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A Ni-P nanocomposite coating is one of the most widely applied corrosion- and
wear-resistant coatings. However, the agglomeration of nanoparticles will
reduce their performance. In this study, SiO,@Ni nanoparticles with a core—
shell structure were first prepared by pre-plating, and then SiO,@Ni
nanoparticles were introduced into Ni-P coating to achieve a Ni-P-SiO,@Ni
composite coating. The results show that the existence of SiO,@Ni nanopar-
ticles can significantly reduce the agglomeration of nanoparticles in the
coating. Compared with Ni-P and Ni-P-SiOz nanocomposite coatings, the Ni-P-
Si0.@Ni composite coating exhibits improved corrosion and wear resistance
and hydrogen barrier performance. In addition, the Ni-P-SiO,@Ni composite
coating also has excellent mechanical properties, with a hardness of up to
340 HV and a bond strength of 15.8 MPa, presenting highly potential indus-
trial applications. This work provides a novel design of protective coating with
excellent anti-corrosion resistance and mechanical properties, which has a
promising prospect in the development of anti-corrosion coatings for alu-

minum alloys.

INTRODUCTION

Chemical deposition refers to the process of
chemical deposition of metal or alloy from its
compound aqueous solution, non-aqueous solution,
or molten salt."’? Due to the advantages of simple
operation and low cost, chemical deposition has
been widely used in various industrial sectors.’
Among such many chemically deposited coatings, a
Ni-P alloy coating with excellent mechanical prop-
erties and corrosion resistance is one of the most
widely applied coatings. Most recently, Ni-P amor-
phous alloy coatings were also found to have very
low hydrogen diffusivity (~ 10~'* m%s) and a good
hydrogen barrier property in comparison to low-
and medium-carbon steels.* Samanta et al.® found
that a Ni-P amorphous alloy coating displays a
slower and delayed H-permeation compared with a
crystalline Ni-P alloy coating electroplated on steel
at similar coating thickness. In order to further
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improve the structure and to enhance the wear and
corrosion resistance, nanoparticles have been intro-
duced into Ni-P coatings.'? Compared with the
traditional Ni-P coating, due to the obviously dif-
ferent microstructure of the Ni-P nanocomposite
coating, its mechanical properties and corrosion
resistance have been significantly improved. For
example, Li et al.’® introduced Ti nanoparticles into
the plating solution to produce a Ni-P-Ti composite
coating in order to improve the toughness of Ni-P
coatings. Also, the corrosion resistance of Ni-P-
Al,03, Ni-P-SiC, and Ni-P-SiO,; composite coat-
ings'*'® was found to be much higher than that of
traditional Ni-P alloy coatings.

It is well known that the surface of nanoparticles
with a number of unsaturated chemical bonds and
dangling bonds always has a high surface energy
and strong chemical activity, so the agglomeration
of nanoparticles is inevitable.'® Although nanocom-
posite coatings have shown enhanced properties, it
is necessary to overcome the agglomeration of
nanoparticles in the preparation process in order
to make them play a positive role. Mechanical
stirring, ultrasonic dispersion, and adding a
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surfactant are conventional methods to overcome
the agglomeration.’” However, the nanoparticles
will reunite after being dispersed. Therefore, other
more effective methods need to be developed.

The core—shell technology is to coat nanoparticles
(such as SiC, SiO,, etc.) with other atoms in a
specific material structure, so that the nanoparticles
can form a core—shell structure to realize the
dispersion of the nanoparticles and avoid re-ag-
glomeration of nanoparticles under the confinement
of the coating structure. At present, the conven-
tional technology for preparing core—shell structure
includes radiation methods, micro-emulsion tech-
niques, supercritical techniques, sonochemical
reduction, laser ablation, and chemical vapor depo-
sition. For example, Jiang et al.’® used a one-pot
method to prepare Co@C nanoparticles by catalytic
carbonization of mixed plastics at high tempera-
tures. El-Gendy et al.'® obtained Fe@C, Co@C, and
Ni@C nanoparticles by high-pressure chemical
vapor deposition. Liu et al.?’ used SiO, micro-
spheres as templates and adsorbed Ni®* ions on
the SiO, surface through electrostatic interactions,
following which SiO5@Ni microspheres with rasp-
berry-like morphology and core—shell structure
were successfully synthesized by reduction deposi-
tion on the surface of the SiO, microspheres. In
addition, other research has prepared porous
Si0,@Cu/Ni core—shell nanomaterials by the sol-
gel method.?! However, these methods require high-
energy conditions and complex equipment.

In this work, in order to reduce the agglomeration
phenomenon of nanoparticles in the process of
electroless plating and to improve their dispersion
in the coatings, a layer of nickel was used to coat the
surface of SiO; nanoparticles by a simple pre-
plating process to obtain SiO;@Ni nanoparticles.
Then, these nanoparticles were introduced into an
electroless plating solution for the electroless plat-
ing of a Ni-P nanocomposite coating. The formulae
of the plating solution and parameters were opti-
mized, and the mechanical properties, corrosion and
wear resistance, and hydrogen permeation resis-
tance of the nanocomposite coating were evaluated.
This work is beneficial to the development and
application of new high-performance Ni-P composite
coatings.

MATERIAL AND METHODS

Preparation of SiO,@Ni Core-Shell Structure
and Nanocomposite Coatings

The SiOy nanoparticles with the diameter of
~ 50 nm were purchased from Sinopharm. The
Si0,@Ni nanoparticles were prepared according to
the following procedures. Firstly, in order to acti-
vate the surface of the SiOp nanoparticles, they
were dispersed in the surfactant solution (sodium
dodecyl sulfate, 2 g/L.) under ultrasonic stirring for
30 min, and the obtained suspension was then
centrifuged and dried, Secondly, the activated

nanoparticles were transferred to a plating solution
for 6 h at 80°C. The formula of the electroless
plating solution (pH = 3-4) and operational param-
eters for the pre-plating of nanoparticles are shown
in Table S1 (see online supplemental material).
Finally, the Ni pre-plated SiOs nanoparticles (la-
beled SiO,@Ni) after rinsing and centrifugation
were achieved.

2024-T6 Al alloy substrates, with a size of
10 x 10 x 5 mm, were purchased from Tianjin
Tiangang Guanye (Tianjin, China). The chemical
composition of this alloy (in wt.%) is shown in
Table S2 (see online supplemental material). The
substrates were ground and polished with 800-,
1200-, and 2000-grit emery papers and polishing
suspension. Alkaline cleaning was conducted in
NaOH solution (20 g/L) for 15 s at 50-60°C. Finally,
the substrates were etched in HNOj; solution
(20 wt.%) for 3 min at room temperature. The
treated substrate samples were immediately
immersed in the electroless plating solution con-
taining the SiO,@Ni nanoparticles. The electroless
plating of Ni-P-SiO,@Ni nanocomposite coatings
was performed at a fixed temperature (90°C) for 3 h.

A series of concentrations of SiO,@Ni nanoparti-
cles (0 g/L,, 2.4 g/L,, 3.6 g/L,, 4.8 g/L., and 6 g/L) and
Si0, nanoparticles (3.6 g/L) were studied to opti-
mize the coating composition. As a reference, a Ni-P
coating with the same preparation technology and
preparation conditions as two nanocomposite coat-
ings were also prepared. The formula of the elec-
troless plating solution (pH = 3-4) for the pre-
plating of the nanocomposite coatings and the Ni-
P coating is shown in Table S3 (see online supple-
mental material). The preparation process of the Ni-
P-SiO3@Ni nanocomposite coating is shown in
Fig. 1.

Characterization Method

In order to study the morphology of the as-
prepared nanoparticles and nanocomposite coat-
ings, optical microscopy (OM) and scanning electron
microscopy (SEM) images of nanoparticles and
coatings were achieved by a Zeiss Axio Imager 2
and a JEOL JSM 7500F microscope, respectively.
The SEM detector types used to characterize the
surface and cross-sectional morphology of coatings
were SE (with electron beam voltages of 5 kV) and
BSE (with electron beam voltages of 20 kV), respec-
tively. X-ray diffraction (XRD) patterns of the
specimens were obtained using an X-ray diffrac-
tometer (Philips PW1700) with Cu Ko radiation
(1.54 A) operated at 40 kV and 30 mA. The size of
the nanoparticles was measured by a Zeta potential
analyzer (ZetaAcoustic ZA500). A Vickers micro-
hardness tester (YZHV-1000P) was utilized to mea-
sure the microhardness of coatings with a load of
200 g and a holding time of 10 s. The hardness
measurements of each samples were repeated at
least five times, and the average value was
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Fig. 1. Preparation scheme of SiO,@ Ni nanoparticles and Ni-P-SiO,@Ni nanocomposite coatings by an electroless plating process.

calculated. The bonding strength of the coating on
the aluminum alloy substrate was tested according
to ASTM D4541, adopting the bonding strength
tester (DK-501).

Corrosion and Wear Test

The corrosion performance of the coated samples
was evaluated in 3.5 wt.% NaCl solution by mea-
suring the electrochemical impedance spectra (EIS)
and potentiodynamic polarization curves. All elec-
trochemical experiments were carried out using a
Gamry ESA410 electrochemical workstation. The
reference and counter electrodes were saturated
calomel electrodes (SCE; + 0.250 V versus SHE)
and a platinum sheet with a surface area of 1 cm?,
respectively. All the electrochemical corrosion tests
were performed at 25°C under environmental atmo-
sphere. Prior to the EIS tests, the coated sample
was immersed in the corrosion solution for 45 min
to obtain a steady state at open circuit potential
(OCP). The impedance data were collected in the
frequency range between 10 MHz and 100 kHz with
an excitation amplitude of 10 mV. The analysis of
the impedance spectra was performed by fitting the
experimental results to equivalent circuits using
GamrySoftware_6.32.4217. In addition to the elec-
trochemical experiments, a salt fog test of the
coating samples was performed to evaluate the
corrosion resistance of the coating. The salt fog test
was performed based on ASTM B117.

The wear resistance of the coating was tested by a
self-made abrasion experiment device (Fig. S1, see
online supplemental material). Before starting the
wear test, the front face of the coating sample (i.e.,
the coating side) was placed onto 1000-grit sandpa-
per, and the back of the coating sample (i.e., the
substrate side) was glued to a glass slide, then a
200-g weight was placed on the glass slide. During
the wear test, the glass slide together with the

coating sample was dragged slowly and carefully to
realize the abrasion of the coating and the sandpa-
per. Before and after the wear test within a certain
distance (300 cm in this work), the weight loss per
unit area (mg/cm?) of the sample was measured. At
the same time, the surface morphology of the worn
samples was also observed by SEM.

Electrochemical H-Permeation Test

The electrochemical H-permeation test adopts the
Devanathan—Stachurski double electrolytic cell
according to the ASTM G-148:2011 standard
(Fig. S2, see online supplemental material). The
generator cell shown on the right-hand side is a
hydrogen-charged generator cell, in which the
working electrode (testing sample) and the auxiliary
electrode (platinum sheet) are connected to a DC
power supply (AN5380-120S). In the charging pro-
cess of hydrogen to the sample, the testing sample is
the cathode where the atomic hydrogen is generated
based on the reaction of the H*-obtaining electrons.
Part of the atomic hydrogen is recombined into
molecular hydrogen and released into the solution
and air, but a small amount of atomic hydrogen
diffuses into the interior of the sample.

The detector cell shown on the left-hand side is a
three-electrode system connected to the electro-
chemical workstation (Gamry ESA410). The work-
ing, reference, and counter electrodes were the
testing sample, an SCE (+ 0.250 V versus SHE)
and a platinum sheet, respectively. In this detector
cell, an oxidation potential, varied from — 1.5 V to
+ 1.5 V with respect to the OCP was applied to the
surface of the testing sample to completely oxidize
the H atomic permeating, thereby generating an
anodic current, I,. Accompanied by the hydrogen-
charging and hydrogen-oxidizing process of the
testing sample, the anode current density gradually
increases with time, and finally tends to a
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Fig. 2. Macro-morphology of the (a;) SiO, and (a) SiO>@Ni nanoparticles, and micromorphology of (b4) SiO, and (b,) SiO, @ Ni nanoparticles;

(c) grading curves of the SiO, and SiO, @ Ni nanoparticles.

stable current density value, I, thereby the hydro-
gen permeation curve is obtained. According to the
hydrogen permeation curve, the effective hydrogen
diffusion coefficient, D.g, of the coatings can be
calculated using the transient time lag method
based on:*%23

Degr = L?/6t063 (1)

where L is the thickness of the sample (cm), and £ g3
is the time (s) required for the current to reach 0.63
times the stable value of the anode current, 1.

RESULTS AND DISCUSSION
Characterization
Characterization of SiOs@Ni Nanoparticles

Figure 2 shows the macro- and micro-morphology
of the SiO; and SiO,@Ni nanoparticles. The color of
the SiOy nanoparticles changes from white to black
after electroless plating (Fig. 2a; and a,), indicating
that Ni was plated on their surface, and they are
spherical, showing a very smooth surface before
plating (Fig. 2by); however, after plating, the sur-
face of SiOy nanoparticles becomes rough (Fig. 2bs).
As for the size, the diameter of the SiO,@Ni
nanoparticles is about 200 nm, which is much larger
than that of the original SiOy nanoparticles
(~ 50 nm). Grading curves illustrate the size distri-
bution of the SiOy and SiO,@Ni nanoparticles
obtained from Zeta potential analysis (Fig. 2c). As

can be seen, the diameter of the SiO, nanoparticles
ranges mostly between 50 nm and 60 nm, while
that of the SiO,@Ni particles ranges between
150 nm and 200 nm. The particle size analysis
results are consistent with the observation from
the SEM images. The size increase of the nanopar-
ticles indicates that the shell of the Ni coating was
successfully plated onto the surfaces of the initial
SiO, nanoparticles.?*

EDS mapping and XRD analysis were carried out
to investigate the structure and composition of the
nanoparticles after electroless nickel plating, as
shown in Fig. 3. The EDS mapping (Fig. 3a) results
reveal the presence of the Ni element, indicating the
formation of the Ni coating by electroless plating. In
the XRD patterns (Fig. 3b), a wide and low peak can
be observed at 20 = 23° in the XRD pattern of the
SiO2 nanoparticles, which demonstrates the exis-
tence of the nanoparticles in the coating with an
amorphous structure.?’ However, there are new
crystalline peaks present in the XRD pattern of the
Si0,@Ni nanoparticles. The peaks located at 20 of
44° and 51° can be indexed to the (111) and (200)
crystalline planes of face-centered cubic Ni, respec-
tively. The XRD results also confirm the formation
of the Ni coating on the surface of the SiO,
nanoparticles. It is worth noting that a small peak
is present at 20 of 40°, which might be attributed to
the nickel silicate hydrate (NizSizO5(OH),)*® formed
through the chemical reaction between Ni®** and
SiOs.
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Fig. 3. (a). Element mapping results of SiO,@ Ni nanoparticles; (b) XRD patterns of SiO, and SiO,@Ni nanoparticles.

Characterization of the Nanocomposite Coatings

XRD patterns for the Ni-P, Ni-P-SiO,, and Ni-P-
SiO,@Ni coating samples are shown in Fig. 4a, b,
and c, respectively. Apart from a diffuse peak at 45°
corresponding to the Ni-P amorphous phase, the Ni-
P coating has no other obvious diffraction peaks,
indicating that the Ni-P coating is completely
amorphous. There is no significant difference
between the XRD pattern of the Ni-P coating and
that of the other two nanocomposite coatings (Ni-P-
SiOo@Ni and Ni-P-SiOj). The peaks representing
the nanoparticles that appear in Fig. 3b are not
detected in the diffraction patterns of the composite
coatings shown in Fig. 4b and ¢, which may be
attributed to the low quantity of nanoparticles and
the hiz%h density of NiP amorphous diffraction
peaks.”” In addition, the absence of new diffraction
peaks means that the nanoparticles do not partic-
ipate in any reaction in the plating process, and so
do not affect the amorphous structure of the
coating.?’

The surface morphologies of the as-plated Ni-P,
Ni-P-SiO5 and Ni-P-SiO,@Ni nanocomposite coat-
ings are depicted in Fig. 5a, b, and c. The surfaces of
the three coatings exhibit a typical cauliflower-like
morphology that shows many grains consisted of
many fine granules, which is the common feature
for the electroless-plated Ni-P based alloys.?®*°
However, compared with the pure Ni-P coating
(Fig. 5a;, and ay), the Ni-P-SiOy, nanocomposite
coating (Fig. 5b; and by) exhibits many bulges
which may be attributed to the agglomeration of
SiO, nanoparticles.?® In contrast, the surface of the
Ni-P-SiOs@Ni nanocomposite coating (Fig. 5¢; and
cz) with many fewer bulges is smoother than the Ni-
P-SiO, nanocomposite coating. Furthermore, based
on the result of EDS mapping performed on the
surface of the Ni-P-SiO,@Ni nanocomposite coating
(Fig. 5d), the elemental distribution of Si and O was
found to be relatively uniform, which also indicates
the good dispersion of SiO,@Ni nanoparticles in the
coating.

In terms of coating thickness, as shown in
Fig. 5a3, bs, and c3, the thickness of the Ni-P coating

intensity(a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 4. XRD patterns of (a) Ni-P coating, (b) Ni-P-SiO, (3.6 g/L)
coating, and (c) Ni-P-SiO,@Ni (3.6 g/L) coating.

is approximately 15 um (Fig. 5a3), whereas the SiO;
nanocomposite coatings (Fig. 5bs and c3) have a
thickness of 10-12 yum. This indicates that the
existence of the reinforcing phase (SiOp and
Si0,@Ni) in the coating decreases the thickness
considerably when the electroless plating conditions
are all the same. This is because, when the
nanoparticles in the plating solution are adsorbed
on the sample surface, the number of catalytic
active sites will be reduced and the deposition rate
will be reduced.?! It is worth mentioning that the
thickness of the Ni-P-SiO,@Ni composite coating is
more uniform than that of the Ni-P-SiOy coating.
This is attributed to the superior dispersion of
SiO,@Ni nanoparticles in the plating solution,
which provides a more dispersed active site and
hence a flatter coating.?*3?

Mechanical Properties

Hardness and Bonding Strength

Figure 6a shows the effect of the concentration of
Si0,@Ni nanoparticles in the plating solution on the
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hardness of the coatings (2.4 g/L. SiO,@Ni, 3.6 g/LL
Si0,, 3.6 g/l SiO.@Ni, 4.8 g/l SiO,@Ni, 6 g/L
SiOo@Ni). Generally, compared with the Al alloy
and Ni-P-SiOy nanocomposite coating, the Ni-P-
Si02@Ni nanocomposite coating has a higher hard-
ness. Furthermore, the hardness of Ni-P-SiOs@Ni
nanocomposite coating first increases and then
decreases with the increase of the concentration of
Si0,@Ni nanoparticles. In particular, the Ni-P-
Si0,@Ni nanocomposite coating corresponding to
the addition of 3.6 g/L SiO2@Ni nanoparticles in the
plating solution has the highest hardness of
340 HV. However, when the addition of SiO,@Ni
nanoparticles is 6.0 g/L,, the hardness of coating
drops to 276 HV. In other words, the hardness of Ni-
P-SiO,@Ni nanocomposite coating is not completely
dependent on the content of dispersed nanoparticles
in the plating solution. Figure 6b shows the effect of
the concentration of SiO3@Ni nanoparticles in the
plating solution on the bonding strength of the
coatings. It can be seen that the concentration of
SiOo@Ni nanoparticles has the similar but not
apparent effect on the bonding strength of the
coating as that on the hardness, which is consistent
with the cross-section morphology shown in Fig. 5.
The bonding strength of the Ni-P-SiOy coating and
Ni-P-SiOs@Ni coatings ranges from 14.2 MPa to
16.1 MPa. The coating corresponding to the concen-
tration of 3.6 g/L-SiO,@Ni nanoparticles in the
plating solution has the highest bonding strength
of 15.8 MPa. The variation of hardness and bonding
strength with the amount of SiO,@Ni nanoparticles
can be explained by the inherent characteristic of
SiOg nanoparticles. The elastic modulus of the
nanoparticles is different from that of the Ni-P
alloy, and the nanoparticles are hard and brittle,
therefore the nanoparticles themselves are poten-
tial crack sources. Excess nanoparticles will agglom-
erate and cause more defects in the coating during
grain growth. Therefore, controlling the content of

nanoparticles in the composite coating can obtain
the coating with the required properties.*

Wear Resistance of Coatings

The increase in hardness and bonding strength by
adding the SiO,@Ni nanoparticles into the Ni-P
coating also improves the wear resistance of the Ni-
P-SiO,@Ni nanocomposite coating. Figure 7a shows
the weight loss of the Al alloy, Ni-P-SiO,, and Ni-P-
Si0,@Ni coatings with the increase of the wear
distance. First, the Ni-P based coatings show a
much smaller weight loss compared with the Al
alloy. The Ni-P-based coatings can be sorted by
descending order of weight loss after the same wear
distance as Ni-P-SiO,@Ni (6.0 g/L), Ni-P-SiO,@Ni
(2.4 g/L), Ni-P-SiO,@Ni (4.8 g/L), and Ni-P-SiO,@Ni
(3.6 g/LL) coatings. The weight loss of Ni-P-3.6 g/L
Si0,@Ni composite coating is the minimum, only
11 mg/cm? (the load is 200 g, the sliding distance is
300 cm). Adding nanoparticles to the as-deposited
coating decreases the wear weight loss due to an
improvement in its hardness, in accordance with
previous studies on similar coatings plated on steel
substrates.%%°

For further analysis, all the worn surfaces were
examined by a stereo microscope. As shown in
Fig. 7, the surface of the Al alloy is very rough and
has deep scratches, and the Ni-P-SiO,@Ni (2.4 g/L,
4.8 g/LL, and 6 g/L) coatings exhibit shallower fur-
rows and slight scratches, which can be character-
ized as slight abrasive and adhesive wear. The
surface of the Ni-P-SiOs@Ni (3.6 g/L) coating was
very smooth with few scratches, indicating only
slight adhesive wear.?® Due to the high hardness
and reinforcement effect of SiO,@Ni nanoparticles
on Ni-P coating, the addition of SiO,@Ni nanopar-
ticles also improves the resistance to plastic defor-
mation of the coating. Therefore, the more particles
there are, the higher the wear resistance. However,
when the SiO,@Ni content is higher than 3.6 g/L in
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the plating solution, the wear resistance gradually
decreases. This might be due to the exfoliation of the
nanoparticles, which causes abrasive wear in the
process of wear.

Corrosion Resistance

The potentiodynamic polarization curves and the
EIS spectra for the Al alloy, Ni-P, Ni-P-SiO, (3.6 g/
L), and Ni-P-SiO,@Ni (2.4 g/L, 3.6 g/L,, 4.8 g/L, and
6.0 g/L., respectively) coatings in 3.5 wt.% NaCl
solution at room temperature are shown in Fig. 8.
The equivalent circuits of the measured EIS spectra
for both the Ni-P and Ni-P-SiO@Ni (SiOy) coatings
are shown in Fig. 8d. The circuit includes the
solution resistance (R;), the polarization resistance
(Rp), a Warburg diffusion element (W), and constant
phase element: CPEg for the metal/solution inter-
faces. The electrochemical parameters (corrosion
potential (E.,..), corrosion current density (i.orr), R,
R,) derived from fitting the measured data using
the equivalent circuits are listed in Table S4 (see
online supplemental material).

It can be seen from Table S4 and Fig. 8a that the
E ... andi Logrr of the Ni-P coating are — 298 mV and
78.2 uA/em?, respectlvely Compared with the Ni-P
coating, the leorr and E.,.. of the Ni-P-SiO,@Ni
coatings decrease and positively shift, respectively,
indicating that the corrosion rate of the coatings is
significantly reduced and the corrosion resistance of
the coatings is improved. However, when excessive
Si0,@Ni is added to the plating solution, the E,, of
the composite coating has a negative shift, and the
l.orr decreases, thus the corrosion resistance of the
coating decreases. This is because the existence of
the SiO,@Ni significantly reduces the agglomera-
tion phenomenon of SiO,, and the various defects
caused by the agglomeration phenomenon are also
greatly reduced, so that the strengthemn% effect of
the particles on the coating is increased®® and the

corrosion resistance is enhanced. On the other
hand, co-deposited nanopartlcles act as barriers to
the invading corrosive media.?* Accordingly, the
incorporation of SiO.@Ni changes the alloy
microstructure and stops corrosion paths proceed-
ing, which finally results in a higher corrosion
resistance of the Ni-P-SiO,@Ni compos1te coating
with respect to the Ni-P coating.®® The improved
corrosion resistance of the Ni-P-SiO,@Ni composite
coating is also confirmed by the impedance curve.
As shown in Fig. 8b and ¢ and Table S4, the coating
is highly protective when it has a high impedance
IZ1 at low frequencies, i.e., high polarization
resistance (R;) and low capamtances The R, value
(10,024-47, 721 Q cm?) at the low frequency of the
Ni-P- SIOQ@NI (2.4-4.8 g/L) coatings is significantly
higher than that of the other coatings. However, the
R, for the Ni-P-SiO,@Ni coatlngs is decreased from
47 721 Q em? to 6107 Q cm? when the SiO,@Ni
concentration in the plating solution increases from
3.6 g/L to 6 g/L. This is the same as the result of the
potentiodynamic polarization curves.

Figure 9 shows the corrosion morphology of the
Ni-P-SiO5 and Ni-P-SiO,@ Ni coatings after a 96-h
salt spray test. It can be clearly seen that the Ni-P-
Si0,@Ni coating is slightly corroded, and that the
corrosion mainly occurs at the grain boundary,
while the Ni-P-SiO, coating suffers more severe
corrosion not only at the grain boundary but the
grains have also been severely corroded.’ These test
results are consistent with the results obtained from
the polarization curves.

Hydrogen Permeation Resistance

Hydrogen permeation curves for the Al alloy and
different Ni-P-based coatings are shown in Fig. 10.
The anodic current of the coatings with the time
change trend is the same. At the initial stage of the
test, the hydrogen-charged side (coating) was
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producing H atoms entering from the coating sur-
face. However, it has not yet diffused to the
hydrogen expansion side of the electrolytic cell, so
the anodic currents are all 0 yA. After a period of
time, the anodic current begins to increase with
time, i.e., H atoms diffuse to the anode (bare steel)
on the hydrogen-expanding side and ionize to form
H*, which moves directionally at a constant poten-
tial to form the anodic current, I,. Finally, as the
number of H atoms arriving at the anode increases,
I, gradually increases and tends to a stable value,
I, after penetrating the coating.

Overall, a huge steady-state H permeation cur-
rent can be observed in the case of the uncoated Al
alloy substrates. However, when the substrate is
plated with a Ni-P-based coating by electroless
plating, a lower H permeation current is observed.
The H permeation is further reduced in the case of
the Al alloy plated with the Ni-P-SiO,@Ni coating.
On the electrochemical workstation side, the coat-
ing thicknesses of the Ni-P-SiO,@Ni coatings (2.4 g/
L, 3.6 g/L,, 4.8 g/L, and 6.0 g/L.) were almost main-
tained at ~ 12 um. Even so, the best hydrogen

barrier performance of the coating was achieved
when the nanoparticle content in the plating solu-
tion was 3.6 g/L. According to Eq. 1, the effective
hydrogen diffusion coefficient (D.g) can be calcu-
lated, as shown in Table I. With the increase of the
Si0,@Ni nanoparticle concentration, Dy first
decreases and then increases. When the concentra-
tion of SiO,@Ni reaches 3.6 g/L, its effective hydro-
gen diffusion coefficient, D¢, reaches a minimum of
4.02 x 107 cm?/s, and the hydrogen barrier perfor-
mance is the best. The uniform, hard and compact
coating of the amorphous Ni-P layer formed by an
electroless process shows good resistance to hydro-
gen permeation. When the nanoparticles are dis-
persed in the coating, the permeability path of the
hydrogen atoms can be prolonged, thus significantly
improving the hydrogen permeation resistance of
the coating. In contrast, excess nanoparticles will
aggregate in the coating, increasing its defects, and
hydrogen atoms will spread along the defects,
resulting in decreased hydrogen permeation
resistance.
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CONCLUSION

Aiming to reduce the agglomeration of nanopar-
ticles in the coatings, core—shell SiO;@Ni nanopar-
ticles were prepared by electroless plating. Pre-
plating of nanoparticles can effectively reduce their
high surface energy so as to reduce agglomeration
and make them uniformly dispersed in the coatings.
Ni-P, Ni-P-SiOy, and Ni-P-SiO;@Ni coatings with
different contents of pre-plated nanoparticles were

prepared by electroless plating. Through SEM and
XRD characterization, the microstructure and
mechanical properties of the coatings were studied,
and it was found that the Ni-P-SiO,@Ni coating has
the smallest grains and the most uniform distribu-
tion of nanoparticles. Through the hardness test, we
found that, when the content of SiO,@Ni nanopar-
ticles reaches 3.6 g/l in the plating solution, the
hardness of the coating is the largest (340 HV).

In the corrosion resistance test, the electrochem-
ical test and the salt fog testing have proved that
the corrosion resistance of the Ni-P-SiO,@Ni com-
posite coating is better than that of the other
coatings. When the content of SiO,@Ni nanoparti-
cles reaches 3.6 g/L, the corrosion resistance of the
coating is the best. The wear test also reflects that
the wear resistance of the Ni-P-3.6 g/l SiO,@Ni
composite coating is the best of all the coatings.
Therefore, in the Ni-P-SiO,@Ni coating system,
3.6 g/L.-SiO,@Ni is the optimal content.

This has been proven again by the H-permeation
test, In the electrochemical hydrogen permeation
experiment, it was found that the Ni-P nanocom-
posite coating has excellent hydrogen permeation
barrier properties, based on its amorphous struc-
ture and the strengthening effect of the nanoparti-
cles. In terms of the hydrogen barrier, when the
concentration of nanoparticles reaches 3.6 g/L, the
enhancement effect is the best, which corresponds
to other properties of the coating. The preparation of
core—shell-structured nanoparticles greatly
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Table 1. Effective hydrogen diffusion coefficient of Al alloy and Ni-P composite coatings

Concentration of SiO,@Ni (g/L) L (mm) I (uA) toes (s) D (1077 em?/s)
0 1.00 13.48 2750 6.06
2.4 1.00 7.22 3130 5.32
3.6 1.00 3.67 4250 3.92
4.8 1.00 6.85 3000 5.56
6.0 1.00 10.18 2910 5.72
Al alloy 1.00 36.75 1560 10.68
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