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Multilayered Ni coatings were successfully deposited on martensitic stainless-steel substrates by
electrodeposition method with intermittent ultrasound. It is a novel kind of multilayered microstructure
of stacked-up sandwiches, whose compositions of each monolayer are the same to those of'its adjacent
layers. The grains of ordinary Ni layers are columnar, vertically to the substrate surface, but the grains
of ultrasonic Ni layers grow parallel along the substrate surface. By multilayered structure, the pinholes
running through the coating were obviously inhibited, because the multilayered Ni coating can cover
the whole surface of the substrate without the direct pinhole passages down to the substrate. Therefore,
its corrosion mechanism is the uniform corrosion. For the ordinary Ni coating, the direct corrosion on
the substrate can occur through the pinholes, which are the convenient passages for corrosive media
to reach the substrate easily. This behavior can lead to the Fe/Ni galvanic corrosion, coating adhesion
reduction, and quick formation of coating cracks in the ordinary Ni coating.
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1. Introduction

Electrodeposited nickel coating has wide industrial
applications due to its excellent anti-wear and anti-corrosion
characteristics. However, it is well known that the pinholes,
which can penetrate the whole coating, can be found in the
conventional Ni coating'. Hence, conventional electrodeposited
Ni coating cannot be used directly as a corrosion-resistant
coating unless its thickness exceeds 25 um?3. At present, the
desired performance criteria of electrodeposited Ni coatings
are toward the high corrosion resistance and tough wear
resistance*’. Therefore, new electrodeposition technologies
are urgent to meet the diversified requirements of industrial
applications. Intense efforts have been made for the synthesis
of the Ni coating by nano-particles®*, as well as embedding
ultrahard particles into the electrolyte, such as SiC and
ALO,>"° Tt is well demonstrated that the modified coatings
with nanocrystallines and the embedded particles showed
good corrosion and wear properties'"!2.

However, irrespective of the mentioned-above improvements,
electrodeposited monolayer deposits still suffered from an
evitable drawback - pinhole. By introducing multilayered
structure, multilayered coating can interrupt the opening feature
of pinholes from coating surface to substrate, and thus lower
the porosity density considerably'*. Moreover, monolayer Ni
coating does not perform well for the normal angles due to
their high internal stress'*. Multilayered structure changes the
stress state in the coating, which relieves interfacial stresses
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if the adjacent layers which develop tensile and compressive
stresses are involved. In this case, the corrosion will occur
at the defect site, and the flaking in large areas around
the corroding site in the conventional Ni coating will be
impeded. Past studies focused on the multilayered coatings,
whose composition of any monolayer were different from
that of its adjacent layers, i.e. Ni/Cu'®, Cr/Ni', Zn-Ni'” and
Ni-W'8 modulated coating. It has been mentioned that some
multilayer coatings exhibited higher corrosion resistance than
single layer ones'”?. In multilayer coatings, the corrosion
resistance was increased due to the reduction in interconnecting
pores and defects?*?!. The anti-corrosion mechanisms are
as follows: i. Corrosion initiates from the outer layer and
gradually produces a short-range pinhole from surface to the
sublayer; ii. As the pinhole develops to the sublayer which
exposes to the corrosive solution, the corrosion process
spreads here, instead of penetration toward the substrate;
iii. the pinhole penetrates throughout the sublayer until the
following underlayer exposes to the corrosive solution and
again the cathodic protection of sublayer and the lateral
propagation of corrosion in following layers proceeds?.
This corrosion/protection process postpones the progress
of corrosive medium to the steel substrate. Therefore, if the
layer number (interfaces) is more, the corrosive medium
will take a much longer time to penetrate through all those
layers into the substrate®.

Nowadays, effect on high-power ultrasound in
electrodeposition is an active research area. Ultrasonic
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irradiation with high intensity has exhibited both chemical
and physical effects on electrochemical process, i.e.
mass-transport enhancement?, surface cleaning, radical
formation, instantaneous nucleation behavior®, as well as
decreasing cathode polarization and increasing exchange
current density®*?. In fact, the ultrasonic actions bring two
important effects: cavitation and acoustic streaming. The former
phenomena concern the formation, growth, and implosive
collapse of bubbles in the solution which were irradiated
with high-intensity ultrasound, while the latter ones relate to
time-independent and unidirectional flow currents in a fluid
due to the presence of ultrasonic waves™®. The electrodeposited
coatings, which were obtained from the ultrasound-assisted
bath, indicated significant improvements in microhardness
and wear resistance of the composite coatings, compared to
the coatings without ultrasound?'. Shetty and Chitharanjan
Hegde® induced a kind of multilayer Ni-Co alloy coating
using periodic acoustic cavitation, and found that corrosion
rate was increased by reducing the ultrasonic processing time
since the sonication promoted homogeneity and modulated

Table 1. Composition of the depositing solution and the depositing
parameters.

NiSO,x6H,0: 250 g/l
NiClL,x6H,0: 40 g/l
H,BO,: 35 g/l

Temperature: 45~55 °C
Current density: 0.6 A/dm?
Anode: Ni

Cathode: martensitic
stainless steel sample
Thickness: 20+0.2 um

Sodium laurel sulphate: 0.05 g/1
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mass transport. Cui et al.> developed multilayer Cu coatings
using intermittent ultrasound during electrodeposition, and
found corrosion and wear resistance as well as coating
adhesion was enhanced, but hardness decreased.

In this work, an intermittent ultrasonic agitation is used
in the Watt Ni electrodeposition course. This technique is
promising because it is a simple and cost-effective method
which is based on the simple combination of a conventional
electrodeposition and a high-power ultrasonic irradiation.
In this way, a novel kind of multilayered Ni coating, whose
composition of each monolayer is the same, was successfully
obtained by the ultrasound-assisted electrodeposition process.
Its corrosion behavior and the microstructure were investigated
systematically, compared with the ordinary Ni coatings.

2. Experimental

2.1 Materials

Martensitic stainless steel (1Cr11Ni2W2MoV) was
used as the substrate and the cathode. Ni plates (purity:
99.97%) were used as the anodes. Before electrodeposition,
the substrates were grinded with SiC abrasive papers to
3000 grit under running water, and then cleaned in acetone
solvent ultrasonically for 5 min. The substrates were
immersed in acid solution (HCI: 100 ml/L) for about 3 min,
then washed by deionized water immediately before the
electrodeposition. A nickel Watts’ solution was used as the
depositing solution. The compositions and electrodepositing
parameters are listed in Table 1. The schematic diagram of
the ultrasound-assisted electrodeposition device is shown in
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Figure 1. Schematic diagram of the ultrasound-assisted electrodeposition device.
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bath with the ultrasonic generators and heaters. The ultrasonic
waves were introduced into the electrolyte by an ultrasound
device (Model: CSF-1A, Shanghai, China). It should be
pointed out that the ultrasonic mass-transfer distributions
in the electrolyte®* are in the radial direction.

2.2 Coating preparation

The Ni coating was prepared without any ultrasonic
agitation during the whole electrodepositing process, namely
ordinary Ni coating. The process of multilayered Ni coatings
is as follows:

1. During the deposition of multilayered Ni coatings,
the mode of introducing ultrasound is that the
ultrasonic wave was intermittently introduced at
intervals with 60 s. In this way, multilayered Ni
coating is stacked by the ultrasonic Ni layers and
the ordinary Ni layers alternately.

2. The power and frequency of ultrasound is 600 W
and 25 kHz, respectively. The distance of the sample
to the vessel bottom is about 1 cm. The generator
power is 600 W while the power intensity in the
electrolyte is about 0.18 W/cm?, measured by the
calorimetric method*-.

In order to compare the microstructure feature of the
ordinary Ni layer with that of the ultrasonic Ni layer, a
bilayered Ni coating was prepared as follows: an ultrasonic Ni
layer was deposited with ultrasound for 30 min and then
the ordinary Ni layer was deposited for 30 min without
ultrasound.

2.3 Characterization

Surface and cross section morphologies of the Ni coatings were
observed by scanning electron microscope (SEM) (XL-30FEG).
An etchant solution (10 mL HNO,, 10 mL CH,COOH,
15 mL HCI and 3 drops glycerol) was used in order to
highlight the microstructure in the multilayered coatings.
The porosity of the coatings was calculated using porosity
analysis software on an optical microscope (MEF-4).

2.4 Corrosion tests

Electrochemical tests were carried out in 3.5% NaCl
aqueous solution at room temperature. Experiments were started
after immersing the specimens into the solution for 10 min.
A platinum electrode, a saturated calomel electrode (SCE)
and coated samples were used as counter electrode, reference
electrode and working electrodes, respectively. All potentials
are referred to SCE. Electrochemical impedance spectroscopy
(EIS) spectra were acquired with AC frequencies ranging
from 10° Hz to 1073 Hz using an EG&G273 electrochemical
system. The impedance spectra were acquired at a time interval
of every 4 hours. Then, potentiodynamic polarization was
performed in the applied potential range from 100 mV below
the corresponding E, _to +350 mV. ZSimpWin software was
used for the data fitting. The static corrosion experiments were
carried out in 7 vol. % HCI solution at room temperature.
Mass loss of the samples after immersion was measured with
a FA1104N type single pan balance. After immersion for
10 min, X-ray photoelectron spectroscopy (XPS) analyses
were carried out using ESCALAB 250. The XPS patterns
were deconvoluted by the XPSPEAK software.

3. Results

3.1 Microstructure of the coatings

Cross sectional morphologies of the bilayered Ni
coating and the multilayered Ni coating are shown in
Figures 2a and 2b, respectively. From Figure 2a, it can be
observed that the microstructure feature of the top ordinary
Ni layer is obviously different from that of the ultrasonic
Ni sublayer. The grains of ordinary Ni layer are columnar,
vertically to the substrate surface, but in contrast the grains
of ultrasonic Ni layer grow parallel along the substrate
surface. The main reason is that ultrasonic vibrator in the
electrolyte emits strong wave signals with high frequency,
high pressure and strong vibrations, which are converted to
mechanical vibrations in the electrolyte bath. The ultrasonic
power enhances the electrochemical process by increasing
electron transfer, and the effective sonochemical process
can cause more cavity/solvent interfaces and promote more
violent bubble collapse®’. The ultrasonic waves spread in a
mode of continuous, radial and straight line just along the
grain arrangement of the ultrasonic Ni layer in Figure 2a.
It resulted from the producing small negative pressure bubbles,
which were broken out on the cathode surface intensively

B |

Nil

\ e b Y WE
la'yer (\Vithmlt ulfrasound)

Substrate

20 ym ———

Figure 2. SEM images of the cross section of Ni coatings. (a) bilayered
Ni coating (b) multilayered Ni coating.
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and continuously. This behavior enhances the instantaneous
surface activity and increases the nucleation rate greatly3®.
As aresult, the epitaxial growth of columnar Ni grains was
markedly suppressed.

From Figure 2b, it can be observed that the microstructure
of multilayered Ni coating is clearly a structure of stacked-up
sandwiches. The white layers are the ultrasonic Ni layers and the
dark ones are the ordinary Ni layers. From Figures 2a and 2b,
it can be considered as textured that the ordinary layers are
vertically situated and the ultrasonic layers are horizontal.
Therefore, the multilayered coating can entirely get rid of
the straightforward pinhole formation®#. In case of the
traditional multilayered coatings, the compositions of any
monolayer are different from those of its adjacent layers so
that the crystallization kind, crystallographic lattice constant
and grain size are different at the interface of two adjacent
layers**. However, in our multilayered Ni coating, the
inherent pinholes are originally epitaxial, but are cut off by
the ultrasonic Ni layers, due to the totally different growth
mode for the ordinary and ultrasonic Ni layers. In other
words, their growth directions change at the interfaces, so
that the formation of pinholes can be effectively suppressed
by the multilayered structure.

Figures 3a and 3b show the micrographs of ordinary
Ni coating and multilayered Ni coating, respectively. Some
pinholes can be observed on the ordinary Ni coating in
Figure 3a, and these are also present in other researches***.
In Figure 3b, no pinholes can be observed, even in a much
higher resolution (40000x) than that of ordinary Ni coating
(10000x). The porosity test results show that the ordinary Ni
coating contains about 34 pinholes per square centimeter, but
no pinholes can be observed in the multilayered Ni coating.

3.2 Corrosion tests

EIS is an excellent method to identify the corrosion
mechanism and kinetics. The Nyquist plot is a semicircular
plot between the electrochemical real and imaginary
impedance in Figure 4 and the EIS data can be explained
by means of simple electrical circuits as shown in Figure 5.
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Corrosion resistance of a coating can be explained by two
different circuits: i. one-time constant circuit as shown in
Figure 5a where the solution resistance (R,) is in series with
the double layer capacitance (Q,,), which is in turn parallel
to a charge transfer resistance or polarization resistance (R);
ii. two-time constant circuit in Figure 5b is utilized. Here, an
embedded parallel resistance (R,) and a capacitance (Q,) are
in series with the main Randles circuit”. The two resistances
R, and R, in the two Ni coatings can be characterized as
the polarization resistance of the corrosion product and the
coating, respectively. The impedance is given by the Equation 1

Zg=(WpJo")! M

where Z is the impedance (Q), Y, is the capacitance
factor (Q!'s"), o is the angular frequency (rad-S™), and
n is the empirical exponent of Q0. When Q is close to 1, the
behavior can be equalized to a double layer capacitance.
In a Nyquist plot, the polarization resistance approximately
corresponds to the size of the semicircle™. EIS spectra of
ordinary Ni coating and multilayered Ni coating are shown
in Figure 4. EIS parameters determined from the equivalent
circuit models are shown in Table 2 for the two Ni coatings.
The Nyquist plots of ordinary Ni coating exhibit two-time
constants, which is characterized by the appearance of two
semi-circles. The quick response for the two-time constants
implies the existence of the pinholes. The presence of fine
pinholes in ordinary Ni coating shows an inferior degree of
coating protection against NaCl corrosion. This behavior
climinated until 8 h and then the character changed into
one-time constant. With the increasing exposure time, the
pinholes were filled with adhesive corrosion products,
which could protect the following corrosion attack. Then,
corrosion resistance of the coating increased progressively
due to Ni enrichment on the surface. Unlike ordinary Ni
coating, multilayered Ni coating shows one-time constant
during the whole 24 h exposure cycle, indicating that the
NaCl solution did not penetrate the coating to the substrate
after the 24-hour immersion time due to the multilayered
structure. Since it was too difficult for the NaCl solution

Figure 3. Surface SEM images of Ni coatings. (a) ordinary Ni coating. (b) multilayered Ni coating.



10000

Study of Microstructure and Corrosion Behavior of Multilayered Ni Coatings by Ultrasound-assisted Electrodeposition 5

Ordinary Ni coating

Multilayered Ni coating

20000
—— Initial
150
. 4hrs
17500 -
~—«—8hrs 100
—— 12 hrs =
75004 . G hrs 50 ‘o 15000
« 20hrs ol !
» 24hrs 0 200 400 600 o
E 3
§ 50004 Sk 2 o
g o ~— -
N S T b
= Sl W = 7500
S \\\
2500 ~ \ > ol
= .
-\\ 4 \Q.
“ g v 2500 -
04 0-
4000 6000 800D 10000 12000 0 5000 10000 15000 20000 25000 30000 35000
1Z'] (ohm) 1Z'| (ohms)

Figure 4. Nyquist plots of ordinary Ni coating and multilayered Ni coating in 3.5% NaCl solution for immersion time more than 24 h at 298 K.
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Figure 5. Equivalent circuit models used for fitting the Nyquist data. (a) one-time constant. (b) two-time constants.

Table 2. Equivalent circuit parameters of the Ni coatings from the Nyquist plots.

‘ NN

. Q, Q,
Elapsed time (h) R, (KQ) R, (KQ) Y] - R, (KQ) a -
Ordinary Ni coating
0 0.033 0.2487 5.76E—-06 0.73 0.603 1.92E-03 0.57
4 0.035 2.737 6.08E—05 0.80 5.24 2.61E-04 0.76
8 0.035 9.46 1.22E-04 0.79 6.79 1.64E-04 0.79
12 0.0348 10.91 1.59E-04 0.80
16 0.0343 10.19 1.87E-04 0.81
20 0.0344 11.84 2.04E-04 0.82
24 0.0344 12.73 2.22E-04 0.81
Multilayered Ni coating
0 0.0282 0.384 9.47E-07 0.83
4 0.0286 0.621 1.59E-06 0.72
8 0.0293 0.520 1.25E-06 0.87
12 0.0303 0.249 1.04E-06 0.77
16 0.0305 0.218 1.59E-06 0.78
20 0.0304 0.305 1.61E-06 0.77
24 0.0303 0.310 1.64E-06 0.76

to penetrate through the very long pinholes, which were
extended by the multilayered structure, the shape of the
Nyquist plot depends on the penetration depth (r) of the
solution and pinhole length (1)*'. The shape of Nyquist plots
obtained from multilayered Ni coating is a semi-circle, which
is similar to the limiting case when [>>r and the AC signal

manages to reach not the substrate but the bottom of the
pinhole. In such cases, the entire electrode behaves as a flat
surface, which is independent of the substrate.

Figure 6 shows the potentiodynamic polarization curves
in 3.5% NaCl solution for the multilayered Ni coating and
the ordinary Ni coating at room temperature. The corrosion
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potential (E_ ) and corrosion current density (I ) were obtained
from the potentiodynamic polarization curves are listed in
Table 3.1 _was determined by extrapolating the straight-line
section of the anodic and cathodic Tafel lines™. In Figure 6,
the cathode behavior in the polarization curves corresponded
to the hydrogen evolution, and the anodic behavior was the
most important features, i.e. the corrosion resistance. It is
noted that corrosion resistance of materials or coatings has
a close relationship to their passivity-maintaining current
densities in the polarization curves. Passivity-maintaining
current density can remain stable as the potential increases
within a certain potential zone. From E-I plots, it is evident
that the multilayered Ni coating exhibits a much lower
passivity current density (about 10 pA/cm?), over a wide
potential range (-0.26 to +0.03 V). Moreover, E__ of the
multilayered Ni coating shifted positively about 180 mV,
and I _decreased from 3.98 pA/cm? (ordinary Ni coating)
to 1.12 pA/cm? (multilayered Ni coating) approximately.

Potential vs.SCE (V)

04 |

— Ordinary Ni coating
N
\
1 1 1 1 1 1 1
1E-9 1E8 1E7 1E-6  1ES 1E-4 1E-3 0.01
Current density (A/cmz)

Figure 6. Potentiodynamic polarization curves for the Ni coatings
in 3.5% NaCl solution at 298 K.

Table 3. Corrosion parameters of the investigated coatings in 3.5%
NaCl solution derived from potentiodynamic polarization curves.
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The polarization response of the ordinary Ni coating shows
two sequential processes, including a cathode evolution
of H, and an anodic dissolution. No passive region can be
identified, implying the poor corrosion resistance of ordinary
Ni coating. Concerning the distinct passivity regime for the
multilayered Ni coating, it is evident that the multilayered
structure significantly promotes corrosion resistance.
Figure 7 shows the mass loss exposed to 7 vol.% HCI
solution. From Figure 7, mass loss of multilayered Ni coating
is only 0.093 mg/cm? after immersion for 48 h, but mass
loss of ordinary Ni coating seriously reached 1.066 mg/cm?
for only 2 h. Itis expectable, based on the polarization data.
It can be concluded that corrosion rate of the ordinary Ni
coating is much faster than that of the multilayered Ni coating.

4. Discussions

The effect of corrosion protection of the martensite steel
substrate by multilayer coatings in contrast to single coatings
is ascribed to the selective dissolution of several layers with
alternatively varying composition?>>3%4, A similar preferential
dissolution of less noble element from the alloy is a well-known
demetallization can occur as confirmed by the literatures>>6.
However, in our study, no element difference between the
layers can be detected, i.e. no preferential dissolution of
element or layers can occur during the corrosion. Thus, the
corrosion mechanism can vary from those studies.

Primarily, the compositions of the passive film of both
Ni coatings should be investigated by XPS profiles after
immersion in 7 vol.% HCI solution for 10 min, shown in
Figure 8. The XPS analysis suggests that the surface of the
ordinary Ni coating contains mostly Ni (852.7 eV) with
hydrated nickel oxide — Ni(OH), (856.4 €V) as a secondary
component. The NiO curve cannot be deconvoluted by the
XPSPEAK software for the ordinary Ni coating, since the
NiO curve is almost in coincidence with the base line. On the
other hand, the surface film of the multilayered Ni coating is
comprised of NiO (853.5 ¢V) and Ni(OH), (856.4 €V), with
Ni 2p peak at 852.5 eV as a major component. It was reported
that the passive film with bilayered structure contained an
inner barrier layer of protective NiO and an outer layer of
anhydrous Ni(OH),, and this integrated bilayered structure
greatly inhibited the corrosion of Ni*”. Nickel(II) oxide (NiO)
is confirmed as the main component, which is responsible
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Figure 7. Immersing experiment results of the Ni coating samples in 7 vol.% HCI solution.
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Figure 8. Ni 2p XPS peaks for the passive film after immersing in 7 vol.% HCl solution. (a) ordinary Ni coating. (b) multilayered Ni coating.

for passivity on nickel in acidic environments®. Thereby,
NiO layer is a significant component in the passive film.
Once the integrated passive oxide film on the multilayered
Ni coating is formed, it cannot be easily removed by either
cathodic treatment or chemical dissolution.

In order to interpret the absence of the NiO layer in
the passive film of ordinary Ni coating, the representative
schematic kinetic behavior of H,O diffusion at the defect
of pinholes in the coatings is shown in Figure 9, which is
also reported in the literatures®°. The directions and sizes
of the arrows mean the transferring direction and the speed
of H,O diffusion, respectively. The isoconcentration curves
of H,O are formed by the arrow tips when the coating
sample was immersed in the HCI aqueous solution for
some time. Commonly, the H,O transferring is preferably
diffused through the coating defect, i.e. pinholes. In the
perfect state, the passive film is continuous and complete.
In fact, the condensed pinholes break the integrity of the
passive film, which is only several nanometers in thickness,
so that the NiO layer is diffused and hydrated by the water
for the ordinary Ni coating, turning into Ni(OH),. This is
one proof.

In addition, after the static corrosion experiment, the
surface morphologies of the Ni coatings were observed in
Figures 10 and 11. The results show that not only did a few
pits occur on the sample surface for the ordinary Ni coating,
but also the representative open corrosion pits (Figure 10b)
were generated. Many active corrosion sites, i.e. pinholes, can
accelerate partial corrosion. They are distributed throughout
the whole coating surface and thus decrease the overall
anodic overpotential. The substrate was partially exposed
(Figure 12a) due to the pinholes even if the adjacent surface
of the pinholes did not corrode at all. As we all know, the
pinholes are direct passages which can corrode the substrate
immediately, in order that the hydrogen can be released via
the passages. Moreover, Figure 10c reveals that the ordinary
Ni deposit shows big cracks all over the coating surface
as the immersing time was increased. In most studies, a
net of microcracks was observed during dissolution®"2,
The formation of microcracks or pores were contributed to
secondary reaction of hydrogen evolution. The production
of cracks in chloride media could deteriorate the properties
of the electrodeposited Ni coatings, specially the stability.
It was reported that Ni—W films with cracks showed lower
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corrosion resistance®. Additionally, in the rings of Figure 12a,
another corrosion mechanism of the ordinary Ni coating is
the formation of Fe/Ni galvanic couples®*® — corrosion
microbattery is generated — via the connective corrosive
media by pinholes. Oxygen and halide ions intrude into the
substrate directly, and then corrosion microbattery and even
oxide of Fe can be formed at the Fe/Ni interface. It is found
by SEM inspection in Figures 3a and 10b that the initial
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Figure 9. Schematic kinetic behavior of H,0 diffusion at the defect
of pinholes in the coating.
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corrosive solution could penetrate the coating easily, i.e.
corrosion pits, and the drastic action of corrosion behavior
on the substrate could arise. The corrosion micro-battery
and even oxide of Fe at the coating/substrate interface can
greatly lower the adhesion of the coating and the substrate,
and then the breakdown of the protective Ni coating would
occur when pits covered the whole coating surface. Eventually,
the coating system will disaggregate. This behavior can be
coincident with the EIS spectrum of the ordinary Ni coating,
the quick response of two-time constants from the initial stage
to 8 h immersion. As the samples were immersed in neutral
solution containing Cl" ions in the electrochemical test, the
corrosion attack is much slower than that of the samples
immersed in HCl solution. Both immersions can prove the
pinhole existence for the ordinary Ni coating.

On the contrary, it can be observed in Figure 11aand 11b
that the continuous and compact grains were distributed
homogeneously without any pinholes. Just as Figure 11b, the
multilayered structure can extend a long distance tremendously
when the corrosive solution could reach the substrate through
the multilayered Ni coating, because the parallel ultrasonic Ni
layers inhibit the pinholes of the columnar ordinary Ni layers.
Therefore, corrosion of the multilayered Ni coating occurred
at the localized corrosion of the coating surface, which is
irrespective of the substrate corrosion. Hence, samples with
multilayered Ni coating can avoid the dissolution behavior of

Figure 10. SEM micrographs of ordinary Ni coatings at various exposed time in 7 vol.% HCI solution. (a) 10 min, (b) higher resolution

in Figure 10a, ¢ 20 min.
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Figure 12. Schematic diagrams of corrosion mechanism of Ni coatings. (a) ordinary Ni coating (b) multilayered Ni coating.

the substrate and thus increase the overall anodic overpotential.
The hydrogen cavities as discussed in the ordinary Ni coating
cannot occur on the multilayered Ni coating, in respect that
there are no pinholes at all. Therefore, the corrosive solution
cannot reach the substrate, in order that hydrogen evolution
can be reduced seriously. Moreover, the passive film formed
on the sample surface was integrated for the multilayered Ni
coating according to Figure 12b, which was also validated
by XPS measurement. The inner protective barrier layer of
NiO was easily formed beneath the Ni(OH), layer. In this
case, the passive film plays a vital role in anti-corrosion
behavior for the multilayered Ni coating. The analysis of
the multilayered Ni coating presents a uniform corrosion.

Therefore, better corrosion resistance of the multilayered
Ni coating is attributed to the absence of the pinholes and
its integrated passive film.

5. Conclusions

Multilayered Ni coating is successfully obtained by
electrodeposition method with intermittent ultrasound. It is
the multilayered microstructure of stacked-up sandwiches,
in which the compositions of any monolayer are almost the
same to those of its adjacent layers.

Corrosion resistance of the multilayered Ni coating is much
better than that of the ordinary Ni coating. The multilayered
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structure can eliminate the formation of pinholes running
through the coating. The multilayered structure extends the
corrosive passages tremendously, so that it can remarkably
impede the straight invasion of the corrosion media to the
substrate. Therefore, corrosion mechanism of the ordinary
Ni coating is corroded through a large number of pinholes,
while that of the multilayered Ni coating is converted into
the uniform corrosion.
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