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Oxidation resistance of co-deposited Ni-SiC nanocomposite coating
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Abstract: Ni-6.0%SiC (mass fraction) nanocomposite coating was prepared from a nickel sulfate bath by co-electrodeposition of Ni
and SiC nanoparticles in an average size of 30 nm. The oxidation at 1 000 ‘C shows that the Ni-6.0%SiC nanocomposite coating has
a superior oxidation resistance compared with the pure Ni film due to the formation of SiO, oxide particles along grain boundaries,
blocking the outward diffusion of Ni and changing the oxidation growth mechanism. The effect of SiC nanoparticles on the oxidation

progress was discussed in detail.
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1 Introduction

The composite electrodeposition technique is a
low-cost and low-temperature method suitable for
producing metal matrix composite coatings for different
purposes such as improving the wear resistance. Ni-SiC
composites have been studied extensively[1-3] and
commercialized successfully for the protection of
mechanical parts under friction at low temperature, due
to the high wear resistance and low cost of ceramic
powder. The usual sizes of SiC powder in such
applications are in the range of micrometers. However,
as for wear resistance composite coatings used at high-
temperature such as combustion engines and casting
moulds[4], a good oxidation resistance is needed. Earlier
works[5] suggested that at a given particle content, the
refinement of SiC particles could improve the oxidation
resistance, which was also proved by the recent works
about the oxidation of the as-codeposited Ni-Al/Cr nano-
composite coatings[6—8]. With increasing availability of
SiC nanoparticles, novel Ni-SiC nanocomposite coatings
were developed with enhanced wear and corrosion
resistance[9—13]. However, to author’s knowledge, there
were no reports about the oxidation of the codeposited
Ni-SiC nanocomposite coating at high temperature. In
the present work, the oxidation performance of Ni-SiC
nanocomposite coatings and pure Ni film were

comparatively investigated.
2 Experimental

Pure nickel specimens with the size of 15 mmX 10
mmX2 mm were cut from a pure electrolytic nickel
plate and then were abraded with 800" grit SiC
waterproof paper. After being ultrasonically cleaned in
acetone, they were electrodeposited with a Ni-SiC
nanocomposite coating from a nickel sulfate bath
containing certain content of pure SiC nanoparticles with
an average size of 30 nm. The current density used was 3
A/dm?, the temperature 35 “C and the pH value 5.5-6.0.
Magnetic stirring was employed to maintain the uniform
particle concentration and prevent the sedimentation. For
comparison, specimen of nickel with a Ni film was also
deposited using the same parameters and bath but
without adding SiC nanoparticles. After the deposition,
the as-deposited samples were rinsed by using distilled
water and then ultrasonically cleaned for analysis.

The surface morphology and composition of the
produced coatings were characterized by SEM/EDAX.
The mass fraction of SiC was determined by the
chemical formula of SiC. Oxidation was conducted in a
muffle furnace at 1 000 C for 20 h. After certain period
of exposure, samples were withdrawn from the furnace
for weighting. After 20 h oxidation, surface and cross-
sectional morphologies of the scales were investigated by
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SEM/EDAX.
3 Results

3.1 Microstructure

Fig.1 shows the surface morphology of the as-
deposited pure Ni film and Ni-SiC nanocomposite. A
regular pyramidal structure as shown in Fig.1(a) is
observed on the surface of the as-deposited nickel film.
However, with the addition of SiC nanoparticles, the
grain size is reduced and the morphology is changed, as
shown in Fig.1(b). Clearly, fine surface protrusions, as
indicated by the arrow, can be seen (Fig.1(b)). EDAX
analysis shows that the protrusions have higher SiC
content than the other area, suggesting that they are the
fresh deposits enriched in the SiC nanoparticles, while in
the other areas the co-deposited SiC nanoparticles are
engulfed by Ni deposits. From the cross-sectional
morphology in Fig.2, it can be found that the dark SiC
nanoparticles are, in general, homogeneously dispersed
in the Ni-SiC nanocomposite film, although some of
them form agglomerated clusters. EDAX analysis reveals
that the as-deposited Ni-SiC nanocomposite contains
6.0% (mass fraction) SiC based on the chemical formula
of SiC.

3.2 Oxidation performance
The kinetics of the as-deposited Ni film and Ni-SiC

Fig.1 Surface morphologies of as-deposited pure Ni (a) and
Ni-SiC nanocomposite (b)

nanocomposite coating for 20 h oxidation at 1 000 C
are illustrated in Fig.3 as linear plots (Fig.3(a)) and
parabolic plots (Fig.3(b)), respectively. At 1 000 ‘C, the
kinetics for the as-deposited Ni film and Ni-SiC
nanocomposite obey the parabolic law to a good
approximation for the whole duration of the test with
rate constants of 3.35X 10 "°g%(cm*s) and 1.17X 107"
g*/(cm*s), respectively. It is obvious that the Ni-SiC
nanocomposite exhibits better oxidation resistance than
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Fig.2 Cross-sectional morphology of Ni-SiC nanocomposite
clearly showing homogenously dispersion of SiC nanoparticles
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Fig.3 Dependence of mass change vs. time for various samples
oxidized at 1 000 ‘C for 20 h: (a) Linear plot; (b) Parabolic
plot
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as-deposited Ni film.
3.3 Surface and cross-sectional
investigation

XRD analysis shows that the scale formed on the
two coatings is NiO. Fig.4
morphologies of two coatings after oxidation. Faceted
NiO grains with the mean size of around 10 um appear
on the as-deposited Ni film, as seen in Fig.4(a).
Examination of fracture cross-sections indicates the scale

morphological

shows the surface

consists of a relatively coarse-grained, columnar outer
layer and a more porous fine-grained inner layer with a
similar thickness. However, the NiO crystals formed on
the Ni-SiC nanocomposite are finer, which are about 2
pm in average size (Fig.4(b)). From the corresponding
cross-sectional morphology, the scales formed on Ni film
exhibit a porous structure with the thickness of about 35
pum, as seen in Fig.5(a). The scales formed on Ni-SiC
nanocomposite  coating also exhibit a similar
double-layer structure with the total thickness of about
25 um (Fig.5(b)). However, the thickness ratio of inner
layer to outer layer is about 3. EDAX results show that
the outer layer is pure NiO, however gray oxides
particularly along the grain boundaries exist in the inner
layer, as seen in Fig.5(b). The intergranular penetration
of gray oxides into the deposits also occurs. EDAX
results show that the gray oxides are Si-enriched.
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Fig.4 Surface morphologies of scales formed on Ni film (a) and
Ni-SiC nanocomposite (b) oxidized at 1 000 ‘C for 20 h
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Fig.5 Cross-sectional morphologies of scales formed on Ni film
(a) and Ni-SiC nanocomposite (b) oxidized at 1 000 ‘C for 20
h

4 Discussion

From Figs.1 and 2, it can be seen that the average
nickel grain size of the codeposited Ni-SiC
nanocomposite is smaller than that of electroplated
nickel film. It seems certainly that the growth rate of NiO
on the Ni-SiC nanocomposite should be at least as fast as
that on nickel film[14]. However, the fact is that the
growth rate of NiO scale is noticeably retarded and a
fine-grain NiO scale is formed. Since the growth of Ni
scale is mainly controlled by the outward diffusion of
nickel cations along the oxide grain boundaries[15—16],
the fine-grained NiO scale formed on Ni-SiC nano-
composite coating should grow even faster than pure Ni
film due to an increase in the number of grain boundaries
per unit volume in the scale. However, the fact that a
significant scalling rate reduction occurs, suggesting that
grain-boundary diffusion of Ni cations is hindered to a
great extent. Although the scales formed on the two
coatings exhibit a similar duplex structure, the scales
formed on the Ni-SiC nanocomposite exhibit a thicker
inner layer. Investigations[15—16] showed that the outer
layers formed from the outward diffusion of nickel, and
the inner layers formed from the inward diffusion of
molecular species of oxygen. Thus, the growth of Ni
scale on Ni-SiC nanocomposite coating is mainly
controlled by the inward diffusion of oxygen. From



928 ZHOU Yue-bo, et al/Trans. Nonferrous Met. Soc. China 17(2007)

above analysis, it can be found that the addition of SiC
nanoparticles in the Ni film blocks the outward diffusion
of nickel cations and changes the oxidation growth
mechanism, which causes a reduction of scalling rate.

At the onset of oxidation, NiO and SiO,
simultaneously nucleate, on the nanocrystalline Ni and
on the SiC nanoparticles. Due to a low SiC particle
content, a continuous protective SiO, scales can not be
formed by the healing of the SiO, nuclei through their
lateral growth during transient oxidation[6—8]. NiO scale
grows rapidly and engulfs the SiO, nuclei or SiC
nanoparticles on the surface, so a continuous external
coarse grain NiO scales without SiO, oxides are
developed. Due to the diffusion rate of Ni*" through SiO,
is considerably less than that through NiO[5, 17], the
presence of SiO, at the metal/scale interface can have a
blocking effect on the outward diffusion of Ni*" through
the NiO scale. In this way, the inward diffusion of
oxygen through the outer layer controls the oxidation
progress of Ni-SiC nanocomposite coatings. At the same
time, the SiC particles in the electrodeposit react with
inward diffused oxygen, mainly along the grain
boundaries, to form SiO, oxide particles in the inner
layer of scale or in the deposits. The SiO, particles at the
grain boundary can play roles in inhibiting the grain
growth by the ‘solute-drag’ effect or pinning[14, 17],
which causes fine-grained oxides.

5 Conclusions

1) Ni-6.0%SiC (mass fraction) nanocomposite
exhibits improved oxidation resistance compared with
pure Ni film.

2) With the addition of SiC nanoparticles, the
inward diffusion of oxygen controls the oxidation
progress of Ni-SiC nanocomposite coating.

3) It may be possible to produce a Ni-SiC
nanocomposite coating with a high SiC particle content,
which could form a continuous protective SiO, scale
through the control of the electrodeposition parameters.
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