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Abstract

This study focuses on the effects of powder size and Ni—Al bonding layer on the electrochemical behaviour of plasma-sprayed Al,Os-
13% TiO; coating in fresh tropical seawater. The presence of the metallic bonding layer reduces the coating porosity and increases the
surface roughness for both microparticle and nanoparticle coatings. The nanoparticle exhibits better corrosion rate of 1.9 x 10~ % mmpy
compared to the microparticle coating, with a corrosion rate of 3.05 x 10~® mmpy. However, the presence of the metallic bonding layer
increases the corrosion rate for both micro and nanoparticle coatings. The corrosion mechanism for the coating with and without the

metallic bonding layer is discussed in detail.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many facilities located close to a marine environment suffer
from corrosion attacks throughout their services [1,2].
Methods such as cathodic protection technique, corrosion
inhibitor, and surface coating are used to reduce the corrosion
rates and protect any type of metal-based structure from
severe corrosion attacks. One of the common techniques used
to prevent corrosion is by depositing a protective coating onto
the metal surface. Ceramics coating for example, has shown
its ability to be used where corrosion and wear co-exist,
especially at an elevated temperature [3]. Recently, alumina
titania (ALO3;-TiO,) coatings have been reported to be very
important because of their excellent wear, corrosion, and
erosion resistance [4—6]. Early research on these coatings only
focused on their microstructures and phase transformations.
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However, the interest of researchers has now shifted to
mechanical properties and their relation to microstructures
[7]. Plasma-sprayed Al,Os-TiO, is widely used as wear
resistance coating in textile, machinery, and printing industries
[8]. This process involves melting a feedstock material and
rapidly transporting the resulting molten particles so as to
“splat” against a substrate surface. Upon impact onto the
substrate, the particles spread out and solidify to build up a
layered arrangement of splats. The resulting laminar micro-
structure is highly defective with weak interfaces and voids
between splats, as well as unmelted particles and cracks [9].
When plasma-sprayed Al,Os-TiO, coating is applied in
aggressive media, electrolyte can penetrate the coating
through permeable defects such as pores, cracks, and grain
boundaries. The interaction between the electrolyte and metal
surface can provide the corrosion reaction [10,11]. Thus,
AlLO5-TiO, internal microstructures play a big role in
providing corrosion protection as to prevent or reduce
corrosion attacks.
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It is well known that one of the main concerns when
applying the ceramic coating is the adhesion between the
substrate and the coating. In order to improve the adhe-
sion strength, a metallic coating that acts as a metallic
bonding layer was proposed in this study [12]. The main
mechanism of the coating—substrate adhesion in conven-
tional plasma spraying is via mechanical interlocking in
which the irregularities on rough surfaces are filled with
the spreading molten materials due to the impact pressure.
The subsequent solidification leads to mechanical inter-
locking. Mismatch between the thermal expansion coeffi-
cients of ceramic and metals leads to the development of
excessive stresses at the interface, which is the main
problem in metal-ceramic joining [13-15]. This is a
common problem for depositing ceramic coating on
metals. Thus, a metallic bonding layer application is
normally utilised in order to give a better effect to the
mechanical properties. However, further study for applica-
tion in the aggressive media such as marine environment is
still needed.

The current work aims to study the effects of the powder
size and metallic bonding layer on the electrochemical
behaviour of plasma-sprayed Al,03-13% TiO, coating in
fresh tropical seawater. Based on these results, an attempt
will be made to correlate the corrosion parameters of
Al,05-13% TiO, coating with and without the metallic
bonding layer.

2. Materials and methods

Prior to the deposition process, a mild steel substrate was
degreased and grit-blasted with alumina to obtain a rough
surface (~4.5 um) and sufficient contact points between the
coated material and the substrate. The Ni—Al coating layer,
with a thickness of around 30 pm, is applied to the treated
substrate surface act as a bonding layer by plasma spraying.

Two types of Al,03-13% TiO, powder feedstock were
used in the study; microparticle Al,O03-13% TiO, powders
with a grain size of 10-25 pum (HAI Advanced Material
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Specialists, Inc.) and agglomerated nanoparticle powders with
a grain size of 20-60 um (Inframat Advanced Materials).
The microparticle feedstock was manufactured through the
so-called cladding process in which fused and crushed
Al,O;3 powders were clad with TiO, [6]. Morphology of the
two types of powder feedstock is shown in Fig. 1.

The microparticle feedstock shows an irregular shape,
whereas the agglomerated nanoparticle feedstock shows a
round shape that consists of submicron particles. The series
of coatings was applied to the substrate using the SG-100
Plasma Spray Gun (Praxair) mounted on a programmable
robot. All samples with and without metallic bonding
layers were labelled accordingly as shown in Table 1. The
morphology of as-sprayed coating surface was observed
under a LEO 1430 VP scanning electron microscope
(SEM). The roughness of the coating surface was measured
using a Formtracer SV-C3100 (Mitutoyo).

For the electrochemical study, the samples were soldered
onto the outer surface without any coating, with a copper
conducting wire. Then, the samples were clad with cold
mounting, leaving only an exposed area of coating of
about 1.8 cm”. Before the corrosion test, the samples were
washed with distilled water, degreased with acetone, and
dried. The electrochemical corrosion test of the coating
samples was performed in a three-electrode cell using a
graphite electrode as a counter electrode, a saturated
calomel electrode (SCE) as a reference electrode, and the
coated sample as the working electrode. Fresh tropical
seawater was used as a test solution, which was maintained
at room temperature.

Electrochemical tests were conducted using a PC4/750
Galvanostat/Potentiostat  (Gamry Instruments, Inc).
A potentiodynamic polarisation investigation of coated
samples was performed with a scan rate of 0.5 mV/s and a
potential range of +250mV vs. SCE with reference to
corrosion potential. The collected information was analysed
using the Echem Analyst V1.2 software. Electrochemical
impedance spectroscopy (EIS) of the coated samples was
measured using a signal amplitude of 5 mV with a measure-
ment frequency range of 0.01-100,000 Hz. The measured EIS
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Fig. 1. SEM image of the feedstock morphology for (a) microparticle and (b) agglomerated nanoparticle Al,03-13% TiO, powder.
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Table 1

Spray parameters for Ni—Al metallic bonding layer and Al,03-13% TiO, coating.

Spray parameters Unit Bonding layer AL O3-13% TiO, layer

M1 M2 N1 N2
Plasma power kW 30 35 35 30 30
Primary gas pressure Psi 50 100 100 40 40
Secondary gas pressure Psi 60 60 60 60 60
Carrier gas pressure Psi 30 40 40 20 20
Powder feed rate Rpm 1 1 1 3 3
Coating speed mm/s 250 250 250 250 250
Layer Cycle 2 10 10 10 10
Pre-heat Cycle 2 2 2 2 2
Spray distance mm 100 100 100 100 100

M I-microparticles without the bonding layer.
M2-microparticles with the bonding layer.
Nl1-microparticles without the bonding layer.
N2-microparticles with the bonding layer.

Fig. 2. SEM image of Al,03-13% TiO, coating surface for (a) microparticle and (b) nanoparticle coating.

data were fitted and interpreted using the Gamry EIS 300
software.

3. Results and discussion
3.1. Microstructure

Fig. 2(a and b) show the surface morphologies of micro
and nanoparticle Al,05-13% TiO, coatings, respectively with
metallic bonding layers. Evidently, the Al,05-13% TiO,
coatings exhibit lamellar splat structures. The structure was
formed during plasma spraying when the molten droplets
strike the substrate at a high velocity, resulting in splat
morphology [16]. The splat size of microparticle coatings is
slightly smaller than that of nanoparticle coatings because of
a denser feedstock powder. By providing a small droplet
splat, the microparticle coatings show an increment in voids
or pores from the splat boundaries appearing as a black area,
as shown in Fig. 2(a).

Fig. 3(a and b) show the SEM images of the coating
cross-section for the microparticle and nanoparticle

coatings with metallic bonding layers. The microparticle
feedstock exhibits coating with more pores randomly
distributed in the partially melted region, which is most
likely caused by an imperfect contact with partially melted
ceramic particles or gas entrapment formation [17].
In contrast, the nanoparticle feedstock provides coatings
with low pores through the alternately built partially
melted region and fully melted region. In some areas, the
two regions are combined without distinct boundaries.
This microstructure is anticipated and can provide a better
coating performance consistent with the observation in
previous studies on nanostructure coating produced using
nanocrystalline feedstock [8,18-20]. The low percentages of
pores contributed by both micro and nanoparticle feed-
stock are confirmed based on image analysis measurement,
as shown in Table 2. The presence of the metallic bonding
layer also reduced the coating porosity between the
microparticle (i.e., M1 and M2) and nanoparticle coatings
(i.e., N1 and N2) for a better thermal expansion between
the metallic bonding layer and the Al,03-13% TiO; coating.
These pores and microcracks were formed because of the
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Fig. 3. SEM image of the Al,03-13% TiO; coating cross-section for (a) microparticle and (b) nanoparticle coating.

Table 2

The surface roughness and the percentage of
coating porosity with and without Ni-Al
bonding layer.

R, (pm) % Pores
Ml 3.70 8.6
M2 4.30 6.3
NI 6.83 5.0
N2 7.70 3.9

tensile residual stress (quenching stress) generated during
the rapid cooling process of the droplets when they spread
out over the substrate [9]. The presence of the metallic
bonding layer increased the surface roughness of the coating
using either the microparticle or the nanoparticle feedstock.
This behaviour is caused by the particle size of the metallic
bonding layer that is relatively large and produces a the
coarser surface [21].

3.2. Corrosion behaviour

The electrochemical behaviour of the mild steel substrate
was evaluated by the Tafel extrapolation technique to
measure the corrosion rate in a tropical marine environ-
ment. The corrosion potential (E.,;) and corrosion current
density (i.,;) values were extracted from the Tafel plot, as
shown in Fig. 4. The corrosion rate was determined using a
software based on Eq. (1) [22]. The collected and analysed
data are presented in Table 3.

3.27EWi,,

A )
where EW=equivalent weight (g/equivalent), d=density
(g/cm?), A=sample area (cm?).

The microparticle without metallic bonding layer yielded a
corrosion rate of 3.05 x 10~ ® mmpy, whereas the nanoparticle
without metallic bonding layer yielded 1.9 x 10~° mmpy. The
nanoparticle without metallic bonding layer with smaller
particle size is shown to provide better protection to mild
steel when exposed to the marine environment. The higher
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Fig. 4. Tafel plot for coated sample M1, M2, N1 and N2.

corrosion rate of the microparticle without metallic bonding
layer sample compared with that of the nanoparticle without
metallic bonding layer sample was caused by the high coating
EW, which resulted from the denser feedstock powder of the
microparticle coating. The results agreed with those of the
previous study by Tian et al. and Yang et al., which found
nanoparticle coatings to provide better corrosion protection
than microparticle coatings [1,11].

The present study also found that the presence of a
metallic bonding layer caused an increment in the corrosion
rate. As shown in Table 3, the microparticle with metallic
bonding layer gives a higher corrosion rate than the
microparticle without metallic bonding layer, whereas the
nanoparticle with metallic bonding layer provides a higher
corrosion rate than the nanoparticle without metallic
bonding layer. This occurrence was caused by the high I,
contributed by the metallic bonding layer, which decreased
the corrosion resistance of the coating [1].

3.3. Electrochemistry impedance studies

The EIS characteristics of Al,O03-13% TiO, in fresh
seawater were examined at the open circuit potential after
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Table 3
The corrosion parameters of the coating extract from the Tafel plot.
Samples
M1 M2 N1 N2
Ior (NA/cm?) 0.5 5.2 1.2 1.7
E., (mV) —634.0 —714.0 —694.0 —663.0
Corrosion rate (mmpy) 3.05%x107° 7.87x107° 1.9x10°¢ 2.79%x107°
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Fig. 6. Equivalent circuit for micro and nanoparticle Al,05-13% TiO,
coating without bonding layer.
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Fig. 5. Nyquist plot of micro and nanoparticle Al,03-13% TiO, without
the bonding layer.

immersion for 11 weeks. Fig. 5 shows the Nyquist impe-
dance plots of microparticle and nanoparticle Al,O3-13%
TiO, coatings without the metallic bonding layer (i.e., M1
and N1). Considering these typical EIS plots, as well as the
studies by Gell et al [19] and Wang et al. [20] on the ceramic
coating of alumina, the EIS equivalent circuit for coating
without bond layer is proposed, as shown in Fig. 6, whereas
the calculated parameters relevant to the impedance studies
are shown in Table 4.

Based on the equivalent circuit, the impedance of the
measured system between the reference electrode and the
working electrode has three parts: electrolyte, ceramic
layer, and interface between the ceramic and the mild steel
substrates. The equivalent circuit consists of three resis-
tance components in a series, namely, solution resistance
(Rs), pore resistance (Rpor), which is the ceramic layer
pore resistance revealed by the capacitance of the ceramic
layer (CPE.), and polarisation resistance (Rp), which is the
resistance of charge transfer existing between the ceramic
and mild steel interface in parallel with the double layer
capacitance (CPEdI]) [23]. The constant phase element
(CPE) is a distribution parameter, indicating that the
electrochemical responses of the parts of ceramic coatings
do not correspond with the “pure” capacitance elements.
The capacitances used in equivalent circuits are usually
replaced with the CPE in the fitting of the EIS because of

the coarse, inhomogeneous presence of pores exhibiting the
“scattering effect.” The impedance for the constant phase
element is determined using Eq. (2) [24].

Zcpe = 1/[Yo(jw)"] (2

where, Y, and n are frequency-independent fit parameters,
w (=2nf) is the angular frequency, and j=\/-1. The factor
n, defined as a power, is an adjustable parameter that lies
between 0 and 1. If =0, CPE is an ideal resistance; if
n=1, CPE describes an ideal capacitor with Y, equal to the
capacitance (C). The physical meaning of »n remains
unclear.

Fig. 7 show the Nyquist impedance plots of microparticle
and nanoparticle Al,O5-13% TiO, coatings with metallic
bonding layers (i.e., M2 and N2). The proposed EIS equiva-
lent circuit for coating with the metallic bonding layer is
shown in Fig. 8, and the calculated parameters relevant to the
impedance studies are presented in Table 4.

As observed from the equivalent circuit, the impedance of
the measured system between the reference electrode and the
working electrode has four parts: electrolyte, ceramic layer,
metallic bonding layer, and interface between bonding and
mild steel. As a result, the equivalent circuit had additional
components, such as the coating capacitance and pore
resistance (Rpor), representing the metallic bonding layer.
Rp and CPEd] were present at the interface between the
metallic bonding layer and the mild steel.

The EIS fitting results, as listed in Table 4, show that the
nanoparticle coatings (N1 and N2) provide better polar-
isation resistance (R,) than the microparticle coatings (M1
and M2). The bond strength of the nanoparticle coating
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Table 4

The optimum fitted parameters based on EIS model of equivalent circuit for M1 and N1 without bonding layer (Fig. 6) and equivalent circuit for M2 and

N2 with bonding layer (Fig. 8).

Rpo 1 (KQ cm?) CPE, (MS cm?) n, Rpo 2 (2 cm?) Cc (uF) Rp (KQ cm?) CPE 4 (S em?) ng
M1 1.7 29 0.58 - - 12.0 6000 0.55
M2 43 2.5 0.57 100 200 8.0 4000 0.40
N1 6.0 1000.0 0.95 - - 30.0 6000 0.27
N2 9.0 2.2 0.52 900 100 20.0 600 0.40
2.5 with the corrosion rate obtained from the Tafel plot extra-
" polation, as mentioned in Table 3.
n
2.0
mEfEg ] .
" . 2 4. Conclusion
] ]
Ng i . "a The plasma spray method of microparticle and nanoparticle
c at “a ALO3-13% TiO; coatings on the mild steel substrate has been
- . . .
e . __.—l-..... = . shown useful for controlling the rate of material degradation
N - 3 M = in specified aqueous environment. The following conclusions
s ! _-' ! = can be drawn from the current study. To rephrase, the
0.5 \i W conclusion can be divided into two parts:
1) Concentrating on the effect of particle size.
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Fig. 7. Nyquist plot of the coating with the bonding layer.
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Fig. 8. Equivalent circuit for micro and nanoparticle Al,0;-13% TiO,
coating with bonding layer.

was found to exhibit better bond strength compared with that
of the microparticle coating [7]. High-strength bonding can
prevent the coating from spallation, which decreases the R,.
The presence of the metallic bonding layer shows that the R,
decreased from 12 KQ cm? to 8.0 KQ cm? for the micropar-
ticle coating, whereas the nanoparticle coating decreased from
30 KQ cm? to 20 KQ cm? after 11 weeks of immersion. The
metallic bonding layer influenced the corrosion behaviour of
the coating by accelerating the corrosion process because of
galvanic corrosion. The higher corrosion potential of Ni
compared with that of Fe promotes the formation of galvanic
corrosion on the mild steel substrate [1]. These results agree

compared with the nanoparticle coating, which increases
the voids or pores of splat boundaries. The SEM image
of the coating cross-section shows that the microparticle
coating consists of higher pores at 8.6%. In contrast the
nanoparticle coating consists of 5.0% pores.

b) The microparticle coating also provides better surface
roughness than the nanoparticle coating.

¢) The nanoparticle coating provides better corrosion
resistance in tropical seawater because of low porosity
and better bond strength.

ii-a) The presence of a metallic bonding layer reduces the
pores and voids for both microparticle and nanopar-
ticle coatings.

b) In contrast, the presence of metallic bonding layer
exhibits a rough surface for both microparticle and
nanoparticle coatings.

¢) However, the presence of the Ni—Al metallic bonding
layer diminishes the corrosion resistance resulting
from galvanic corrosion.

In short, the nanoparticle ceramic coated mild steel
without any metallic bonding layer is most preferable as it
provides better wear corrosion resistance in tropical
seawater, despite its rough surface.
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