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Abstract: The fabrication of nanocrystalline nickel coatings was conducted by pulse jet electrodeposition on the substrate of 45"
carbon steel. The effects of average current density on the surface morphology, microstructure, average grain size and microhardness
of nickel coatings were investigated by scanning electron microscopy (SEM), X-ray diffractometry (XRD) and microhardness
measurement. In addition, the corrosion resistances of coating and substrate were compared. It is revealed that the nickel coatings
prepared by pulse jet electrodeposition exhibit a fine-grained structure with a smooth surface and a high density, although some pores
and defects are still present in coatings. With the increase of average current density, the average grain size of nickel coatings is
reduced at first and then increased. The coating with the optimum compactness, the smallest average grain size (13.7 nm) and the
highest microhardness are obtained at current density of 39.8 A/dm?. The corrosion resistance is obviously increased for the coatings
prepared by pulse jet electrodeposition; however, the corrosion rate is increased after a certain period due to the penetration of the

corrosive media.
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1 Introduction

Along with the soaring development of economy
and technology over last decades, modern industry poses
higher demands on the materials capable of resisting
extreme environment such as high temperature, wear and
corrosion. As a common process used to protect a target
material, surface coating technique organically combines
advantages of both the substrate and coating material for
purpose of high mechanical properties (such as strength
and toughness) and environmental service demands
(such as wear and corrosion resistance). With ultrafine
grain size and extremely large specific surface area,
nanocrystalline materials exhibit a number of unique
physical, chemical as well as mechanical properties,
taking on a feasible way to enhance performance of
coating[1-2].

In recent years, jet electrodeposition technique, used
for nanocrystalline coatings or bulk metals, has gained a
wide range of applications with great prospects in the

coming decades[3—4]. Based on the electrochemical
principle, jet electrodeposition enables promoting the
liquid mass transfer velocity, decreasing the thickness of
diffused layer and increasing the limiting current density,
leading to an increase of deposition rate by tens or even
hundreds of times over conventional plating ways. Jet
electrodeposition provides a totally new approach to
rapidly produce nanocrystalline pure metal, alloy, as well
as composite coatings. Another assisting measure for
electrochemical process is pulse plating. Compared with
direct current deposition, pulse plating takes some
advantages, such as better uniformity of composition and
thickness, higher density, wear and corrosion resistance,
and lower porosity, inner-stress and impurity content
[5-6]. Nowadays, pulse jet electrodeposition (PJED),
combining jet electrodeposition and pulse plating, has
gradually become a new trend and an important
supplement in electrodeposition technique.

In the present study, the nanocrystalline nickel
coatings were prepared by PJED on a substrate of 45"
carbon steel and the influence of hydrogen evolution on
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the deposits was studied as well. The effects of average
density on the surface morphology,
microstructure, average grain size and microhardness of
the coating were discussed. The anti-corrosion behaviors
of the finished coatings together with substrates were
studied too.

current

2 Experimental

2.1 Theory of pulse jet electrodeposition

Theoretically, pulse jet electrodeposition is a plating
method that incorporates pulse modulated power with jet
electrodeposition system[7]. Through a nozzle, plating
solution is continuously and directly sprayed onto a
cathode surface, exciting a continuous liquid strike
between aqueous solution and substrate. This kind of
strike not only lowers diffused layer thickness and
prompts limiting current density, but also retains
depositing quality as usual even under the limiting
current density. In general, there are two types of pulse
modulated powers available, that is constant-current and
constant-voltage pulses. The metal ions of the plating
solution on the cathode surface are deposited during the
pulse on-time (Z,). In off-time (fy), metal ions
concentration will be fully recovered. If ¢, is set short
enough, a very high peak current density will be
achieved and play a highly stimulating role in increasing
overpotential, enhancing coating quality and reducing
negative impact of hydrogen evolution[8].

Based on the analysis above, PJED increases crystal
nucleating rate due to the higher current density, giving
rise to the formation of nanocrystalline coatings.

2.2 Experimental equipment

The cathode substrate material was made of 45"
carbon steel (50 mmx20 mmx10 mm in size) and the
anode material was nickel rode (99.9%). Prior to
electrodeposition, steel plates were cleaned through a
careful polishing and emerged in alcohol solution to get
rid of contaminants. Based on the theory of PJED, a
device for purpose of rapid fabrication of nanocrystalline
nickel coating was designed, as illustrated in Fig.1.

The system is composed of CNC unit, electrolyte
circulation unit, pulse power supply unit and
temperature-control system. CNC system was comprised
of industrial PC, software and servo system, etc.
Electrolyte circulation unit takes the control of
electrolyte supplement.

2.3 Composition of electrolyte and deposition
processing parameters
The experimental compositions of the electrolytes
and operating parameters are listed in Table 1. Among
adding ingredients, nickel sulfate worked as the main
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Fig.1 Schematic diagram of pulse jet electrodeposition

Table 1 Composition of electrolyte and process parameters

Chemical plgL™h Purpose
NiSO,4 6H,0 250-300 Ni source
NiCl,-6H,0 35-40 Anode activator

Boric acid 4045 Buffer

Wetting agent 0.1-0.2 Surfactant

Brightener 1-3 Stresses reliever and

grain refiner

salt; nickel chloride worked as the anodic activating
agent. Boric acid worked as the buffer reagent that serves
to maintain the pH value in electrolytic solution, restrain
the precipitation of hydroxides occurring on the cathode,
raise the cathode polarization and improve the
morphology of deposits. Additionally, as an important
organic additive in producing nanoscaled-nickel.
Brightener could also brighten the coating surface and
reduce the grain size of the coatings.

A group of rectangular current pulses with various
average current densities of 9.9, 29.8, 39.8, 49.7 and 59.7
A/dm?, respectively, were used in plating. Other process
conditions are listed in Table 2.

Table 2 Process conditions of pulse jet electrodeposition

Parameter Value
Solution flow rate/(L-h™") 150
Jet distance/mm 10
Nozzle scanning speed/(mm-s ") 10

Nozzle size d 1 mmx10 mm

Jet time/min 60
pH 4+0.1
Temperature/ C 50+1
Duty ratio of pulse/% 50
Pulse frequency/Hz 1 000
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2.4 Microstructure characterization and performance
test

The surface microstructure of the coatings was
characterized by scanning electron microscopy (SEM,
LEO-1530VP, Oxford). The average size of crystallites
was calculated with the Scherrer formula according to
XRD peak broadening. The XRD detection was carried
out by a X-ray diffractometer (XD-5A, Japan) under
conditions of radiation source of Cu K,, wavelength of
0.154 178 nm, voltage of 40 kV, current of 60 mA,
scanning speed of 4 (*)/min and step size of 0.02°.

Microhardness test was undergone by a
HVS-1000A Vickers microhardness tester under a load
of 100N in a dwelling time of 15s. The distance between
the indentations was kept at least three times as large as
the diagonal size of indentation in case of residual stress
interfering with neighboring indentations measurement
[9].

The corrosion resistance was measured by a
mass-loss mensuration with each value derived from the
average of three specimens. The specimens were cut into
20 mmx10 mmx10 mm blocks and a specified 20 mmx
10 mm area of each block was to be corroded. Before
corrosion, they were mechanically polished with 800 grit
emery paper, and degreased in organic solvent, ethanol
and distilled water in turn. Then, the area for corrosion
was dried and measured by the micrometer and the rest
part was protected by a layer of epoxy resin. The
corrosion process was carried out in a 10% HCI aqueous
solution for a total of 68 h. The sample was taken from
the corrosion solution at a certain period to weigh the
mass-loss by a precision electronic balance with an
accuracy of 1x10™* g. Corrosion resistance is reflected by
the corrosion rate, which can be expressed by the ratio of
corrosion mass loss to the product of corrosive area and
time.

3 Results and discussion

3.1 Morphology of nanocrystalline nickel coating

The cross-sectional SEM image of the nickel
coating is shown in Fig.2. As illustrated, no microcracks
are observed in the highly-dense nickel coating with a
uniform deposit thickness of around 60 um. However,
there presents a clear interface between coating and
substrate.

In general, during the entire cathode reaction, metal
ion deposition is companied by the appearance of
hydrogen[8]. Hydrogen appearance is an inevitable side
reaction, which is harmful because it not only reduces
the cathodic current efficiency and costs more electricity
power consumption, but also impacts the coating
property. However, this disadvantage can be improved

Fig.2 SEM morphology of cross section of coating prepared
with current density of 39.8 A/dm>

by a joint action of pulse modulation and jet electrolytic
solution. The pulse jet electrodeposition dramatically
decreases the thickness of cathode diffused layer,
improves the mass transfer process, reduces the
concentration polarization of the hydrogen evolution
reaction, and brings down the overpotential by hydrogen
evolution[5]. This can be proved by the study of
hydrogen evolution in nickel electrodeposition[6].

Although the hydrogen evolution reaction will be
promoted to a certain extent, the concentration
polarization of the deposited nickel ion simultaneously
decreases. As a result of the competition, a high cathode
current efficiency can still be maintained. Furthermore,
PJED will be able to considerably improve the stability
of pH value by inhibiting pH level from rising around
cathode, as a result, generating much less Ni(OH),. Even
if a small amount of basic colloidal salts still generate,
they would be redissolved in the plating solution again
when they grow and hardly attach to the cathode surface
because of the continuous strike of the rushing
electrolytes. Additionally, the strike between plating
solution and cathode substrate also hinders hydrogen
atoms from being adsorbed onto the electrode surface,
lowering the concentration of hydrogen atoms at the
cathode surface and largely decreasing hydrogen
embrittlement in this area. So, it can be concluded that
PJED is evidently in favor of creating high-quality
nanocrystalline nickel coatings.

The SEM morphology of PJED nickel coatings
(Fig.3) shows a comparison of coatings under various
current densities. From a macro viewpoint, the deposit
layer featuring variously-sized nanocrystalline grain is
basically compact, but still contains some observable
pores and defects. The coating prepared under a
relatively low current density of 19.9 A/dm* exhibits a
rough surface and coarse grain size (Fig.3(a)). In contrast,
as current density is increased, the deposit surface
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becomes smoother and smoother with gradually refined
grains till the current density reaches 39.8 A/dm’. Then,
with current increasing, the whole deposit layer
undergoes a cellular-like growth, companied by a larger
grain size, higher surface roughness, lower density and
worsened surface flatness. At this point, concentration
polarization increases and deposition process is
controlled by diffusion. The reactive particles which
diffuse from the deep solution are easy to arrive the small
protrusion of the surface. The deposition surface will
become rough by the fighting for ion.

The cyclic and intermittent formation of diffusion
layer in the pulse jet electrodeposition decreases its
actual thickness and reduces the concentration
polarization. In the meantime, its current density and
overpotential are larger than those of direct electroplating
by many times, which promotes the electrochemical

Fig.3 SEM morphologies of PJED nickel
coating prepared under different current
densities: (a) 19.9 A/dm?%; (b) 29.8 A/dm?;
(¢) 39.8 A/dm?% (d) 49.7 A/dm?; (e) 59.7
A/dm’

polarization and the nucleation. It also makes the
crystallization meticulous. Additionally, the existence of
pulsing interval inhibits the crystal nucleus growing, and
crystalline grains get refined, which makes plating have
more perfect structure than direct electroplating[5].

3.2 Influence of current density on grain size and

preferred orientation

The average size of crystallites was calculated with
XRD peak broadening using the Scherrer formula[10].

According to the (111) and (200) peaks in Fig.4, the
average grain sizes calculated by Scherrer formula are
25.1,14.1, 13.7, 13.9 and 14.4 nm, respectively. It shows
a declining-and-raising trend with the increase of average
current density, similar to the result reported in Ref.[11],
but quite different from that prepared under direct current
electrodeposition. As pointed out in Ref.[12], the average
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Fig.4 XRD patterns of coatings under different current

densities: (a) 19.9 A/dm? (b) 29.8 A/dm?; (c) 39.8 A/dm®;
(d) 49.7 A/dm?; () 59.7 A/dm’

grain size of the deposits goes up as the deposition
current density increases.

Fig.4 also shows a shift on preferred orientation of
grain from (111) to (200) and eventually to a strong (200)
when the current density increases. PANGAROV[13]
suggested that the preferred orientation of the
electrodeposited grain was decided by cathode over-
potential. According to the calculation, electrodeposited
nickel is most likely to form (111)-like texture at a low
over-potential; while with the increase of over-potential,
the preferential orientation is (200), and then (220)
texture. The appearance of (220) texture can be attributed
to the high deposition over-potential resulted from the
high current density peak. Also from Fig.4, the
enhancement of (220) orientation with the increase of
current density may be resulted from the hydrogen atoms
absorption. Compared with the (200) crystal plane, (220)
has a lower surface energy; therefore, hydrogen atoms
are more easily adsorbed on the (220) crystal plane
instead of (200) with the increase of current density. The
adsorption of hydrogen inhibits crystal growth on the
(220) crystal plane. In Ref.[14], it was found that the
preferred orientation would change from (200) to (220)
when the current density increased to a certain level.

During metal electrodeposition, the crystal
nucleation takes place only if the electrode potential
deviates from the equilibrium potential to a certain
negative value, i.e. the over-potential transiting to a
certain positive value. Through the special interaction

mechanism between the plating solution and substrate,
PJED not only significantly decreases the diffusion layer
thickness and promotes the limiting current density, but
also generates a high cathode over-potential, which can
reduce the critical nucleation radius and increase
nucleation rate, and is quite helpful for forming a large
amount of new crystal nucleus and suppressing the
growth of existing crystallites simultaneously, resulting
in a fine and compact structure[15]. As a result, the
average grain size of nanocrystalline nickel coatings
decreases from 25.1 to 13.7 nm with current density
increasing from 19.9 to 39.8 A/dm’ which can be
attributed to the presence of the raised over-potential and
high crystal nucleation rate caused by increase of current
density. However, if current density further increases,
Ni*" fon around cathode cannot be supplemented in time
during a extremely short pulse interval, leading to a
reduction of charged ions in this area. As a result, the
reduction of nucleation rate due to the decrease of Ni*"
outweighs the increase caused by overpotential. In
addition, the increase of overpotential results in the
increase of hydrogen evolution, leading to the grain
growth eventually. JIANG et al[12] also researched the
influence of current density on the average grain size in
PJED and drew a similar conclusion that the average
grain size increases when the current density is higher
than a certain level.

3.3 Microhardness

The microhardness of coatings under different
current densities is presented in Table 3. Compared with
the mean grain size, it can be found that microhardness
increases with the reduction of grain size, in good
agreement with the Hall-Petch empirical relationship.

Table 3 Microhardness of coating under different processing

parameters
Current density/(A-dm ) Microhardness (HV)
199 462.5
29.8 495.3
39.8 520.6
49.7 515.2
59.7 507.8
3.4 Corrosion resistance
In Fig.5, two corrosion rate — time curves

correspond to the substrate and the sample coated by
PJED nickel, respectively. As for the corrosion resistance,
the PJED-nickel coated sample is much better than the
bared substrate during the first 26 h of corrosion. After
this period, however, the anti-corrosion behavior of
coated material is worse than the substrate. This can be
explained that, on one hand, the nickel coating with
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fined-grain and compact structure has a far lower
corrosion rate than substrate material, on the other hand,
a few pores and defects scattered on the nickel coating
allow corrosive liquid to infiltrate into substrate and
accelerate corrosion in the coming time.

* — Substrate
0.25 4 — Coated by PJED nickel

0.20
0.15

0.10

Corrosion rate/(g+h™'+dm™)

<
<
O

07 10 20 30 40 50 60 70
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Fig.5 Curves of corrosion rate versus time

Currently, there are two different viewpoints on the
coating corrosion mechanisms[16]. One argues that
corrosion media come into substrate along the pores and
defects of coatings to corrode and lead to its failure,
while the other regards that the corrosion also exists
inside coatings. Actually, the real corrosion failure
mechanism is not completely clear now. Regardless, the
microcracks, pores and defects on and inside coatings
should be avoided as much as possible to improve
corrosion resistance. Other proposed methods associated
with  anti-corrosion, including composite electro-
deposition[1,17] and laser remelting treatment[18], are
effective ways to improve the corrosion resistance.

4 Conclusions

1) Under given process parameters, the nickel
coatings prepared by pulse jet electrodeposition exhibit
some advantages, such as, fine grain, smooth surface and
good bond with substrate, except for little pores and
defects.

2) With the increase of average current intensity, the
mean grain size undergoes a declining-and-rising trend.
At an optimum current density of 39.8 A/dm’ the
coating with finest grain size of 13.7 nm shows the better
properties in the compactness and microhardness.

3) Processed by pulse jet electrodeposition, the
corrosion resistance of target material was considerably
improved, but the corrosion rate increases somewhat
after 26 h in the presence of long-time corrosive media
penetrating.
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