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Abstract Pure Ni and Ni—ZrO, composite coatings were
electroplated using a Watt’s bath containing different
amounts of ZrO, to be co-deposited. Surface morphology
and microstructure of the samples and particle distribution in
the coatings were studied using optical microscope, scanning
electron microscopy, energy-dispersive X-ray spectroscopy,
and X-ray diffraction. The results showed that the electro-
plated sample in the bath containing 90 gl™' ZrO, has the
maximum particle content and the best particle distribution.
Evaluation of microstructure and corrosion behavior demon-
strated that with increasing ZrO, content in the coating, the
corrosion potential shifted toward noble and positive values.
This is probably due to diminishing of the metallic surface
area exposed to the solution. Higher ZrO, contents in the
coating results in lower corrosion current densities probably
due to the changing of the microstructure from coarse-
grained columnar to fine-grained granular structure. The
results revealed that the electroplated sample in the bath
containing 90 gl' ZrO, has the best corrosion resistance.

Keywords Ni—ZrO, composite coatings - Particle
distribution - Columnar growth - Granular structure -
Corrosion resistance

Introduction
Co-clectrodeposition technique is a low-cost and low-

temperature method suitable for producing metal matrix
composite coatings for diverse purpose such as wear
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resistance, corrosion resistance, high-temperature corrosion
protection, oxidation resistance, self-lubrication, and abra-
sion resistance. These coatings typically contain oxide
particles or carbide particles in micron, submicron and
nanosizes such as TiO,, Al,Os, ZrO,, SiC, etc., in an
electrodeposited matrix [1-8].

Nickel is an engineering material which has been widely
used as metal matrix [1, 8, 9], and ZrO, is an inert particle
having many superior properties, such as high melting
temperature, low thermal conductivity, and high chemical
stability, which are applied in thermal barrier coatings,
temperature and flow sensors, superthermal protectors for
gas turbines and supersonic propulsion systems of space-
crafts [10—13].

In Ni-ceramic particles composite coatings, ceramic
particles played a major role for improving the corrosion
protection in two mechanisms. Firstly, these particles act as
inert physical barriers to the initiation and development of
defect corrosion, modifying the microstructure of the nickel
layer and hence improving the corrosion resistance of the
coating. Secondly, dispersion of particles in the nickel layer
results in the formation of many corrosion microcells in
which the particle acts as cathode and nickel metal acts as
anode, because the corrosion potential of the particles is
more positive than nickel. Such corrosion microcells
facilitated the anode polarization. Therefore, in the presence
of ceramic particles, localized corrosion is inhibited and
mainly homogeneous corrosion occurs [1, 5, 6, 14—17].

Nickel coatings have a high corrosion resistance in many
environments and at high temperatures below 875 °C due to
form a layer of oxides on the surface of coating. But in a
medium containing chloride ion such as seawater (contain-
ing NaCl), the ions dissolve the protecting oxide layer in
some places and local corrosion cells arise on the nickel
surface [17]. Co-deposition of inert particles can inhibit this
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kind of corrosion. ZrO, is the selected co-depositing
particle. Although Ni-ZrO, composite coatings have many
applications, some work have been done on the corrosion
resistance of these coatings. In this work, microstructure
and corrosion resistance of Ni—ZrO, composite coatings
have been investigated.

Experimental procedures

Pure Ni and Ni-ZrO, composite coatings were electroplated
using co-electrodeposition method. The electrolyte was
Watt’s bath of the following composition: 250 gl nickel
sulfate, 40 gI™" nickel chloride, 45 gl boric acid, 50 gl
sodium citrate, and 0.1 gl™' sodium dodecylsulfate (a
wetting agent). Current density was 3 Adm 2, and the bath
temperature was maintained at 54+1 °C using a hot plate.
The pH of the bath was 3.8—4, and a stirring rate of 200 rpm
was provided using a magnetic stirrer. Time of electroplating
procedure was 1 h. Samples were cut from St37 steel rod,
ground using SiC papers up to 600-grit finish, degreased
with 10 wt.% NaOH solution, and pickled in a 30 vol.% HCI
solution. Prior to plating, ZrO, powder with a particle size of
1-5 um was dispersed (24 h, 300 rpm) in the bath in
amounts ranging from 10 to 130 gl™' in an increasing
interval of 20 gI™'. An energy-dispersive X-ray spectroscopy
(EDX) system (Oxford) attached to the scanning electron
microscopy (SEM) was used to determine the chemical
composition of the coatings, and for each sample, five
measurements were conducted and the results were averaged.
Surface morphologies of the coatings were examined by
optical microscope and SEM (Cam Scan model MV2300
operated at 30 kV). X-ray diffraction (XRD) spectra of the
samples were obtained using a Bruker D8 Advanced X-ray
diffractometer with a Cu Kot radiation (A=1.5418A). The
electrochemical studies were performed on a potentiostat/
galvanostat device (BHP2063+). The polarization curves of
the samples were recorded at a scan rate of 0.01 mVs ' in
3 wt.% NaCl at room temperature. The solution was
normally aerated, and the working mild steel electrode
soldered with Cu wire for electrical connection embedded
in Araldite to offer its cross-sectional area (0.19625 cm?) in
contact with the solution. The measurements were carried
out in a three electrodes electrochemical cell with a platinum
counterelectrode and a saturated calomel electrode (SCE) as
reference. Before experiments, the working electrode was
first immersed into the test solution for 2 h to establish a
steady-state open-circuit potential.

Stern—Geary equation was employed for calculation of
the corrosion current, which is derived as Eq. 1:

b, X b,

le =3 3R, et 5 )
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where b, and b, refer to Tafel constants for the cathodic and
anodic reactions, respectively, R, is the polarization
resistance, and I is the corrosion current. Surface area
fractions were calculated by means of the Clemex image
analysis software version 3.5.025.

Results and discussion

Figure 1 shows Zr weight percent of the composite coatings
as a function of ZrO, concentration in the bath. In constant
stirring rate, increasing Zirconia powder content in the
electrolyte up to 90 gl results in higher amounts of ZrO,
deposited in the coating. As Zirconia concentration in the
electrolyte surpasses 90 gl™', weight percent of ZrO,
particles co-deposited in the coating decreases. Extensive
error bars for the samples electroplated in the electrolytes
containing 110 and 130 gl™' ZrO, show that the particle
distributions in these coatings are nonuniform.

The SEM micrographs of the samples electroplated in
the electrolytes containing 0, 50, 90, and 130 glf1 71O,
(Fig. 2) showed that the sample electroplated in an
electrolyte containing 90 gl™' ZrO, has the maximum
particle content and the best particle distribution in the
coating.

Figure 3 shows the XRD patterns for the samples
electroplated in the electrolytes containing 0, 50, 90, and
130 gl! ZrO,. By increasing ZrO, content in the bath up to
130 gl™', the relative intensity of ZrO, diffraction peaks
increases and then decreases, showing that the amount of
Zirconia in the sample electroplated in an electrolyte
containing 90 gI™' ZrO, is higher than the other samples.

The relation between powder content in the electrolyte
and the amount of particle deposition in the coating
depends on the competition between receiving probability
of the particles to the surface of the sample and contact
probability between particles in the electrolyte. More
receiving of the particles to the surface of the sample
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Fig. 1 Weight percent of Zirconium in the coatings versus powder
concentration in the bath
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Fig. 2 SEM micrographs of the
samples electroplated in the
electrolytes containing ZrO,
concentrations of a 0 gl™" (pure
Ni coating), b 50 gl™!, ¢ 90 gI”!,
and d 130 gl
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Fig. 3 XRD spectra for the samples which have been electroplated in
the electrolytes containing ZrO, concentrations of a 0 gl™' (pure Ni
coating), b 50 gI™!, ¢ 90 g1™', and d 130 gl
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results in more co-deposition, but higher contacts between
particles in the electrolyte result in higher powder agglom-
eration and lower co-deposited particles in the coating.
Increasing of the powder content in the electrolyte increases
both probabilities (receiving and contact), but below 90 g
I"!, the receiving probability overcomes the contact
probability and the amount of depositing particles in the
coating increases. Above 90 gl™', the contact probability is
the predominant factor and the particles co-deposition
decreases. On the other hand, more contacts between
particles result in nonuniform co-deposition of the particles
in the coating.

Figure 4 illustrates typical polarization diagrams for pure
Ni coating (sample a) and the sample electroplated in
electrolyte containing 90 gl™' ZrO, (sample b). The
corrosion potential is higher for sample b, indicating more
noble corrosion behavior in 3 wt.% NaCl solution.

Figure 5 shows corrosion potential (Ec) plot of the
coatings versus ZrO, concentration in the bath. Increasing
ZrO, content in the coating shifts Ec toward positive and
noble values (increases Ec), and for the sample electro-
plated in the bath containing 90 glfl, 7r0,, E¢ is about
20% higher than pure Ni.

Figure 6 shows surface morphologies of pure Ni coating
and the sample electroplated in the bath containing 90 g™’
Zr0O,. Clemex image analysis software showed that about
29% of surface area of sample b is occupied by ZrO,.

Diminishing of metallic surface area exposed to the
solution shifts E- to more noble and positive values [17].
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Fig. 4 Polarization diagrams for the samples electroplated in the
electrolytes containing ZrO, concentrations of a 0 gl™' and b 90 gl

ZrO, is an inert particle having high chemical stability, so
that in Ni—ZrO, composite coatings, the metallic area
exposed to the NaCl solution is diminished. This phenom-
enon probably shifts the corrosion potentials toward more
noble and positive values (increases Ec).

Figure 7 illustrates the corrosion current densities (ic) of
the coatings versus ZrO, concentration in the bath.
Increasing ZrO, content in the coating lowers ic and for
the sample electroplated in the bath containing 90 gl
ZrO,, ic is about 50% lower than pure Ni coating.

It can be seen from Fig. 8 that co-deposited particles (ZrO,)
are new nucleation sites for Ni grains. Figure 8a demonstrates
SEM micrograph of a Zirconia particle on the surface of the
composite coating. Ni nucleus can be seen on the surface of
the ZrO, particle (arrow 1). In Fig. 8b, cross-section of Ni—
ZrO, composite coating is shown. Some Ni grains begin
from the surface of ZrO, particle and nucleation of Ni grains
on the surface of ZrO, particles is clear (arrow 2).

In Fig. 9, the microstructures of pure Ni coating and Ni—
ZrO, composite coating have been shown. Ni grains
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Fig. 5 Corrosion potentials of the coatings versus ZrO, concentration
in the bath
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Fig. 6 Optical images of the samples electroplated in the electro-
lytes containing ZrO, concentrations of a 0 gl™' (pure Ni coating)
and b 90 gl

(Fig. 9a) have a columnar growth, but the microstructure of
composite coating (Fig. 9b) is fine-grained granular due to
nucleation and growth of Ni grains on the surface of ZrO,
particles in various directions. Surface of ZrO, particles
provide new and appropriate sites for nucleation of Nickel
grains (Fig. 8), so that the amount of nucleation sites for Ni
grains is higher than pure Ni. Growth rate of Ni grains
depends on the conditions of the electroplating procedure, so
that growth rates are the same in both samples. Higher
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Fig. 7 Corrosion current densities of the coatings versus ZrO,
concentration in the bath
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Fig. 8 SEM micrographs of a Zirconia particle on the surface of the
composite coating and b cross-section of Ni—ZrO, composite coating
(etch: 1 part 10 wt.% NaCN solution + 1 part 10 wt.% NH4S,0g
solution)

nucleation in constant growth rate results in finer grain size.
On the other hand, co-deposited particles (ZrO,) act as
barriers in growth paths of Ni grains and stop the columnar
growth of them. In columnar grains (pure Ni grains), the
grain boundaries are long and straight (Fig. 9a) from the
surface of the coating to the surface of the substrate, but in
Ni—ZrO, composite coating, Ni grains are spherical-like, so
that the grain boundaries become less straight (Fig. 9b).

It was found out that the corrosion process proceeds
along the grain boundaries [5, 17]. The long and straight
grain boundaries in pure Ni coating are appropriate paths
for corrosion proceeding, but in Ni-ZrO, composite
coating, the grain boundaries are less straight than pure
Ni. This changing of corrosion paths from long and straight
grain boundaries to less straight paths probably contribute
to improved corrosion behavior in Ni—ZrO, composite
coatings. As much as the particle (ZrO,) content becomes
higher in the coating, the grain boundaries (corrosion paths)
become less straight and the corrosion current densities
become lower. Increasing of powder content in the
electrolyte up to 90 gl™' results in more co-deposition of
ZrO2 in the coating and decreasing of ic. Beyond 90 gl ',
increasing of powder content in the electrolyte results in
lower particle content co-deposited in the coating so that
grain boundaries become straighter and ic increases.

Fig. 9 SEM micrographs of pure Ni (a) and Ni—ZrO, composite (b)
coatings cross-sections (etch: 1 part 10 wt.% NaCN solution + 1 part
10 wt.% NH,4S,05 solution)

Conclusions

1. The amount of ZrO, deposited in the coating sharply
depends on the bath powder concentration. With
increasing of ZrO, concentration in the bath up to
90 gl™", the receiving probability of the particles to the
surface of the sample increases so that more ZrO,
particles co-deposit in the coating. If concentration of
ZrO, in the bath surpasses 90 gl™', the contact
probability between particles in the electrolyte
increases and powder agglomeration occurs so that
ZrO, content in the coating decreases.

2. Ni—ZrO, composite coatings have more noble corro-
sion potentials than pure Ni. ZrO, is an inert particle
having high chemical stability. Therefore, in Ni—ZrO,
composite coatings, the metallic surface area exposed
to the NaCl solution is diminished. This diminishing
probably shifts the corrosion potentials toward more
noble and positive values.

3. Corrosion current densities of Ni—ZrO, composite
coatings are lower than pure Ni. ZrO, particles are
new nucleation sites for Ni grains and change structure
of nickel from coarse-grained columnar to fine-grained
granular structure, so that corrosion can only proceed
along less straight paths due to changing of grain
boundaries from a long and straight path to a less
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straight one. This phenomenon probably lowers the
corrosion current densities. Therefore, with increasing
ZrO, content in the coating corrosion, current density
decreases.

Maximum amount of ZrO, in the coating and the best
particle distribution are achieved for electroplated
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