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Abstract: Improvements of wear and corrosion properties are essential characteristic in engineering application. A study was made
on the structure, electro-oxidation and properties of fabricated Zn—Al-SnO,—TiO, (Zn—Al-Sn—Ti) thin films using electrodeposition
technique from chloride bath. The microstructural studies were performed by scanning electron microscopy with attached energy
dispersive spectrometer (SEM—EDS), optical microscopy (OPM) and X-ray diffractogram (XRD). The electrochemical oxidation and
erosion behavior in 3.65% NaCl medium were studied by potentiodynamic polarization technique and characterized by atomic force
microscopy (AFM). The hardness and wear behavior of the electrodeposited film were performed by high diamond dura scan
microhardness tester and CERT UMT-2 reciprocating sliding machine. It was found that a successful co-deposition of composite and
particle were attained. Homogeneous imbedded grain structure distribution and fine refinement of crystal with improved
micromechanical behavior was achieved. The corrosion resistance, hardness and wear stability resistance of the fabricated quaternary

films improved significantly in all varied process parameter.
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1 Introduction

Over decade, thin films electrodeposition has been
widely applied in most engineering industries from
automobile, photo-electronics, aerospace and marine to
mention [1—6]. Much attention has been paid to binary
admixed metal matrix alloy, lately especially with Zn
particles [5—12]. But with higher pH value in acidic
medium and high temperature range, corrosion and wear
resistance properties from the binary fabricated
processing are limited in service performance [1,13—20].

In view of this, codeposition reinforced metal
matrix composite electrodeposition has been used to
enhance and provide specific desirable properties
[21-26]. Metal-ceramic matrixes, such as TiO, [1,16],
Si0, [11,25], ZrO, [14], Cr,O; [10,24], AL,O5 and ZnO
[14,17,18], have been tested to provide enhanced
strengthening properties and good surface modified
behavior.

However, in an attempt to further provide
continuous mechanical and morphological characteristics,
replacement of binary bath formulation is necessary in

relation to bath control parameters. Quaternary coatings
are very limited [9—11]. The individual difference in
microstructure and adhesion behavior of Al,05 [9,20,21],
TiO, [16,18,27] and SnO, [28,29] is known to possess
high hardness, thermal stability and improved structural
crystal. The quaternary fabricated formulation of this
blend in single bath could guarantee a secondary phase
and crystal growth. In the present study, Zn—Al-SnO,—
TiO, (Zn—Al-Sn—-Ti) composite particulates were
processed and fabricated from chloride electrolyte. The

structural ~ properties, mechanical stability and
tribological characteristics of the coatings were
investigated.

2 Experimental

2.1 Electrodeposition process

The chemicals used were of AR grade. Distilled
water was used for the preparation of admixed bath
solutions. The coating of Zn—Al—Sn—Ti in chloride bath
was achieved through a designed cell consisting of two
anode electrodes and a cathode electrode as described in
Fig. 1.
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Fig. 1 Schematic diagram of electrodeposited cell

The dimensions of the mild steel sheet (substrate)
used were 40 mmx20 mmx1 mm and zinc sheet of 50
mmx30 mmx3 mm was prepared as anode. The chemical
composition of the mild steel substrate is shown in
Table 1.

Table 1 Chemical composition of mild steel used (mass
fraction, %)

C Mn Si P S Al Ni Fe
0.15 045 0.18 0.01 0.031 0.005 0.008 Bal.

The zinc chemical composition was 99.99%. Prior
to the plating, the mild steel specimens were polished
mechanically, degreased and rinsed with water as
described in Refs. [7,20]. In the pre-plating process, the
surface preparation was done on a polishing machine
with different grades of emery paper in order of 60, 120,
400, 800 and 1600 pm grades. Water was added
intermittently so as to cool down the metal samples.
During the grinding operation, the metal samples were
rotated at an angle of 90° or 180° at intervals to erase
previous marks which arose due to the initial grinding.
The pickling of the samples was done in diluted HCI acid
solution to remove all organic contaminants and oxides,
followed by electrolytic degreasing. The prepared
cathode and anodes were connected to the DC power
supply through a rectifier at a varying voltage of 0.3—0.5
V with varying applied current density of 2 A/cm? for 20
min. The bath composition of the coated pattern is
illustrated in Tables 2 and 3.

Plated metallayer

2.2 Structural characterization

The surface morphology studies of the deposits
were observed by a scanning electron microscope (SEM)
equipped with an energy dispersive spectroscope (EDS)
(model: VEGA 3 TESCAN). Atomic force microscope
was used to quantify the surface topography and
morphology of the plated test specimens. The phase
change of the coatings was determined by X-ray
diffractogram (XRD).

Wear analysis was carried out by a CERT UMT—2
multi-functional sliding tester with design diagram
shown in Fig. 2. The reciprocating sliding tests were
carried out with a load of 5 N, constant speed of 5 mm/s,
displacement amplitude of 2 mm in 20 min. The wear
scars structural evolutions were examined with a high
optic Nikon optical microscope (OPM).

The Vickers microhardness of the coating was
examined by the dwell indentation technique for 15 s
across the interface with a summarized average using
dura scan inventor-EMCOTEST.

2.3 Electrochemical studies

The electrochemical resistance study was evaluated
using linear potentiodynamic polarization test on the
deposited samples. Measurements were systematically
evaluated using an Autolab potentiostat (PGSTAT101
controlled) with the general purpose
electrochemical software (NOVA) package version.
Measurements were made at room temperature using
3.65% NacCl solution. The solution for this study was

computer
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Table 2 Summarized data of plated samples for Zn—Al-SnO,—TiO, from chloride bath

p(Zn)(gL™")  p(ADAgL™")  p(KCD/AgL™")  p(boric acid)/(gL™") m(Sn0,)/g m(Ti0,)/g
75 30 50 10 7,13 7,13
p(ZnC/(g'L™h pH Voltage/V Time/min Temperature/°C Current density/(A-cm ?)
75 4.8 0.3,0.5 20 40 2

Table 3 Ttinerary bath composition of quaternary Zn—Al—Sn—Ti—S alloy co-deposition

Sample No. Material Time of deposition/min Potential/V Current density/ (A-cm 2)
1 Zn—Al-7Sn-Ti—0.3V—-Cl 20 0.3 2
2 Zn—Al-7Sn-Ti—0.5V—-Cl 20 0.5 2
3 Zn—Al-13Sn-Ti—0.3V—Cl 20 0.3 2
4 Zn—Al-13Sn-Ti—0.5V—Cl 20 0.5 2
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Fig. 2 Schematic view of reciprocating sliding friction CERT UMT-2 test system

prepared from analytical grade reagents and distilled
water. An electrochemical cell consisting of working
electrode (samples), graphite rods as the counter
electrodes and a silver/silver chloride electrode as the
reference electrode (SCE) in 3 mol/L KCI from —1.51 V
to 1.5 V scanned potential at a scan rate of 0.0012 V was
used for the potentiodynamic examination.

3 Results and discussion

3.1 SEM/EDS characterization of materials

Figure 3 illustrates the SEM images of as-received
sample before coating. The surface features of the
as-received sample show iron and carbon as a major
constituent from EDS spectra. Figures 4 and 5
respectively show SEM images and EDS results of the
deposited quaternary alloy at different induced additives
concentrations under varied applied potentials as listed in
Table 3. From all processed coatings, the distribution of
the coating is unique and the average content of the
element is also visible through the EDS studies. The

effects of composite induced particulates are obvious as
the small crystal was formed through the interface of the
coated metal.

Although, it is a known and attested fact that in
deposition, bath mediums with micro size composite in
figment and conditioning will possibly produce solid
materials with improved morphological properties for
advanced processing [7,15]. In fact, the adsorption of the
composite oxide particulates could have a great effect on
the strengthening behavior of the coated metal and
formation of the subsequent adhesion as shown in the
nature of crystal growth illustrated in Fig. 4.

According to Refs. [20,26], deposit composition is a
factor for structural evolution and better adhesion
characteristics. The small grains solid dispatched
observed in Figs. 4 and 5 at all applied potentials are
attributed to the induced effect of the control process
parameters. An increase or decrease in applied potential
or current, sometimes regulates the uniform arrangement
of crystals and hence results in the fine grained deposits
exhibiting coalesced crystallites depending on process
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Fig. 4 SEM image (a) and EDS result (b) of Zn—Al-7Sn—Ti—0.3V chloride deposited sample
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Fig. 5 SEM image (a) and EDS result (b) of Zn—Al-13Sn—Ti—0.5V chloride deposited sample

variable [12,30].

Both Zn—Al-7Sn—Ti—0.3V—Cl and Zn—Al-13Sn—
Ti—0.5V—Cl produced a homogenous, smooth and more
stable modification. The difference in stability could
not be seen virtually under both subjected conditions.
This implies that effects of electron transfer rate and
throwing power are function of applied potential or
current and this assists the possible modification of
crystal growth and further penetration of blocking effect
of vacancies with the help of particle induced within the
cathode site. The individual regularity of the dispatch
homogeneous distribution that the particles possess is
indicated with the help of EDS with peak variance of

major elemental constituent.

Figure 6 shows the optical micrographs of the
deposited samples with adhered structure and uniform
crystal blooming at the interface of Zn—Al-7Sn—-Ti—0.3V
and better texture as a result of fabricated condition.
There is little dispatch in the case of 13 g/L SnO, in
Zn—Al-13Sn—Ti—0.5V  composite  coating  from
microstructural point of view.

3.2 Atomic force micrograph

Figures 7 and 8 show 3D atomic force micrographs
(AFM) of co-deposited structures under different
conditions. For the sample with Zn—Al-7Sn—Ti—0.3V
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Fig. 8 AFM images of Zn—Al—-13Sn—Ti—0.3V—ClI film obtained for 2D image (a), 3D relief image (b) and roughness analysis (c)

matrix in bath control of 7 g/L SnO,, the topography and
distribution of the deposited films are stable. Grain size
and crystal growth uniformity were obtained (see Fig. 7).
The distribution of the particulates from the topographic
view was not regular when SnO, increased to 13 g/L as
compared with 7 g/L SnO,. It is evident that dispatched
7 g/L SnO; particles in bath seem moderately saturated,
which provides good refinement in grain size and better
microstructural modification obtained. The vast buildup
of the crystallites is attributed to the deposition rate,
which is in agreement with the statement made from the
study in Ref. [6] that increasing the concentrations of
composite might propagate and lead to the increase in the

deposition rate, hence making nucleation process precede
the crystallites growing rate.

Since diffusion progress influences topography, it is
essential to mention that the diffusion of ions from the
deposition bath into the nucleus of the coating matrix is
often gradual under the influence of the applied
voltage/current density and increased electrodeposition
time [1].

3.3 XRD/Raman analysis for deposited sample

Figure 9 shows XRD pattern of Zn—Al-7Sn—Ti—
0.3V alloy. This implies that additive metal matrix of Al,
Ti, and Sn composite particulates significantly
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re-structure peak with dominate of crystal within the
deposited system. The existing phases include Zn Sn,03,
TiO7-Sn,0; and Al,03-Zn;0y, as shown in Fig. 9. The
observed higher peak of the examined phases might be
due to the induced metal matrix blended in the bath
constituent which resulted in coherent structure and
obviously led to formation of better intermetallic
interface. It was reported that interaction between
strengthening phases ultimately produces a crystal
orientation of grain size rather than the chemical
dissolution [7,20].
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Fig. 9 XRD pattern of Zn—Al-13Sn— Ti—0.5V

Although nucleation is said to influence the nature
of coating in codeposition system, inter-diffused and
adsorbed composite particulates that are fused at the
processed metal interface provide a nucleation site which
enhanced zinc-rich composite nucleation matrix and
crystal compartment. The EDS elemental observation
and Raman depth in Fig. 10 have a subsequent
correlation with the strengthening phases observed from
the XRD pattern.
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Fig. 10 Raman spectrum for Zn—Al-7Sn—Ti—0.3V chloride
deposited sample
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3.4 Microhardness studies

The average microhardness (HVN) values of the
deposited coatings are summarized in Fig. 11. The
hardness of as-received (Control) sample is HVN 33.4.
The hardness profile data for all the deposited coatings
show significant increase with HVN 299 for Zn—Al—
7Sn—Ti—0.3V followed by HVN 248 for Zn—Al-13Sn—
Ti—0.5V.
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Fig. 11 Microhardness for Zn—Al-Sn—Ti chloride deposited
sample

From all facts, the improvement in hardness
obviously provides a geometric increase over the
substrate and this is attributed to the crystal formation
and superior nucleation. The adhesion and nucleation
which yield the significant micro-hardness depend on the
operating condition. Microstructural evolution in thin
film coating is linked to processing parameters. This
invariably results in the buildup of surface hardness
improvement and is in agreement with the studies in
Refs. [14,15, 23] .

3.5 Wear rate evaluation of deposited sample

Figure 12 shows variation of the wear rate as a
function of time across the coating system and their
deposited matrix. A remarkable improvement was
obtained for all coated systems as a result of improved
crystal and structural modification against the control
sample. The wear loss is very high for the as-received
sample with approximately 2.351 g/min. This is indeed
expected due to the lack of surface protection.

Obviously, the condition for improved wear
resistance was seen as a result of content of individual
proportion of the metal solid grain. Composite coating is
related to structure and chemical composition [6].
Composite—SnO,—TiO, hence provides refinement in
grain structure that provides resistance to dislocation
trend of the interfacial matrix at the coating interface.
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The wear scar morphology of the composite coating
establishes the stability of the coatings on the substrate.
Figures 13, 14 and 15 show the worn surface
micrographs of samples. It can be seen from the scars
that severe plastic deformation, massive grooves, and
pits dominate the surface of the as-received substrate. On
the other hand, the coated materials solid grain
embedded were still visibly seen along the wear track
interface.
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Fig. 12 Variation of wear loss rate with time for Zn—Al-Sn—
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Fig. 13 SEM image of wear scar of as-received sample

With unseen pit formation and stress resistance
crystal modification, it is quite advantageous for wear
degradation of the quaternary alloy. Hence, strong
adhesion of the processed fabricated coating that resists
dislocation is justified by the induced film particulate.
Subsequently, the EDX study of the wear scar shown in
Fig. 14 indicates a possible elemental feature of the
coating particulates with a proof of slight damage scar.

To further compare the wear structure and the
degree of damage between the Zn—Al-7Sn—Ti—0.3V and
Zn—Al-13Sn—Ti—0.5V from reciprocating sliding tester
results, Fig. 15 shows the OPM micrographs which
enable us to access the wear product at a lower
magnification. Zn—Al-13Sn—Ti—0.5V has little debris
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Fig. 14 SEM image (a) and EDS result (b) of wear track of
Zn—Al- 7Sn-Ti—-CIl-0.3V

e

Fig. 15 OP micrographs of wear scars for Zn—Al-7Sn—Ti (a)
and Zn—Al-13Sn—Ti (b) chloride deposited sample

around the edges while the formal refuse dislocation and
hence pose rejection of debris along the wear track scars.
It is worth noting that composite matrix is anti-oxidative
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and abrasive in properties which provide resistance to
certain deformation. Certain quantity of titanium oxide
(TiO,) and alumina (Al,O;) are found to prolong coating
life span against wear and thermal influence [23,27]
which is in line with our findings in this study.

Figures 16 and 17 respectively show the variation of
friction coefficients x# with sliding time and velocity of
the deposited Zn—Al—7Sn—Ti—0.3V alloy. It is essential,
that process operating parameters in sliding wear
conditions, such as load, sliding speed and temperature,
have little or no effect on frictional characteristics [31].
However, incorporation of zinc-rich composite
particulates led to the decrease in friction coefficient.
Although, friction coefficient and linear wear were
substantially reduced by micro-structurally modified
ceramics and composite compared with monolithic
alumina. The presence of admixed condition, metal grain
and composite embedded in the zinc has major
contribution for the advanced propagation of better
friction attained against the massive mild steel transition.
In general, metal composite—matrix interaction has been
seen as a contributor for frictional resistance and reduced
plastic deformation.
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Fig. 16 Variation of wear friction coefficient against time for
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Fig. 17 Variation of wear friction coefficient against sliding
velocity for Zn—Al-7Sn—Ti—0.3V chloride deposited sample

3.6 Electrochemical test result of composite coatings

Figure 18 shows the progression of deterioration and
the susceptibility to corrode in 3.65% simulated medium
with an induced current propagation examined by
potential/current measurements. The differences in the
potential values of the deposition were considered at
10 mA applied current. Obvious improvement in
potential was discovered significantly for all coatings,
which is due to the effects of coating film precipitated at
the interface of the metal matrix. However, the substrate
has less passive film formed on its surface, resulting in
intensive corrosion attacked from the chloride solution
with potential about —1.5 V which is more than double
that of the deposited samples. The coating performance
of all deposited alloys was high. Zn—Al-7Sn—Ti—0.3V
alloy has the best performance among the series with
higher potential and low corrosion rate. The summarized
results of polarization measurements are also illustrated
in Table 4, which are obtained from Tafel plots.
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Fig. 18 Potentiodynamic polarization curves for Zn—Al-Sn—Ti
chloride deposited

The corrosion current of as-received sample is
2.04 mA, the polarization resistance is 27.6 Q and the
high corrosion rate is about 4.1 mm/a which is expected
due to the lack of any surface preservation as well as the
exposure to chloride ion medium. The degradation was
attributed to the high anodic potential, absorption of the
halide ion on the oxide film which took place at the
oxide solution interface and the formation of basic
corrosion product oxide [12]. The corrosion current
density J.o of 2.71 pA was obtained for Zn—Al-7Sn—
Ti—0.3V coating which is three order magnitude
compared with the control sample. From the polarization
resistance (R,), R, of deposited based coating is 1207.7 Q,
obviously it is the highest obtained from all the coated
samples. The order of corrosion resistance is sample
2>3>4>5>1. The electro-oxidation stability of the
deposited sample is traceable to the existence of the
active electronegative phases and the strong independent
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based active potential of the composite induced, which
led to strengthening film within the interpose and hence
retarded excessive deterioration.

The structural observations of the corrosion
characteristics are seen for processed surface of
Zn—Al-7Sn—Ti—0.3V-S and Zn—Al-13Sn-Ti—0.5V-S
samples by AFM and OPM after corrosion test in 3.65%
NaCl solution as illustrated in Figs. 19 and 20. The
structure revealed few scales at interface. It is
noteworthy to mention that the film scales are obviously
in line with that reported in Ref. [1] during anodic
dissolution, zinc-rich base formed excessive corrosion
scale and hence posed metal matrix particulates on the
surfaces. The penetration of ionic halide is not obviously
potent and sufficient to accelerate dissolution of the
composite through the coating boundaries and layer.

4 Conclusions
1) Deposition of the quaternary alloy from chloride

Table 4 Summary of potentiodynamic polarization results

Ojo Sunday Isaac FAYOMI, et al/Trans. Nonferrous Met. Soc. China 24(2014) 3170-3180

bath is successful with bright, smooth and homogeneous
deposits over the substrate.

2) The presence of composite induced in the bath
fabricated coating gives a smaller grain size from SEM.
The EDS, XRD spectra confirm the presence of
composite inclusion at the interface.

3) The incorporation of the admixed composite
provides a more stable and stress relieve coating
compared with previous studies on zinc deposition.
Co-deposition of Sn—Ti composite particles in zinc
coating  greatly improves the hardness. The
microhardness of HVN 299 is attained for Zn—Al-
7Sn—Ti—0.3V coating and HVN 248 for Zn—Al-13Sn—
Ti—0.5V. This implies that coherent properties are
obtained for all coatings with justifiable improvement
against the approximately HVN 33.4 for the as-received
substrate.

4) A highly improved corrosion resistance is
obtained for co-deposited matrix with a positive and
significant corrosion polarization.

Sample Lon/A Jeo /(Arcm ™) Rp/Q Deor! V Corrosion rate/ (mm-a")
As-received 2.04x10°° 7.04x1072 27.60 —-1.53900 4.100000
Zn—Al-7Sn—Ti—0.3V—Cl 2.19x10°° 2.19x10°° 1207.70  —1.05042 0.002509
Zn—Al-7Sn-Ti—0.5V—Cl 7.68x10° 7.68x10°° 1026.10  —1.10443 0.003198
Zn—Al-13Sn-Ti—-0.3V—Cl 1.58x107° 1.58x107° 75843  —1.20178 0.003544
Zn—Al-13Sn-Ti—-0.5V-Cl 5.37x10°° 537x10°° 269.55  —1.20239 0.005636

Fig. 19 AFM images of surface film obtained for Zn—Al-Sn—Ti—Cl-0.3V after corrosion: (a) 2D image; (b) 3D image;

(c) Roughness analysis

Fig. 20 Optical images of Zn—Al-Sn—Ti—CIl-0.3V (a) and Zn—Al-13Sn—Ti (b) chloride deposited samples after corrosion
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5) The composite co-deposited coatings give a
lower friction coefficient and reduce wear rate properties
with the sliding friction and time.
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