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ABSTRACT

Multifunctional composite coatings of Zn—ZnO—Cr,0; were deposited electrolytically on prepared
carbon mild steel (CS) from Zn electrolyte, having Zn** ions and uniformly dispersed nano ZnO—Cr,0;
particulates. The corrosion resistance characteristics of the deposited coatings were evaluated using the
linear polarization measurement method in 3.65% NaCl. The microstructural properties of the produced
multilayered coatings were evaluated by scanning electron microscope (SEM) equipped with an energy
dispersive spectrometer (EDS), x-ray diffraction (XRD), and atomic force microscope (AFM). Thermal
deformations were observed after 4 h at 250°C and the mechanical response of the coated samples was
investigated using a diamond-based Dura Scan microhardness tester and a MTR-300dry abrasive wear
tester. From the results, a significant improvement in the corrosion performance of coatings was
observed with bath containing less than 2g/L. The microhardness, thermal stability, and anti-wear
properties of Zn—ZnO—Cr,03 shows improved performance against Zn—ZnQO coating matrixes, which
was attributed to dispersive strengthening effect and grain induced effect of the ZnO/Cr,03 particulate.
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Introduction

Steel is the most commonly employed metallic material in
open-air structures and is used to make a range of equipment
and metallic structures due to its low cost and good mechan-
ical strength. Nevertheless, it reacts easily in ordinary moist-
ure-containing environments (Munoz et al. 2004; Burubai
and Dagogo 2007; Popoola, Fayomi, and Popoola 2012;
Shukla, Singh, and Quraishi 2012). Corrosion plays a very vital
role in different fields of industry and, consequently, in eco-
nomics. Therefore, the protection of metals and alloys is of
particular interest. Corrosion scientists and engineers are con-
tinually seeking for techniques and methods to effectively
combat corrosion by learning the phenomenon and its control
with the aim of finding better ways of using engineering
materials. Surface enhancement of engineering materials is
necessary for preventing service failures and corrosion
attack in industry (Rahman et al. 2009). Zinc coatings add
corrosion resistance to steel in several ways. As a barrier
layer, a continuous zinc coating separates the steel from the
corrosive environment. By galvanic protection, zinc acts as a
sacrificial anode to protect the underlying steel at voids,
scratches, and cut edges of the coating. The sacrificial proper-
ties of zinc can be seen in a galvanic series where the potential
of zinc is less noble than steel in most environments at
ambient temperatures. Zinc, like all metals, corrodes when
exposed to the atmosphere. However, because of its ability
to form dense, adherent corrosion by-products, the rate of cor-
rosion is considerably lower than ferrous materials (10 — 100

times slower depending on the environment). Zinc corrosion
products develop naturally on the surface as the coating is
exposed to natural wet and dry cycles in the atmosphere and
are often referred to as the zinc patina. The zinc patina acts
as an additional barrier between the steel and the environ-
ment. The zinc coating can take as long as 2 years to weather
completely, depending on the environment. For purposes of
determining the stage of weathering, it is also called the zinc
patina development (zinc oxides, zinc hydroxides, and zinc
carbonate) (Shalaby et al. 1996; Harris, Mishon, and Hebbron
2006; Fayomi et al. 2011).

With limitation to advanced protection of zinc properties,
Zn nanocomposite coatings exhibit enhanced Zn self-healing
properties, good thermal stability, and wear resistance. The
excellent surface properties exhibited by Zn composite coatings
are ascribed to the strengthening effect of the reinforcement
materials incorporated. Materials such as Al,O3, SiO,, CeO,,
Zr0,, TiO, have been used to reinforce Zn matrix for improved
performance (Fayomi, Popoola, and Aigbodion 2014).

The integration of Cr,0; into Zn-rich electrolyte is very lit-
tle in literature, and the only accessible effort is on Ni matrix.
These particles were reported to absolutely control the thermal
stability, hardness, and tribological characteristics of Ni
matrix. Unfortunately, their inclusion yielded no noteworthy
outcome on the corrosion (Malatji et al. 2016). Therefore, this
work reports on the development and fabrication of novel Zn
nanocomposite coatings reinforced with nano-sized ZnO and
Cr,0; particles.
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Experimental procedure
Preparation of substrate

Steel specimens of dimensions 30 mm x 20 mm x 1 mm were
used as the substrate, and zinc sheets of dimensions 40 mm x
30 mm X 2 mm were prepared as the anodes. The initial surface
preparation was performed using progressively finer grades of
emery paper, as described in our earlier publications (Fayomi
et al. 2011; Popoola, Fayomi, and Popoola 2012). The samples
were properly cleaned with sodium carbonate, pickled, and
activated with 5% HCI at ambient temperature for 10 sec,
followed by instant rinsing in deionized water. The specimens
were obtained from Metal Sample site in Nigeria. The chemical
composition of the sectioned samples analyzed on a spectrometer
was C 0.15%, Mn 0.45%, Si 0.18%, P 0.01%, S 0.031%, Al 0.005%,
Ni 0.008%, Fe balance.

Formation of deposited coating

The steel substrates were actuated by dipping into 10% HCl sol-
ution for 10 sec followed by rinsing in distilled water. Analytical
grade chemicals and distilled water were used to prepare the
plating solution at room temperature. The formulations were
stirred for 1 day while heated at 40°C to allow for dissolution
of any agglomerate in the bath solution. The bath produced

Table 1. Bath composition of Zn—ZnO—Cr,05 alloy co-deposition matrix.
Composition Mass concentration (g/L)
ZnS0,4.7H,0 70
Cr,0; 8-16
Zn0 8
Boric acid 5
Glycine 5
Thiourea 5
Temperature 40°C
pH 45
Time 15 min
Current density 1.0 A/cm?

from the formulation shown in Table 1 was concurrently stir-
red and heated for several hours before plating.

Preparation of the coatings

The prepared Zn—ZnO—Cr,05 composite bath was heated for
2h and stirred intermittently to obtain a clear solution before it
was prepared for electrolytic deposition on the steel. The pre-
pared cathodes and anodes were connected to the DC power
supply through a rectifier as presented in Figure 1. Deposition
was carried out at varying applied current density of around
1.0 A/cm? for 15 min.

The distance between the anode and the cathode and the
immersion depth were kept constant. Thereafter, the samples
were rinsed in water and then dried. The formulated design
plan for the coating is described in Table 2.

Structural characterization of the coatings

The structural studies and elemental analysis of the fabricated
alloy samples were verified using a TESCAN scanning electron
microscope (SEM) with an attached energy dispersive spec-
trometer (EDS), and an optical microscope (OM). The phase
property was observed with the help of an x-ray diffractogram.
The adhesion profile, topography, and morphology of the coat-
ing were observed with the help of atomic force microscope
(AFM). A high optic diamond-based Dura Scan microhardness
tester was used to estimate the average microhardness of the
deposit in an equal interval range.

Thermo/electrochemical test

Isothermal heat treatment (in a direct-fired furnace atmos-
phere) of the Zn—ZnO—Cr,0; composite coating samples
was carried out at 250°C for 6 h to check the mechanical stab-
ility of the coating. The electrochemical studies were performed

Thermometer

D.C power
supply

Cathode

exchange

particle

— =——1— Bath solution

Anode

hlagnelstirrtr

Figure 1. Schematic diagram of electrodeposited system.
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Table 2. Formulated designed bath composition of Zn—ZnO—Cr,0s.
Sample Time of Current density
order Matrix sample deposition (min) (A/em?)

1 Zn—8Zn0 15 1.0
2 Zn—8Zn0—8Cr,03 15 1.0
3 Zn—8Zn0—12Cr,0; 15 1.0
4 Zn—8Zn0—16Cr,03 15 1.0

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,
a platinum electrode was used as counter-electrode and
Ag/AgCl was used as the reference electrode. The anodic and
cathodic polarization curves were recorded at a constant scan
rate of 0.012 V/sec which was fixed from +1.5mV. From the
Tafel corrosion analysis, the corrosion rate, potential and linear
polarization resistance values were obtained.

Results
Surface morphology

Figures 2 and 3 show the SEM images with EDS patterns of the
surfaces of the Zn—8ZnO and Zn—8ZnO—-16gCr,0; com-
posite coatings. The EDS pattern of the composite coating
confirms the crystalline phase of the film. The nanoparticu-
lates were found to be agglomerated when analyzed by SEM
studies (Figure 1la). This is due to the high surface energy of
the particles. In general, it can be seen that the coating on
the mild steel plate resulted into a good appearance, better
plating, and good adhesion.

Figure 2.
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XRD analysis

X-ray diffraction (XRD) patterns obtained on the electrodepo-
sition of the composite coating is given in Figure 5, where all
phases present in the matrix are clearly shown. This further
confirmed the polycrystallinity of the coating particulate.
From the pattern, visible phases were seen with generation
of intermetallic growth, like Zn, ZnCr,, Zn,Cr,, ZnOCr, were
present.

Wear analysis of the composite coating on mild steel

Figure 6 shows the wear loss of Zn—ZnO coating and
Zn—ZnO—Cr,05; composite coatings with different Cr,O;
contents. It is obvious that the wear resistance of the com-
posite coatings is more than that of Zn—ZnO coating.
Although the wear resistance of the composite coatings did
not increase with increase in the Cr,O; particles content, as
it can be seen that Zn—ZnO—8Cr,0O; displayed the optimum
wear resistance, but the addition of Cr,O; in the matrix has
immensely contributed to the wear resistance.

Hardness property

With the Vickers microhardness tester, the microhardness/
depth profiles for the Zn—ZnO coating and Zn—ZnO—Cr,0;
composite samples tested before and after the heat treatment
were plotted (Figures 7-9). The thermal deformations were
observed at 250°C for 4h, and mechanical responses of the
coated samples were investigated. A good increase in the
microhardness value was observed in the Zn—ZnO—Cr,0;

Base(15)_ptt

In

Base(1)_ptt

< kim-6-C

Figure 3. SEM/EDS images of the Zn—8Zn0O—16gCr,05; composite coating.
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Figure 4. AFM of composite coating showing deposited surface topography and distribution: (a) Zn—8Zn0; and (b) Zn—8Zn0—16gCr,0s.

composite coating even before heat treatment, as shown in
Figure 7a. The microhardness value for the Zn—ZnO material
was 134.0 HVN and almost doubled for the Zn—8ZnO—
8Cr,0;3 composite coating (which was the optimal perfor-
mance) with a value of 344 HVN.

Polarization measurements

The values of Ecorr jcor corrosion rate (CR), and polarization
resistance (Rp) of the samples before heat treatment are
extrapolated from Tafel slope as presented in Table 3. The
results revealed the corrosion resistance behavior of the
coatings in 3.65% NaCl static solution. From the polarization
curves of Zn—ZnO—Cr,0; composite coating in Figure 10, it
was found that the addition of Cr,Oj; altered the shape of the
polarization curve but causes a considerable increase in the
value of the Ecorr.

Discussion

The nature of the surface morphology and orientation in
Figure 2 revealed the nonhomogeneous appearance but good
dispatches as expected. There are no pores and cracks at the
interface, which shows that the interface bonding is firm. With
reference to the work reported by Acharya and Upadhyay
(2004), the distribution of the composite and iron adjacent
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Figure 5. XRD patterns of the coating Zn—ZnO—Cr,0s.

to the interface and their variation as a function of distance
from the interface were apparent as seen in Figures 2 and 3.
But the observed improvement may not be far from the possi-
bility that the deposition behavior and the adhesion strength
of any particular plating often based on the current density,
potential, plating time, and strengthening effect of the grain
present in the matrix (Umoru et al. 2006). In Figure 3, the
increase in hardness may be attributed to the presence of
Cr,0; in the matrix, particularly when the coating was
induced below 12 g/L. Therefore, the dispersive strengthening
effect and grain induced by ZnO/Cr,0O; particulate orche-
strated the improved performance as against the Zn—ZnO
coating matrixes. One great characteristic of Zn—ZnO—Cr,0;
in the presence of Cr,O; was the uniform and continuous
thickness without any flaw. The absence of these defects and
flaws along the interface is germane in this research and is a
pointer of excellent coating and good adhesion properties.

Figure 4 revealed the morphology of the coating, indicating
fine grain size, uniform arrangement, and crystal growth for
the Zn—8Zn0O—-16gCr,0; coating, unlike the Zn—8ZnO
deposition where good surface deposition was achieved but
irregular or inhomogeneous dispersion of deposit was
observed.

0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004
0.002

0 .

Wear Loss{g/min)

Sample Matrix

Figure 6. Variation of wear rate with time.
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(Upper panel) Microhardness variation of the nanocomposite coating before being thermally induced. (Lower panel) Optical micrographs of the

nanocomposite coating before being thermally induced: (a) Zn—8Zn0; (b) Zn—8Zn0—8Cr,03; (c) Zn—8Zn0—12Cr,05; (d) Zn—ZnO —16Cr,03.

From the XRD result, the presence of the intermediate dis-
patched composite phases observed in Figure 5 could be traced
by their inter-diffusion mechanism and ion of each particulate
as reported by Khadom et al. (2009). The progressions of Zn
hexagonal structure from all peaks of diffraction line were
clearly visible in agreement with Khadom et al. (2009) and
OKki et al. (2011). Therefore, the phase modification and new
orientation of the metal matrix are clue of the performance
and significant effect of the composites produced. This result
was in concordance with studies carried out by Fustes et al.
reported by Malatji et al. (2016), and zinc phase was seen at
maximum peak level.

Figure 6 illustrates the wear analysis of the coatings. The
improved wear resistance can be attributed to the strengthen-
ing effect. The hardness process parameter and microstruc-
tural behavior are the parameters which affect the wear
resistance as indicated by Noor and Al-Moubaraki (2008).
The wear resistance increases with increasing hardness of the
matrix. The tendency of Zn—ZnO—Cr,0; composite coatings
for plastic deformation is less than Zn—ZnO coating. The
results suggest that the wear resistance was improved by the
addition of Cr,0; particles. According to Popoola and Fayomi

(2011), the embedded Cr,O; particles can significantly
improve the tribological performance of Zn—ZnO—Cr,0;
composite coatings.

Figure 7a shows the microhardness variation of the nano-
composite coating before heat treatment. The increase in hard-
ness of the Zn—ZnO—Cr,05; composite coated specimens is
due to the presence of the Cr,O; as reinforcement additive,
despite the fact that the increase in the quantity has limit.
The optical micrographs of the coated samples before they
were thermally induced are shown in Figure 7b.

Figure 8a revealed the response of the composite coating to
the heat treatment. Although heating the samples did not
increase their hardness property, the coating did not experi-
ence any crack or flaw at the interface. This can be seen in
Figure 8b. In general, there is quite little reduction in hardness
properties compared with the coated samples without heat
treatment. The mechanical behavior due to thermal treatment
and porosity within the alloy surface could result in hardness
distribution. Some literatures also attested to the fact that com-
pression stress could significantly improve the microhardness
when it is much less than the ultimate strength of the coating.
However, Paunovic and Mordechay (2006) discovered that the
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Figure 8.

100um

(Upper panel) Microhardness variation of the thermally induced nanocomposite coating. (Lower panel) Optical micrographs of the nanocomposite coating

after heat treatment: (@) Zn—8Zn0; (b) Zn—8Zn0—8Cr,05; () Zn—8Zn0O—12Cr,03; (d) Zn—Zn0—16Cr,0s.

defect such as porosity and macro-particle at the alloy surface
will have detrimental effect on the mechanical properties.
Figure 9 compares the hardness properties of the composite
coatings before and after thermal treatment. The average
microhardness values for all the samples calculated indicate
that Zn—8ZnO—8Cr,0; possessed the highest hardness value
of 344 HVN, though it decreased to 247 HVN after heat treat-
ment but still maintained its optimal value. It should also be

400
350
300
250 4
200

Hardness value (Hv)

150 4
50
0 =+ = -

noted that the coating was brilliant since the hardness values
after heating were still maintained at more than 50% of their
values before thermal treatment (Malatji et al. 2016). The
phenomenon of dispersion strengthening was also observed.
The mechanisms of such strengthening are the grain refine-
ment strengthening and the dispersion strengthening of ZnO
and Cr,0; deposited on the sample and the deposition current
(Popoola and Fayomi 2011).

m Untreated

B Treated

Matrix composition

Figure 9. Microhardness variation of the nanocomposite coating before and after heat treatment.



Table 3. Polarization data extrapolated from Tafel slope for matrix
Zn—Zn0—Cr,05 composite coating.
Econ, Observations Jeorr CR
Samples V) (Aem?)  (mm/year) R, (Q)
1. Zn—8Zn0 —1.3067 0.003029  0.854270  23.583
2. Zn—8Zn0—8Cr,03 —1.1598 0.000115  0.025978  81.947
3. Zn—8Zn0—12Cr,05 —1.2246 0.000130  0.033919  38.509
4. Zn—Zn0—-16Cr,03 —1.3706 0.003102  0.856890  20.390
05 4
D -4
%’ o3 ——1.Zn-82n0
g 11 ——2.2n-8Zn0-8Cr203
& -15 1 ——3.Zn-8Zn0-12Cr203
s T — i In-Zn0-16Cr203
-2.5 A
-3 T T !
C.C0000L 0.000L 0.01 1

Current density (Afem?)

Figure 10. Potentiodynamic polarization curves of Zn—Zn0O—Cr,05 composite
coating on mild steel in 3.65% NaCl solution.

The features from the linear polarization test (Figure 10)
indicate that an increase in additive concentration intensifies
this process. However, the optimal value for the coating with
least corrosion rate was for Zn—8ZnO—8Cr,05, which implies
that addition of Cr,O; gives better corrosion-resistant pro-
perty. According to Ogundare et al. (2012), this could be
attributed to the nature and tenacity of the passive film
produced by Zn—8ZnO—8Cr,O; on the surface of the
coated steel, and the drop in the potential thereafter could
be traced to slight passivity breakdown experienced when
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the concentration of Cr,O; was further increased, which is
in line with Su and Kao (2003). Figure 11 shows corrosion
morphologies of the composite coating after corrosion tests
in the accelerated solution. Localized corrosion occurred on
the surface of Zn—8Zn0O and Zn—ZnO—16Cr,03 while the
other alloys with Cr,O; show uniform corrosion on the sur-
face. ZnO-rich intermetallic particles and excess Cr,O; glo-
bules are pit initiation sites and promote cathodic reduction
reactions. The very low Linear Polarization Resistance (LPR)
for both Zn— 8Zn0O and Zn—Zn0O—16Cr,03; is due to pitting
corrosion initiated from ZnO-rich and excess Cr,O3 particles.

Conclusions

The following conclusions were drawn from the study:

1. Composite coatings consisting Zn—ZnO and Zn-—
ZnO—Cr,0; particles were successfully prepared by means
of an electrodeposition technique onto carbon steel substrates.

2. The plating of Zn with incorporation ZnO and Cr,0; in the
coating was confirmed by the EDS and XRD.

3. The co-deposition of nano-sized Cr,0; particles in a metal
deposit modified the surface morphology of the substrate.

4. The developed composite coating was mechanically and
thermally stable.

5. The presence of Cr,0Oj; particles in the matrix of the coating
system increased adhesion, corrosion resistance, and
microhardness of the surface compared with that of plain
carbon steel.
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Figure 11.
Zn—Zn0—16Cr,0s.

Optical micrographs of the nanocomposite coating after corrosion experiment: (a) Zn—8Zn0; (b) Zn—8Zn0—8Cr,03; (¢) Zn—8Zn0—12Cr,05; (d)
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