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The microstructure, mechanical and thermal treatment behavior of Zn–Al–SnO2/TiO2 (Zn–Al–Sn/Ti)
produced through chloride deposition system was studied. 7.0–13.0 wt% TiO2 and SnO2 was added to
chloride Zn–Al bath. A thermal treatment characteristic was done for 2 h at 200 �C, 400 �C and 600 �C.
The ageing behaviors of the co-deposited alloys were evaluated using (SEM/EDS) and XRD. The hardness
and wear value of the solid coatings were examined with micro-hardness and UMT-2 sliding tester
respectively. The corrosion properties were investigated by linear polarization method in 3.65% NaCl
environment. From the obtained results, the deposited alloys revealed excellent stability. The even dis-
tribution of the particulate on the produced coating and thermal-treatment were observed to cause
the improvement on mechanical, tribological and electrochemical properties. The overall best coating
was obtained at Zn–Al–7Sn–Ti–0.3V–Cl for as-coated and Zn–Al–7Sn–Ti–0.3V–Cl at 400 �C for the
thermo-mechanical treated samples. The hardness, corrosion and micro-mechanical resistance
performance against the working substrate were depended on the development of coherent and regular
precipitation from the incorporated strengthening particulate.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Despite the impact of zinc based coatings as a result of their
excellent mechanical and electrochemical resistance properties
for steel protection in industrial applications, their less becoming
popular are due to poor reaction in atmospheric environment
and lesser life-span from thermal and mechanical fallout [1–4].
Consequently, tremendous approaches from literature survey to
improve on this limitation are being made on the use of metal–
reinforcement composite combination and manufacturing process
variables [5–13]. Lately the intention on the choice of composite
particulate is due to their significant constituent of solid grains
and the novel attention such properties gives in advanced
materials [1,14–20].

The suspended co-deposition of metal composite such as SiO2

[16,22], Cr2O3, TiO2 [19,20], ZrO2, Al2O3 SnO2 CeO2 and ZnO
[19–25] had been established to offer vital functional individual
properties. However [1] attested that for excellent application
especially in high temperature performance, high surface
modifications are required and incorporation of high temperature
composite particle had been proven to provide such safeguard.
Regrettably, results on modified-binary composite alloys through
this route are prone to possess possible limitation for high tem-
perature performance, wear vulnerability and electrochemical
defects.

Furthermore the control of formulated variable for advance
materials also has been crucial consideration in metal matrix com-
posite co-deposition. The wear deformation characteristics, corro-
sion resistance, thermo-mechanical stability and tribo-oxidation
behavior of binary alloy composite coating have been reported to
give stability only at ambient environment [1,21]. To the best of
our knowledge from literature, there were no works done on qua-
ternary particle reinforced using electrolytic route on Al, TiO2 and
SnO2 especially when subjected to the heat-treatment and wear
behavior for multi-facial application in single system. Although,
there individual characteristics are known for exceptional
properties on zinc blend [18,19,23,26].

In the light of this, since bath formulation and process parame-
ter constitute to the kind of coating properties. We have attempted
a successful sulphates produced quaternary alloy in our previous
work [1] in a view to improve the tribological and poor thermal
stability of the binary-modified composite coating. Our aim in this
study is to fabricate a chloride modified structure by quaternary
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Table 2
Itinerary bath composition of quaternary Zn–Al–Sn–Ti–Cl alloy co-deposition.

Sample
order

Material
sample

Time of
deposition
(min)

Potential
(V)

Current
density
(A/cm2)

Con. of
additive
(g)

Blank – – – – –
Sample 1 Zn–Al–7Sn–Ti–

0.3V–Cl
20 0.3 2 A 7

Sample 2 Zn–Al–7Sn–Ti– 20 0.5 2 A 7

O.S.I. Fayomi, A.P.I. Popoola / Journal of Alloys and Compounds 637 (2015) 382–392 383
metal composite matrix which will offer good thermal stability;
improve micro-mechanical properties, and excellent corrosion
behavior with stable interfacial characteristics. The wear and
structural properties of the co-deposited alloy was evaluated using
sliding wear tester, and their morphological crystal structure/topo-
graphy was characterized by means [AFM, SEM/EDS and OPM]. The
phase patterns were examined with the help of X-ray diffractome-
ter (XRD) and Raman.
0.5V–Cl
Sample 3 Zn–Al–13Sn–Ti–

0.3V–Cl
20 0.3 2 A 13

Sample 4 Zn–Al–13Sn–Ti–
0.5V–Cl

20 0.5 2 A 13

2. Experimental procedure

2.1. Preparation of substrates

Sectioned flat specimens from commercially sourced mild steel of
(40 mm � 20 mm � 1 mm) sheet was used as cathode substrate and 99.5% zinc
plate of (30 mm � 20 mm � 1 mm) were prepared as anodes. The initial surface
preparation was performed with finer grade of emery paper as described in our pre-
vious studies [1,9]. The sample were properly cleaned with sodium carbonate, pick-
led and activated with 10% HCl at ambient temperature for 10 s then followed by
instant rinsing in deionized water. The mild steel specimens were obtained from
metal sample site in Nigeria. The chemical composition of the sectioned samples
is shown in Table 1 as obtained from spectrometer analyzer.
2.2. Processed composition

The electrolytic chemical bath of Zn–Al–Sn–Ti fabricated alloy was performed
in a single cell containing two zinc anode and single cathode electrodes as described
schematically as reported by [1]. The distance between the anode and the cathode
is 15 mm. Before the plating, all chemical used are analar grade and de-ionized
water were used in all solution admixed. The bath was preheated at 40 �C. The pro-
cessed parameter and bath composition admixed used for the different coating
matrix is as follows Zn 75 g/L, Al 30 g/L, KCl 50 g/L, ZnCl 75 g/L, Boric acid 10 g/L,
SnO2 7 g–13 g/L, TiO2 7 g–13 g/L, pH 4.8, time, 20 min and tempt 40 �C. The choice
of the deposition parameter is in line with the preliminary study from our previous
work [1] (see Table 2).

The prepared zinc electrodes were connected to the rectifier at varying applied
potential and current density between 0.3 V and 0.5 V at 2 A/cm2 for 20 min. The
distance between the anode and the cathode with the immersion depth were kept
constant as described by Fayomi et al. [18]. The fabricated alloys were rinsed in dis-
tilled water and samples air-dried. Portion of the coating were sectioned for
characterization.
2.3. Characterization of coating

The structural evolution of the deposited composite coating alloy was
characterized with VEGA TESCAN scanning electron microscope equipped with
EDS. The phase change was verified with XRD. Micro-hardness studies were carried
out using a diamond pyramid indenter EMCO Test Dura-scan micro-hardness
testers at a load of 10 g for a period of 20 s. The average microhardness trend
was measured across the coating interface in an interval of 2 cm using screw gauge
attached to the Dura hardness tester.
2.4. Friction and wear tests

The friction and wear properties of the deposited quaternary fabricated alloy
were measured using CERT UMT-2 tribological tester at ambient temperature of
25 �C with schematic diagram as reported by [1]. The reciprocating sliding tests
was carried out with a load of 5 N, constant speed of 5 mm/s, displacement ampli-
tude of 2 mm in 20 min. A Si3N4 ball (4 mm in diameter, HV50g1600) was chosen as
counter body for the evaluation of tribological behavior of the coated sample. The
dimension of the wear specimen is 2 cm by 1.5 cm as prescribed by the specimen
holder. After the wear test, the structure of the wear scar and film worn tracks
are further examined with the help of high Nikon Optical Microscope (OPM) and
scanning electron microscope couple with energy dispersive spectroscopy
(VEGAS-TESCAN SEM/EDS).
Table 1
Spectrometer chemical composition of mild steel used (wt%).

Element C Mn Si P S Al Ni Fe

Composition 0.15 0.45 0.18 0.01 0.031 0.005 0.008 99.166
2.5. Thermo/electro-oxidation test

Isothermal heat treatment (direct fired furnace atmosphere) of Zn–Al–Sn–Ti
composite coating was carried out between 200 and 600 �C for 1hr to enhance
the mechanical stability of the coated samples. The electrochemical studies were
performed with Autolab PGSTAT 101 Metrohm potentiostat using a three-electrode
cell assembly in a 3.65% NaCl static solution at 40 �C. The developed composite was
the working electrode, platinum electrode was used as counter electrode and Ag/
AgCl was used as reference electrode. The anodic and cathodic polarization curves
were recorded by a constant scan rate of 0.012 V/s which was fixed from ±1.5 mV.
From the Tafel corrosion analysis, the corrosion rate, potential and linear polariza-
tion resistance was obtained.
3. Results and discussion

3.1. Structural characterization

SEM/EDS of the as-received mild steel substrate are presented
in Fig. 1. The microstructure of the electro-fabricated Zn–Al–Sn–
Ti alloy composite matrix additions are shown in Fig. 2. The depos-
its with 7 wt% in 0.3 V revealed a reasonable uniform distribution
and a small micro particle inter-link around the major metal lat-
tice. The coating exhibits a new morphology with adorable struc-
tural grain. The produced deposits show interference of SnO2 and
TiO2 evenly conditioned into the Zn–Al–Sn–Ti matrix. The EDS
quantification identifies the major embedded particles. A visible
coverage by composite micro-crystallites without crack was seen.
The structure yield good quality deposit which is attributed to
the miscible and excellent control of process parameter of the bath
which is in line with the report by Chuen-Chang and Chi-Ming [3]

The activities surrounding the nature of the distributed
microstructure can be link to alumina–tin–titanium particles
migration assisted by slow/lower potential of deposition. In gen-
eral solid interfacial precipitation occurs between the integrated
particles and the based zinc rich. Secondly, the morphologies
obtained which show a well dispersed crystal might also be traced
to the influence of additive admixed in the bath and agitation of
the bath to disallow agglomeration thereby preventing the initia-
tion of stress propagation [20,21]. Although Rahman et al. [11] said
in co-deposition process, crystallization influence the structure and
its properties, crystallization exist either by buildup of old crystals
or by formation and growth of new one through the deposition rate
thereby causing nucleation within the cathode surface and further
help to enhance preferential sites.

Comparing these micrographs, with alloy produced at 13 wt%
induced at 0.3 V there seems to be de-agglomeration like the for-
mal. However, the movement of particles toward the cathode
region could have cause the embedded solid particle within the
interface to be stress and in so doing given rise to few crack and
pores seen at the interface (see Fig. 2b). According to [19] the nat-
ure of composite coating produced can be influenced by the
absorption of incorporation and control of process parameter.
Hence, increase power or potential, increases further the



Fig. 1. SEM/EDS of mild steel substrate.

Fig. 2. Micrograph showing the surface morphology of (a) SEM of Zn–Al–7Sn–Ti–0.3V and (b) SEM/EDX of Zn–Al–13Sn–Ti–0.3V chloride composite coating.
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embedment of particulate on steel substrate. This assessment
poses appearance of pores at deposited interface which is in line
with our observation in result reported in Fig. 2b.

3.2. Atomic force microstructural studies

Fig. 3a and b shows atomic force image of co-deposited struc-
tures at different condition. For the sample with Zn–Al–7Sn–Ti–
0.3V concentrations in bath control of 7 wt%, the topography and
distribution of the deposited alloy are stable all through the inter-
face. From all indications, grain size and crystal growth uniformity
was obtained within Fig. 3a matrix. The distribution of the com-
posite topography within the metal matrix was not even when
increased to 13 wt%. It is evidence that within the frame dis-
patched of 7 wt% good refinements in grain size and better
microstructural modification were obtained from the general topo-
graphic image. The vast buildup of the crystallites are attributed to
the deposition rate which was in agreement with the statement
made from the study by [13] that increasing the concentrations
of composite might propagate and lead to the increase in the
deposition rate, hence making nucleation process precede the crys-
tallites growing rate. Another important observation is that grains



Fig. 3. AFM of (a) Zn–Al–7Sn–Ti–Cl–0.3V alloy and (b) Zn–Al–13Sn–Ti–Cl–0.3V alloy.

Fig. 4. X-ray diffraction pattern for Zn–Al–7Sn–Ti–0.3V.
Fig. 5. X-ray diffraction pattern for Zn–Al–13Sn–Ti–0.3V.
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were smaller and adherent properties were achieved with incorpo-
rated particles of 7 wt%. This is attributed to the proper diffusion of
the particle into the nucleus.

An established report by [11,26] attested that it is possible for
larger number of tiny composite metal be found on the working
substrate without necessarily providing a nucleation site. Hence,
from our observation, porous free nature and topography of
7 wt% particulate are due to smaller grain size of the coating fabri-
cated at smaller current density and potential. According to [7] the
grain size increases with the film thickness. The high rich in
Zn–Al–7Sn–Ti–0.3V chloride gave a homogeneous distribution;
crack free with fewer pores.
3.3. XRD/Raman studies

The XRD patterns of the thin film made from Zn–Al–7Sn–Ti–Cl–
0.3V composite coating are presented in Figs. 4 and 5. The presence
of the intermediate dispatched composite phases observed was
traceable to ion of each particulate as described by [14,27].
Meanwhile, modification and new orientation of the metal matrix
are indication of the harness performance and remarkable effect of
the composite induced. ZnAl, ZnSn2, ZnTiAl3�Sn2 and Zn2Al2Sn were
identified in the coating intermediate for Zn–Al–7Sn–Ti–Cl–0.3V
fabricated coating. Although, the result inferred that Sn content
had satisfactory phase above the Ti in their intermetallic patterns.
It is a clear understanding when considering the phases in deposits
that the height of any peak is considered as an indication of the
quantity of its phase in the deposit [11]. Hence, an observed
multi-phase of ZnTiAl3�Sn2 could possibly enhance the properties
of the Zn–Al–7Sn–Ti–Cl–0.3V. The substantial presence of
aluminum and titanium could consequently promote an improve-
ment in properties such as hardness and corrosion resistance.

More so, it is of necessity to say that Al, Ti and Sn peak does not
observed to exist as single phase indicating that the particulate
reacted homogeneously to form perfect phase presented. For the
Zn–Al–13Sn–Ti–0.3V, Zn at the interfacial surface of the deposit
as a single peak could be ascribed to abundance of zinc within
the electrolyte. The main peaks are Zn, Zn2AlSn, Zn7AlTi,
ZnOTiAl3 phases which exist majorly at 2h = (38.12�, 43.10� and
70.22�). Through this phases, evidence of substantial dissolution
of the composite particulate were notice to exist but not as com-
plete as the formal with distribution at the interface.

In Fig. 6 the Raman spectrum plot of Zn–Al–7Sn–Ti chloride
composite deposited layer also show a good intensity of about
1210 al, 210 al, and 210 al, at about 1132 cm�1, 2120 cm�1,
and 2183 cm�1 respectively. This pattern shows a hexagonal or
orthorhombic structure with presence of ZnTiAl3�Sn2 buildup.
The phase transformations exist significantly with Zn–Al–7Sn–
Ti–0.3V within 1132–2183 cm�1.

3.4. Microhardness properties

For quality check, the average micro-hardness result for Zn–Al–
Sn–Ti–Cl deposition is described in Fig. 7 at varying optimized
additive and voltage. The hardness profile data for all the samples



Fig. 6. Raman profile for Zn–Al–7Sn–Ti–0.3V.
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Fig. 7. The microhardness/depth profile for Zn–Al–Sn–Ti deposited sample.
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Fig. 8. Variation of the wear rate with time of Zn–Al–Sn–Ti–Cl alloy.
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show significant average increase above the as-received sample
geometrically. Although, operating condition is a major factor for
enhance structural properties which could also facilitate improved
hardness characteristics [23,29]. Hence, microstructural evolved in
coating depends on the processing parameters which are principal
to the buildup of crystal [18]. From the composite coated matrix
Zn–Al–7Sn–Ti–Cl–0.3V an average hardness improvement of about
298 HVN was obtained. The least among the optimized alloy coat-
ing is 215 HVN. Reason for maintaining this great edge of improved
micro-hardness might not be really ascertain however, from
understanding in electrodeposition processing firstly, the deposi-
tion rate at lower potential could give rise to better adhesion due
to moderate throwing power. Secondly, the behavior of the
conditioning particle in the process bath differs in strengthening
coating. Hence, chloride bath could favor lower particles reinforce-
ment at lower deposition rate to give a good precipitation at the
cathode surface to yield the result seen.

The average microhardness (HVN) values from hardness pro-
gression shows as-received (Control) sample possessed 33.5 HVN.
Next to the best produced alloy in the series after Zn–Al–7Sn–Ti–
0.3V is Zn–Al–13Sn–Ti–0.5V with 248 HVN. From all facts, the
improvements in hardness obviously provide a geometric increase
over the substrate and this was attributed to the crystal formation
and superior nucleation. The adhesion and nucleation which yield
the significant micro-hardness are reported to depend on the
operating condition. The combined effort of aluminum titanium
and tin was noticed on the zinc matrix to accelerate the strength-
ening propagation of the composite fabricated coatings. In fact,
report by [15] re-affirmed that blending the best properties of
two or more different materials to obtain one materials having
both desire properties is the major idea of composite coating
progress. Hence the produced improved hardness obtained is an
affirmation to this result.

Consequently, unfortunately there are gradual decline in hard-
ness behavior at higher particle incorporation. The decrease in
the hardness progress as a results of over-loading of electrolyte
in these series was not expected reason been that [29] attributed
that increase in particle loading in the bath may result in amount
of particle co-deposited on the substrate. [16] Also affirmed that
hardness of the coatings is relative to the content of particles in
the coatings. In this study, the proportion of particle in the embed-
ded electrolyte and the induced power rate simultaneously influ-
ence the kind of fabricated coating seen. Above 13 g wt% there
might be poor dispersion of particle which could embrace stress
and obvious pores in the interface as result produce low hardness
properties.
3.5. Wear rate evaluation

Fig. 8 shows variation of the wear rate as a function of time
across the coating system and their deposited matrix. A remark-
able improvement was obtained for all coated system as a result
of improved crystal and structural modification as against the con-
trol sample. The wear loss is very high for the as-received sample
with approximately 2.351 g/min; this is indeed expected.
Obviously the condition for improved wear resistance was seen
as a result of content of individual proportion of the metal solid
grain [28]. Reported that composite coating is related to photo
structure and chemical composition. Composite-SnO2–TiO2 hence
can provide refinement in grain structure that assist in resistance
to dislocation trend of the interfacial matrix at the coating inter-
face. It is evident that Al/SnO2/TiO2 strengthening phase lead to
the remarkable increase in anti-wear resistance as against the as-
received sample. Among the produced composite coating samples
Zn–Al–7Sn–Ti–0.3V–Cl and Zn–Al–13Sn–Ti–0.5V–Cl had the high-
est wear resistance properties. It can be said that the functional
activities of multi-grains particulate enhance the change in
microstructural of the coating which help to retard the progression
of dislocation that may arise.

[22,30] said diffusion process of the particulate into the lattice
site of base metal is a function of the weight fraction of the com-
posite-particle in relation to the ionic migration [5]. Attested that
solid particles promote wear resistance. Therefore, the positive
increases in wear resistance are due to the beneficial effect of
incorporated metal particle.

Figs. 9 and 10 show the variation of friction coefficients with
sliding time and velocity of the deposited Zn–Al–7Sn–Ti–0.3V
alloy. It is essential to mention first, that process operating in
sliding wear condition such as load, sliding speed and tempera-
ture has little or no effect on frictional characteristics [6,27].
However, incorporation of the composite particulate in the zinc
rich led to the decrease in friction coefficient. Although, report
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has shown that friction coefficient and linear wear were substan-
tially reduced by micro-structurally modified ceramics and com-
posite compared with monolithic alumina. The presence of
admixed metal grain and composite embedded in the zinc trend
has been major contribution in this studies for the advanced bet-
ter friction attained as against the massive mild transition and
finding reported by [24] on tribological properties for ordinary
alumina based coating. In general, metal-composite-matrix inter-
action has been seen as a contributor for frictional resistance
trend and reduced plastic deformation as observed in Figs. 9
and 10.
Fig. 11. SEM image of the w
Figs. 11–13 show the worn scar surfaces observed after selected
wear process parameter.

It can be seen from the scars, that severe degree of plastic defor-
mation, massive grooves, and pits dominated the surface of the as-
received substrate. On the other hand, for the coated materials
solid grain embedded were still visibly seen along the wear track
interface.

With less pit formation and unseen stress within the interface
of the mild steel coatings layer, the strong adhesions of the pro-
cessed fabricated coating that resist dislocation are justified by
the induced film particulate. More so, the EDX studies of the wear
scar shown in Fig. 12 indicated a possible elemental feature of the
coating still exist within the surfaces, an evidence of strong adhe-
sion and solid intermediate. 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. 13a and b shows the OPM photomicrographs at the level of
deformation with lower magnification.

Zn–Al–13Sn–Ti–0.5V has little debris 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 and
abrasive in properties which provide resistance to certain deforma-
tion. Certain quantity of titanium oxide (TiO2) alumina (Al2O3) are
been found to prolong coating life span against wear and thermal
influence [24,27] which is in line with our findings. More so, the
anti-wear propagation of the deposited alloy was due to the inter-
ference of the composite matrix and the pool of intermetallic phase
formed. The bonding characteristics and morphology were seen to
justify the resilient effort to wear resistance properties observed.
3.6. Electrochemical test result

Fig. 14 shows the progression of deterioration and the sus-
ceptibility to corrode in 3.65% simulated medium with an induced
current propagation examined using potential/current measure-
ments. The differences in the potential values of the deposition
were considered at 10 MA applied current. Obvious improvement
in potential values was discovered as been significant which is
due to the effects of coating film precipitated at the interface of
the substrate. However, the substrate have less passive film formed
on its surface resulting into intensive corrosion attack from the
chloride solution with potential value of about �1.5 V which is
ear scar of mild steel.



Fig. 12. SEM/EDS image of the wear scar of deposited alloy.

Fig. 13. OPM Micrograph of the wear scar for (a) Zn–Al–7Sn–Ti–0.3V and (b) Zn–Al–7Sn–Ti–0.3V chloride deposited sample.
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more than double those of the deposited samples. The coating per-
formance of all deposited alloy was high. Zn–Al–7Sn–Ti–0.3V pro-
duced the best performance ever among the series with display
higher potential and low corrosion rate. The summarized result
of polarization measurements were also illustrated in Table 3
which are obtained from Tafel plots.

The as-received sample had a polarization resistance of 2.7600
(X) and a high corrosion rate of about 4.1 mm/y which is expected
due to lack of any surface protection as well as the exposure to
chloride ion medium.
Refs. [16,22] attributed the degradation to the high anodic
potential reached by the sample, 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. The corrosion
current density icorr of 2.71 � 10�6 A/cm2 was obtained for Zn–
Al–7Sn–Ti–0.3V alloy. This is a three order magnitude decrease
as compare to the control sample. From the polarization resistance
(Rp) result, the deposited alloy had 1207.7 (X) corrosion resis-
tances; obviously it was the highest obtained from all the coated
samples. The order of corrosion resistance is 1 > 2 > 3 > 4. The



Fig. 14. Linear polarization curves for chloride deposited alloy.

Table 3
Summary of the potentiodynamic polarization results.

Sample No. Icorr

(A/cm2)
RP (X) Ecorr

(V)
Corrosion rate
(mm/y)

As-received 7.04E�02 2.7600 �1.53900 4.1
Zn–Al–7Sn–Ti–0.3V–Cl 2.19E�06 1207.7 �1.05042 0.002509
Zn–Al–7Sn–Ti–0.5V–Cl 7.68E�06 1026.1 �1.10443 0.003198
Zn–Al–13Sn–Ti–0.3V–Cl 1.58E�05 758.43 �1.20178 0.003544
Zn–Al–13Sn–Ti–0.5V–Cl 5.37E�05 269.55 �1.20239 0.005636

Fig. 15. OPM morphology for corroded Zn–Al–7Sn–0.3V deposited alloy.
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Fig. 16. Micro-hardness variation of coated and heat treated sample.
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electro-oxidation stability of the deposited sample are traceable to
the existence of the active electronegative phases and the strong
independent based active potential of the composite induced
which led to strengthening characteristics.

The structural observation of the corrosion characteristics trend
are seen for produce Zn–Al–7Sn–Ti–0.3V–Cl alloy using OPM after
corrosion test in 3.65% NaCl solution as illustrated in Fig. 15. It is
noteworthy to mention that the film scales seen are obviously in
line with the report by [2] that during anodic dissolution, zinc-rich
based formed excessive corrosion oxide scale and hence pose
metal matrix particulate at the surfaces. The penetration of ionic
halide was obviously not potent and sufficient to accelerate dis-
solution of the composite alloy through the coating boundaries
and layer.

This progression implies that there was refusal in the chemical
inertia as a result of incorporation of the alpha phase aluminum
particle with the help of conjugal interference of Ti2+, Sn2+.

3.7. Thermal stability and micro-crystallization studies

Fig. 16 shows the thermally heat-treated hardness plot of the
composite matrix at selected optimal condition. The coatings were
thermo-mechanically subjected at 200 �C, 400 �C and 600 �C in an
attempt to validate its stability against thermal shock at 2 h. All com-
posite deposited samples show good degree of stability. However,
with consideration of Zn–Al–7Sn–Ti–Cl–0.3V which is the best
among the fabricated coated sample, it was indicated that at
400 �C in 2 h few degradation were noticed, the scales were not
obvious. It will be recalled that after deposition the hardness proper-
ties of the steel move geometrically from 33.5 HVN to 298.5 HVN but
the heat-treated sample have little depreciated value of 277 HVN.

This out-rightly indicates that the composite coated alloy will
perform excellently well in super-heated condition over a wide
range of time. Since the stability of the material is essential to vali-
date the behavior of the coating [1,17], particles in micron could
resist thermal break that might occur at the interface which may
further results into crystallite build-up that promote improvement
of micro hardness. At higher temperature of 600 �C appreciable
hardness result were still obtained; the real effect of isothermally
heat-treated processing were observed; in practice when materials
are isothermally austempered in direct atmosphere, it tend to
improved hardness or possess strengthening characteristics. The
life span of Zn–Al–7Sn–Ti–Cl–0.3V after thermo-mechanically
treated was noticed to possess such behavior beyond expectation
since stability were still retained for almost 80% from the initial
coating fraction.

Fig. 17a and b presents the SEM/EDS of the thermo heated scar
of the Zn–Al–7Sn–Ti–Cl–0.3V after heat-treatment in 400 �C and
600 �C for 2 h to ascertain their interfacial recrystallization ten-
dency. It was seen that within 200–400 �C recrystallization took
place and a new phase with modified orientation by amorphous
structure due to the generation of Zn7Al2TiSn phase was observed.
This is due to thermo-oxidation during slow cooling. With 600 �C a
complete transformation were observed with surface brittleness at
the interface. Although there were dislocations, but the plastic
deformation were not so severe with evidenced by the EDS spectra
shown.

The microstructure obtained show semi-coherent precipitates
after 600 �C which could be attributed to slight reduction in the
micro-hardness value obtain. These believe is confirmed by
the report made by [22]. Interestingly SnO2/TiO2 particle con-
tribute maximally to the change in the crystal and the thermal
response of the fabricated coatings. The deformation resistances
with little scuff observed at 600 �C were traceable to the bonding
effect of the incorporated particulates.



Fig. 17. SEM/EDS micrographs of heat-treated sample of Zn–Al–7Sn–Ti–Cl–0.3V at (a) 400 �C and (b) 600 �C.

Fig. 18. Linear polarization curve of tempered Zn–Al–Sn–Ti alloy.

Table 4
Summary of the linear polarization results of tempered Zn–Al–Sn–Ti alloy.

Sample No. Icorr

(A/cm2)
RP (X) Ecorr

(V)
Corrosion
rate (mm/y)

As-received 7.04E�02 2.7600 �1.53900 4.1
Zn–Al–7Sn–Ti–0.3V–Cl 2.19E�06 470.26 �1.05042 0.009134
Zn–Al–7Sn–Ti–0.3V–Cl at

600 �C
6.98E�05 83.188 �1.1481 0.810800

Zn–Al–7Sn–Ti–0.3V–Cl at
400 �C

7.39E�05 53.666 �1.1861 0.858550

Zn–Al–7Sn–Ti–0.3V–Cl at
200 �C

8.36E�05 80.331 �1.3597 0.970990

390 O.S.I. Fayomi, A.P.I. Popoola / Journal of Alloys and Compounds 637 (2015) 382–392
3.8. Electrochemical stability behavior and interfacial reaction

Fig. 18 shows the linear potentiodynamic plot of the Zn–Al–
7Sn–Ti–Cl–0.3V matrix after heat-treatment in 200 �C, 400 �C and
600 �C for 2 h and compared with un-heat treated to affirm their
levels of electro-oxidation and degradation behavior. The polariza-
tion data obtained from Tafel extrapolation were described in
Table 4. The corrosion resistances were however favored the com-
posites alloy coating without heat-treatment; an indication of sig-
nificant correlation with the hardness stability phenomena. The
trends of improvement against as-received sample also favor the
heat treated composite coating in all ramification. It is a well-
known fact, that chemical induced on metal in either chloride or
acidic medium could enforce deterioration; secondly, stress initia-
tion could occur when materials are subjected to thermal shock
leading to drastic humiliation.

In view of this, one could observed vividly a significant resis-
tance of the composite coated alloy even after subjected to
600 �C heat-treated processing and later checkmate its electro-
chemical stability. The superior properties of Sn and Ti composite
on Zn rich could be attested to support the structural and thermal
resistances. Al2+ contribution had been notice to help in the corro-
sion resistance of the conditioned bath leading to adhered precip-
itation thereby forming solid oxide thin film layer. The corrosion
potential of the least corrosion observed heat-treated alloy is
�1.3597 mV for Zn–Al–7Sn–Ti–0.3V–Cl at 200 �C. The best
polarized is with Zn–Al–7Sn–Ti–0.3V–Cl at 600 �C with Ecorr of
�1.1481 mV. This shows an outstanding performance against the
control sample with Ecorr value of �1.53900.

The corrosion rate CR of the control sample is 4.1 mm/y. This is
higher than those for the deposited and heat-treated alloy. The CR
value for the deposited composite coating is 0.009134 mm/y, for
the best heat treated sample is 0.810800 mm/y. Although, anticor-
rosion resistance properties of any composite are always seen
toward modify morphology and good adhesion properties [19,26]
which had been identify to be the reason for this improved prop-
erty. The polarization resistance of the entire coated sample
improved with the Rp values of 470.26 X, of the deposited alloy



Fig. 19. Optical micrograph of the heat-treated Zn–Al–7Sn–Ti chloride deposited sample after corrosion of (a) 400 �C and (b) 600 �C.
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as against the as-received substrate of 2.7600 X, the heat treated
composite coated alloy polarized with 83.188 X.

Fig. 19a and b shows morphologies of Zn–Al–7Sn–Ti–S–0.3V
thin film at various conditions after thermo-corrosion properties.
The structure of the deposits in Fig. 19a shows the presence of
initiated oxide films at the interface. The even dispersion of the
crystals was not well noticed due to the impact of thermo-corro-
sion strain induced. From the above figure, with 600 �C corrosion
process there are visible appearances of corrosion products at the
coating boundaries due to initiation of thermal-oxidation activi-
ties. Obviously the presence of ions of Ti2+, Sn2+ and most espe-
cially Al3+ which had a tendency of possessing oxide film, in the
presence of anodic phase Zn�Sn2O3, TiO7�Sn2O3 and Al2O3�Zn3O12

could possibly generated into hydrolysis and once this occur, cor-
rosion reaction proceed [7,25]. Moreso, Cl� adsorbed on the oxide
film sites may also alter initiation of corrosion product. Possible
metallurgical reaction on oxide of Al shown below could occur as
a result of the hydrolysis process.

Al! Al3þ þ 3e� ð1Þ

Oxygen reduction at the cathodic reaction:

H2Oþ 1=2ðO2Þ þ 2e! 2OH� ð2Þ

Hence, Eqs. (1) and (2) lead to Eq. (3) with formation of metal
hydroxides:

Al3þ þ 3OH� ! AlðOHÞ3 ð3Þ

Al3þ þ 3H2Oþ 3Cl� ! 3Hþ AlðOHÞ3 þ 3Cl� ð4Þ

Sn2+, Ti2+ are seen as in independent alloy variable; hence, alloy
formation conditioned with Zn-rich may proceed with oxidation
process

Zn2þ þ 2ðOH�Þ ! ZnðOHÞ2 ð5Þ

The Zn2+ and Al3+ ions in the presence Sn2+ and Ti2+ formed after
oxidation of Zn (Al ? Al3+, Zn ? Zn2+, Sn ? Sn2+ Ti ? Ti2+) while
OH� releases after oxygen reduction:

2H2Oþ O2 þ 4e� ! 4OH ð6Þ

In all the repositioning of the crystal was seen and little pile up
was observed. The bond after corrosion test of the heat-treated
alloy slightly depreciated, although such is expected because pas-
sive film could have been disrupted by exposure of heat and
aggressive chloride ions, which often cause localized corrosion
observed in Fig. 19.

4. Conclusions

1. Zn–Al–Sn–Ti chloride alloy composite coatings on mild steel
substrate was successfully prepared by electrolytic deposition
using a zinc bath with homogeneously dispersed Al, TiO2 and
SnO2 particles from a chloride system. Zn2+ and Al3+ in the pres-
ence of TiO2 and SnO2 give a significant orientation on the metal
matrix.

2. For Zn–Al–7Sn–Ti–S–0.3V composite coating, it was observed
from the SEM studies that the composite particles have a great
influence on the deposit morphology which occurs as a result of
interfacial mechanism to reduce the sizes of the particles grains.

3. Significant thermal and electrochemical stability was attained
for Zn–Al–7Sn–Ti–S–0.3V coating in 3.65% NaCl. The result also
shows that Ti and Sn can further increase the oxidation resis-
tance through thermal and modified proper bath composite
composition.

4. The decrease in the scale of the thin film after heat-treatment
and electrochemical oxidation of the Zn–Al–7Sn–Ti–S–0.3V is
essentially correlated with the effort of TiO2 and SnO2 effect.
In general, composite coating attained higher hardness behav-
ior, better thermo-mechanical stability and improved wear
resistance due to the inclusion of the composite particle.

5. The wear friction coefficient was improved geometrically as
against the as-received sample.
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