Zn-13Sn0,-0.5V coating, plastic de-
formation seems more visible due to wear product or weak
adhesion (Fig. 14b). The formation of oxide films on the
wear surface is often seen to provide a significant wear
resistance [35]. The zinc—tin binary alloys have a multi-
phase structure and ions consisting of mainly tin-rich and
zinc-rich phases. In addition, oxide films are formed on the
surface of zinc—tin alloys during reciprocating sliding,
which contribute to their excellent wear resistance. It
should be noted that stable adhesion gives good structural
properties [18], and this, however, could give better wear
flow than the visible irregular degradation and fracture on
the as-received sample.

3.6 Corrosion Resistance of Zn—SnO, Coatings

The electrochemical behavior of the Zn—SnO, coatings was
examined using a linear potentiodynamic polarization. For
quantitative studies, the immersion was performed in
3.65 wt.% NaCl and the polarization curve is presented in
Fig. 15. The potential of the as-deposited composite alloy
was observed to shift toward positive values for all the
samples, while the substrate moves drastically toward more
negative region. The negative shift of the potential shows
strong dissolution of the mild steel films due to the absence
of surface protection [23]. The positive shift of the po-
tential indicates the formation of protective film and an
increase in the passive film thickness. Among the com-
posite deposited coatings, Zn-7Sn0,-0.3V obtained a more
stable passivity than the other coatings due to the large
number of tiny particles deposited on the cathode surface at
higher applied voltage.

Moreover, it was also observed that the corrosion rate
decreases obviously with the presence of Zn—-SnO, coat-
ings. The composite particle improved corrosion resis-
tance, which is against the viewpoint in [9] that the
microstructure of the deposited coating has less effect on
corrosion resistance. Practically, the effects of ions in
composite particle include blocking the actives sites and
modify the structure, which could shift passivation toward
positive region. With this, there is a decrease in current
density, which could also lead to a decrease in corrosion
rate and hence provide high E.g,.

The results of polarization measurements for the in-
vestigated specimens are summarized in Table 2. Obvi-
ously, the buildup of strong adhesive and the corrosion
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Fig. 14 Micrographs of the wear scars of Zn-7Sn0,-0.5V a, Zn-13Sn0,-0.5V b coatings
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Fig. 15 Potentiodynamic polarization curves for Zn-SnO, coatings
and mild steel

potential observed from these samples is dependent on
alloy composition and composites content. The corrosion
potential of as-deposited samples for Zn-7Sn0,-0.3V is
—1.09955 V, while that of mild steel is —1.539 V, which
implies that corrosion potential increased by 0.44 V. Fur-
thermore, composite coating displayed reduced corrosion

current density in all instances as compared to the mild
steel. From the polarization results, mild steel exhibited
highest corrosion current density (o) of (7.04 % 1072 Alem?)
among all the as-deposited samples, while Zn-7Sn0,-0.3 V
had the i, of 1.87 x 107 A/em?, and a three-order
magnitude decrease in corrosion current density was at-
tained due to the effects of alloy composition electrode-
posited on mild steel. Polarization resistance (R,,) for Zn-
78n0,-0.3V is 5.64 x 10> Q that was the highest for all
coated samples on this matrix. Three-order increase in
magnitude was attained when compared to 2.76 x 10% Q
for the as-received sample. At this point, it is noteworthy to
mention that corrosion resistance of the substrate is en-
hanced drastically with the addition of tin inclusion at the
deposits rather than Zn film alone because co-deposition of
this binary alloy formation is a function of passive film
containing Sn?>* and Zn?*, which are active barriers
against corrosion degradation.

Qualitative studies of the sample surface after corrosion
test were examined by AFM as shown in Fig. 16 and OM
illustrated in Fig. 17a, respectively, for Zn-7Sn0,-0.3V
coating. After corrosion, white oxide film formed on the
coating surface. The degree of irregularities and surface
imperfection were very minimal. Such is expected in

Table 2 Summary of the potentiodynamic polarization results of Zn-SnO, coating and mild steel

Sample Lo (A) lcorr (A/cmz) Rp (Q) Econr (V) Veorr (mm/year)
Mild steel 2.04 x 1073 7.04 x 1072 27.600 —1.53900 4.1
Zn-7Sn0,-0.3V 1.87 x 107 1.87 x 107 564.93 —1.09955 0.007786
Zn-75n0,-0.5V 1.92 x 1073 1.92 x 1073 446.02 —1.12122 0.007995
Zn-13Sn0,-0.3V 217 x 1073 217 x 1073 406.13 —1.11633 0.009060
Zn-13Sn0,-0.5V 5.44 x 107° 5.44 x 107° 77.653 —1.13342 0.022678

Icorr is the corrosion current, icor is the corrosion current density, Ry, is the polarization resistance, E.o is the corrosion potential, V.o is the

corrosion rate
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Fig. 16 AFM images of the Zn-7Sn0,-0.3V coating surface after corrosion: a 2D image; b 3D relief image; ¢ roughness analysis

<

Corrosion products

Fig. 17 Morphologies of corroded surface of Zn-7Sn0,-0.3V a, Zn-13Sn0,-0.5V b coatings

binary co-deposition system if little porosity is obtained
from microstructural properties. It was pointed out that the
morphological characteristics of deposited coating depend
on the applied voltage, bath composition and the additives
[9]. It was reported that since the deposition rate is slow at
low applied voltage at the beginning of the electrolysis,
alloy deposits have a large number of tiny particles on
almost all over the cathode surface, which acts as nucle-
ation for further deposition at the preferential sites [6].
Popoola et al. [28] pointed out that the range of passi-
vation is a condition existing on a metal surface, because of
the presence of a protective film that markedly lowers the
rate of corrosion process. All these evidences by various
authors are in agreement with present results that chloride
ion could not affect the structural modification due to
strong precipitation and reinforcement of coated alloy.
However, after corrosion, very little visible degradation
could be observed on the surface of the deposited Zn-
13Sn0,-0.5V coating (see Fig. 17b). This can be attributed
to the increase in the nucleation and growth exhibited by

the admixed particles. Enhanced contribution and uniform
distribution of SnO, favors oxidation stability of the coated
alloys.

4 Conclusions

1. Bright and cohesive Zn—SnO, coatings were fabricated
using co-deposition method. Adding a small amount of
SnO, particles into the sulfate bath can improve the
microstructure property of the Zn-SnO, coating. The
Sn ions dissolve homogeneously and further increase
the oxidation resistance of the Zn—SnQ, scale.

2. The wear resistance of the deposited coating increased
compared with that of the mild steel. The friction
coefficients of the all coatings were lower than those of
mild steel as a result of incorporated particle.

3. The corrosion resistance of mild steel was significantly
improved after Zn—-SnO, deposition. The increase in
corrosion resistance of the entire composite coating is

@ Springer
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attributed to the formation of high Sn-containing alloy
phase.
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