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ARTICLE INFO ABSTRACT

Keywords: Ni/diamond composite coatings have been synthesized by ultrasonic-assisted electrodeposition in a Ni electro-
Ni/diamond composite coating plating bath containing diamond nanoparticles. The influences of current density and ultrasonic agitation on the
Electrodeposition

coating composition, morphology, topography, phase structure, and electrochemical characteristics of the
electrodeposits were evaluated. Ultrasonic agitation was provided using an external ultrasonic bath at a fre-
quency of 40 kHz and acoustic power of 300 W. Coating samples were also prepared under magnetic stirring for
comparison with the ultrasonic-assisted deposits. This work reveals that the diamonds have been incorporated
and evenly distributed in the composites. The coatings exhibit dense, granular like morphology with pyramid-
like grains. As current density increases, the diamond amount of ultrasonic-assisted electrodeposits first
increased to maximum of 11.4 wt% at 3 A dm~2 and then decreases to 9.9 wt% at 5 A dm~2, and the RTC of the
preferred orientation (200) plane increases from 76.3% up to 93.4%. The crystallite size was 60-80 nm and the
R, of the magnetic and ultrasonic agitations were 116 nm, 110 nm, respectively. The maximum R, of 39.9, 50.3
kQ cm? was obtained at 4 A dm~2 when respectively immersed 30 min and 7 days, illustrating the best corrosion
resistance of the coatings of 4 A dm 2. The effects of mechanical and ultrasonic agitations on the mechanism of
the co-electrodeposition process were both proposed. The incorporation of diamond particles enhances the
hardness and wear-resisting property of the electrodeposits. The ultrasonic-assisted electrodeposited Ni/diamond
coating has better corrosion resistance than that prepared under mechanical stirring conditions.

Electrochemical impedance spectroscopy
Ultrasonic-assisted
Magnetic stirring

1. Introduction particles in the nickel or its alloy matrix to improve its properties such as

abrasion resistance, hardness and corrosion stability.

Among many metallic matrices, nickel was widely used as protective
material due to its desirable characteristics, including excellent
ductility, corrosion resistance, and chemical stability [1,2]. It can be
applied in many industries like automotive parts, oil and gas in-
struments, decorative materials and protective coating. However, the
mechanical strength and wear resistance of pure nickel are not high
enough to meet the requirements of the application in some harsh fields,
for example, marine environment, which restricts its application [3,4].
To enhance the properties of nickel, one method was to develop Ni-
based alloys [5], such as Ni-Co alloys. Aliofkhazraei et al. [6]
reviewed the electrodeposited Ni-Co alloy and introduced the mecha-
nism of electrodeposition and effect of process parameters on the
microstructure, mechanical, electrochemical and tribological charac-
teristics. The other method was to co-electrodeposition reinforcing
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Recently, researchers indicated that the addition of SiC [7,8], ZrO,
[9], TiN [10], Al,O3 [11], and diamond [12,13] reinforcing particles
into the Ni matrix can improve its hardness, wear and corrosion resis-
tance. Among these strengthening candidates, diamond has been often
investigated and employed to prepare wear-resistant coatings, due to its
outstanding hardness, wear resistance and chemical inertness [12,14].
Deng et al. [15] produced Ni/diamond films as dicing blades to improve
their properties and found that adding 0.1-0.2 g L™! BEO enhanced the
hardness and wear resistance with high diamond content embedded in
the coating. Sajjadnejad et al. [16] prepared Ni/diamond coatings by
pulse electroplating from an additive-free Watts bath and illustrated that
incorporation of the diamond particles increased the corrosion-resistant
capability. Zhou et al. [13] reported that the presence of Co®* can
improve the particle content in the composite electrodeposits. Bao et al.
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[17] have investigated the mechanical properties of Ni/diamond coat-
ings by traditional, sediment and burying electro-codeposition methods.
Huang et al. [18] studied the high-particle-content Ni/diamond coating
and proved that the particle content was effectively enhanced employ-
ing two-step electrophoretic and electrodeposition means, resulting in
an effective improvement in wear resistance. Makarova et al. [19]
electrodeposited nickel-nanodiamond coatings from tartrate electrolyte
and reported that the addition of 5 g L™} nanodiamonds could strengthen
the microhardness, wear resistance, and corrosion resistance. Almost all
scholars believe that the diamond incorporations can perfect the abra-
sion and corrosion performance of the Ni coatings [20].

Besides, nanoparticles are easily agglomerated, which could lead to
uneven distribution and low performance of the composite coatings
[21]. Now, it remains a long-term challenge to uniformly disperse the
particles in the matrix. Therefore, ultrasonic-assisted techniques were
developed. Ma et al. [22] investigated Ni-Al;O3 coatings with the
assistance of ultrasound and illustrated that a suitable ultrasonic power
benefits the co-deposition and uniform dispersion of Al,O3 particles in
nickel coating. Cui et al. [23] reported that Ni/TiN composite coating
electrodeposited at ultrasonic intensity 20 W/cm? has compact
morphology, high TiN nanoparticles content in composite coating and
improved anti-corrosion properties. Tudela et al. [24] introduced that
ultrasonic agitation could change the preferred orientation and benefit
fine grains. Ultrasonic-assisted electrodeposition facilitates the uniform
distribution of particles in solution and metallic matrix composites [25].
Besides, ultrasound can promote mass transport, reduce the diffuse layer
thickness [26,27] and increase the growth rate of the Ni/diamond
composite coatings.

Although some articles have already reported the electrodeposited
Ni/diamond composite coatings[28,29], few efforts have been con-
cerned on the effects of agitation modes and current density on the
fabrication and characterization of Ni/diamond composite coatings by
direct current deposition. To the knowledge of us, few results are
available for the ultrasonic-assisted electrodeposition of Ni/diamond
composite coating. Therefore, in the current study, Ni/diamond com-
posite coatings were synthesized by ultrasonic-assisted electrodeposi-
tion. The effect of current density and agitation mode (mechanical and
ultrasonic agitations) on the surface morphology, phase structure, sur-
face topography, composition and related mechanism of the electrode-
posits were comparatively investigated. The electrochemical properties
of Ni/diamond composite coatings were also investigated. The motiva-
tion of adopting ultrasonic assistance was to improve the uniform dis-
tribution of diamond particles as well as inhibit its agglomeration in the
metallic matrix, then enhance the quality of the composites.

2. Experimental
2.1. Synthesis of Ni/diamond composite coatings

Commercially available diamond particles (Henan Yalong Superhard
Materials Co., Ltd.) were used in this studied. The Ni/diamond com-
posites have been coated on brass sheets in an electroplating bath. For
comparison, the samples were also electrodeposited under magnetic
stirring. Nickel was acted as the anode and brass was used as the cath-
ode. The constituents of the electroplating bath and process parameters
are summarized in Table 1. In this plating bath, NiSO4-6H50,
NiCl,-6H,0 supply Ni2* ions. Chloride ions are beneficial to the con-
ductivity of the electrolyte. Current density of 2, 3, 4, 5 A dm 2 in direct
current mode were applied for the ultrasonic-assisted electrodeposition.
The diamond nanoparticles were first adequately dispersed in a small
amount of solution, then subjected to ultrasonic treatment. Then the
treated concentrated diamond solution was poured into the bulk of the
electrolyte. All reagents were analytical grade in purity. Fig. 1 describes
the electrodeposition setup used in this work.

The brass substrate should be pretreated by polishing and rinsing for
a smooth and clean surface. Then it was degreased by alkaline solution
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Table 1
Electroplating bath and process parameters of Ni/diamond composite coating.

Bath composition Operating parameters

NiSO4-6H0 280 gL! Temperature 55+2°C

NiCl,-6H,0 40 g L? Current 2-5 A dm™2
density

H3BO3 30gL?! pH 42+ 0.1

Sodium dodecyl sulfate 0.001 g Agitation mechanical//

(SDS) Lt ultrasonic

Diamond NPs 6gL™? Deposition 20-45 min

time

and ultrasonically treated in alcohol. Just before electrodeposition, the
substrate was dipped in dilute HCl solution for no more than one minute
to activate the surface. The electrodeposition time was adjusted based
on current density to obtain the same thickness of the coatings. The Ni/
diamond coatings have been electrodeposited under magnetic stirring at
400 rpm and ultrasonic dispersion at 300 W acoustic power and 40 kHz,
respectively. Insulation was required for the non-working area of the
substrate by polymer tape. Fig. 2. displays the electrodeposition process
of the Ni/diamond coating. After electroplating, the obtained samples
should be ultrasonically washed with deionized water to remove the
attached diamonds, then naturally dried.

2.2. Characterization

The coatings were evaluated in terms of the morphology and
chemical composition by FEI Inspect F50 SEM with EDS. The diamond
particles were characterized by JEM-2000EX TEM. The surface topog-
raphy and roughness were characterized by Bruker Dimension Icon
AFM. ESCALAB 250X XPS spectrometer was utilized to analyze the
surface features. SmartLab XE XRD operated at Cu-Ka radiation (4 =
1.5406A) at a rating of 40 kV and 40 mA was utilized to examine the
phase structure of the deposits. The scan rate was 10° min~'. Debye-
Scherer’s equation was used to calculate the crystallite size of the
electrodeposited Ni/diamond coatings.

_ K1 180
"~ peosd  m

@

Where D represents the crystallite size, K is 0.9, 1 is the X-ray
wavelength (0.15406 nm). § refers to the full width at half maxima
(FWMH) at the Bragg angle 6. The following Eq. (2) presents the relative
texture coefficient (RTC) of Ni/diamond composite coating.

Is(hkl)/ 10(hkI)

RTC(OKD) = S~ wyiad)/ T0(hkT)

(2)

Where the I;(hkl) and Ip(hkl) denote the peak intensity of Ni/dia-
mond coating and the standard Ni powder (JCPDS No. 87-0712). XPS
technique was used to analyze the chemical composition and the
element chemical valence state. The electrochemical properties were
tested with CHI660E potentiostat in a three-electrode cell in 3.5 wt%
NaCl solution at normal temperature. Saturated calomel electrode
(SCE), Pt and specimen with working area 1 cm? were acted as the
reference, counter and working electrode, respectively. EIS was tested at
Eocp from 0.01 Hz to 100 kHz, with a disturbing amplitude of 10 mV after
soaked 0.5 and 168 h. Tafel curves were conducted to analyze the
corrosion resistance of the coatings.

3. Results and discussion
3.1. Characterization of the diamond particles

Fig. 3 displays the XRD spectrum and TEM image of the diamond
particles. The highest diffraction peak that appeared at 43.86° was

attributed to the (111) plane of the diamond. The peaks at 75.24°
correspond to the (220) crystallographic plane. The results indicated
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Fig.1. Schematic of the electrodeposition device for Ni/diamond composite coating assisted by (a) magnetic stirring, (b) ultrasonic agitation plus mechani-

cal stirring.
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Fig. 2. Electrodeposition process of the Ni/diamond composite coating.
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Fig. 3. XRD pattern and TEM images of the diamond particles.

that these diamond particles were crystal structure. The inlaid TEM
image presents that the mean dimension of the diamond was about 60
nm. It was observed that the particles have irregular shapes with sharp
edges, which were disadvantageous for the particle incorporation and
uniform distribution in the nickel matrix.

3.2. Surface morphology and coating composition

Fig. 4 exhibits the optical photographs of Ni/diamond coating sam-
ples prepared at 4 A dm™2 under different agitation modes. The grey
sample was roughly 20 mm x 20 mm in dimension. It shows that the
substrate surface was homogeneously covered by the electrodeposits,
and no cracks or pinholes were noticed in all the coatings. The particles
were homogeneously dispersed in the coating. Compared to samples of
magnetic stirring, the ultrasonic-assisted electrodeposited coatings have
some protrusion structures. Noting that the distinct difference in surface
morphology related to the stirring method. The coating deposited by the
magnetic stirring method shows a smooth and grey surface. The Ni/
diamond coating of magnetic stirring is similar to the pure Nickel
coatings, which is better than ultrasonic stirring in terms of flatness,
uniformity and glossiness. However, the surface of the Ni/diamond
coating obtained with ultrasonic agitation has some protrusion
structures.
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Fig. 4. Optical images of Ni/diamond coating prepared under (a) magnetic
stirring; (b) ultrasonic agitation.

Fig. 5 presents the morphologies of the Ni/diamond coatings pro-
duced under magnetic stirring and ultrasonic agitation. All coatings are
compact and show pyramids-like morphology, which is consistent with
the traditional nickel coating. As shown in Fig. 5(a-c), the coatings
produced under magnetic stirring have some adsorbed debris on the
surface. Fine aggregates are gathered near the edges of the grains, which
can be ascribed to the diamond particles. Unlike nodular shapes of the
grains of the Ni-W [30,31], Ni-Co [32,33] matrix, the Ni/diamond
shows pyramids-like grains. It indicated that more diamond particles
aggregated when the coatings were deposited with magnetic stirring.
Fig. 5(d-f) shows the morphologies of the coatings prepared by
ultrasonic-assisted electrodeposition. Compared to magnetic stirring
mode, the size of the crystal granules was relatively larger for ultrasonic-
assisted electrodeposited coatings. It was noticed that the surface of the
coating prepared by ultrasonic-assisted electrodeposition has large
protrusions, which corresponds to the nanoparticle clusters caused
during the co-deposition process. The reason might be that the growth
rate of nickel crystals under ultrasonic mode was higher than that of
mechanical ones. The amounts of aggregated particle clusters have been
largely reduced by ultrasonic conditions. So, ultrasonic agitation bene-
fits more on the particle co-deposition and uniform dispersion in the
composites in comparison with the mechanical stirring mode. Moreover,
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ultrasonic waves can also accelerate the electrodeposition rate, resulting
in the fast growth in grain size. Finally, the particle amounts and their
dispersion in the composites were enhanced for ultrasonic-assisted
electrodeposition.

Fig. 6 reveals the morphologies of Ni/diamond coatings prepared
under ultrasonic and mechanical agitations at different current density.
These coatings show compact and fine structure. First, it was evident
that with the increase of the current density, the granule size of the
coatings increased. It implied that the roughness of the deposits
increased as the electroplating current density increased. The ultrasonic-
assisted coatings have been compared with those prepared under mag-
netic stirring condition by careful observation. It demonstrated that the
ultrasonic-assisted electrodeposited coatings (Fig. 6e-h) had fewer par-
ticle clusters in comparison with the coatings prepared at mechanical
stirring conditions (Fig. 6a-d). The dispersion effect of mechanical
agitation was lower than the ultrasonic treatment. So, mechanical stir-
ring can’t fully disperse the particle clusters, leading to uneven distri-
bution in the composite. In contrast, the ultrasonic-assisted method is
more beneficial to the particle uniform dispersion in the bath and nickel
matrix.

The inlaid figure in Fig. 6 was the enlarged morphologies of these
coatings. All coatings are dense, uniform, with pyramids-like
morphology. From the enlarged images, it was found that the number
of aggregated diamond particle clusters was greatly decreased under
ultrasonic conditions. The dispersion of nanodiamonds in the Ni matrix
has been improved by adopting ultrasonic-assisted electrodeposition.

Fig. 7 displays the element distribution maps of the coatings elec-
trodeposited at 4 A dm~2 under magnetic and ultrasonic agitation,
respectively. As seen in Fig. 7(a), several diamond aggregates were
observed for the magnetic stirring electrodeposited coatings. As a
contrast in Fig. 7(b), the ultrasonic-assisted electrodeposited Ni/dia-
mond composite coating exhibits a uniform surface and no obvious
aggregates were noticed. It indicated that the nanodiamonds were
incorporated in the coating and the particle distribution in the matrix
was uniform. As well known, the amounts and distribution of embedded
nanodiamonds significantly affect the performance. The results sug-
gested that nanodiamonds were strongly and evenly dispersed in
ultrasonic-assisted electrodeposits. Table 2 reveals the chemical
composition of Ni/diamond deposits. It indicated that the samples

Fig. 5. SEM micrographs of the Ni/diamond composite coating electrodeposited under (a-c) magnetic stirring and (d-f) ultrasonic agitation.
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Fig. 6. SEM micrographs of the Ni/diamond composite coatings electrodeposited under (a-d) magnetic stirring, (e-h) ultrasonic agitation at (a, €) 2 A dm’z, (b,f)3A

dm™2 (c, ®) 4 Adm 2 and (d, h) 5 A dm2

prepared under ultrasonic agitation contained 9.2-11.4 wt% diamond
particles. Increasing current density from 2 to 5 A dm 2, the embedded
diamond content first increases to 11.4 wt% at 3 A dm ™2, beyond which
it steadily decreases to 9.9 wt% at 5 A dm~2 Compared to mechanical
stirring, the agglomeration of the nanoparticles under ultrasonic agita-
tions are few. So, the ultrasonic-assisted electrodeposited Ni/diamond
composite coatings have few adsorbed and aggregated particles on the
surface. Therefore, the amounts of the co-deposited diamond for
ultrasonic-assisted electrodeposited Ni/diamond coating are slightly
lower than the magnetic mode. However, the dispersion state of the
diamond particles in the ultrasonic-assisted electrodeposits are better,
which benefits the coating performance.

3.3. Phase structure and crystallite size

Fig. 8 displays the XRD patterns of the ultrasonic-assisted electro-
deposited samples at different current density. As seen in Fig. 8, the
spectra show two diffraction peaks, corresponding to the 26 at 44.5° and
51.8°. The peaks at 44.5° and 51.8° belong to Ni (111) and Ni (200)
crystal planes. It was observed that as current density increased from 2
to 5 A dm~2, the peak intensity of (111) texture gradually decreased,
but the peak intensity of the (200) plane steadily increased. The sharp
and narrow diffraction peaks indicate the crystallographic texture of the
coatings. The peak of the diamond at 43.9° were not noticed, due to the
low content in the matrix. Table 3 presents the RTC and crystallite size of
the obtained coating under ultrasonic agitation. It demonstrated that the
preferred orientation was (200) textures. As current density increases,
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Fig. 7. Element distribution maps of the Ni/diamond coating electrodeposited under (a) magnetic stirring and (b) ultrasonic agitation.

Table 2
Chemical composition of the Ni/diamond coatings deposited under ultrasonic
agitation.

Element (wt. Sample, 2 A Sample, 3 A Sample, 4 A Sample, 5 A
%) dm2 dm™2? dm~2 dm~2
Ni 90.8 88.6 89.5 90.1
C/diamond 9.2 11.4 10.5 9.9
(200)
(111)
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Fig. 8. XRD spectra of Ni/diamond composite coating electrodeposited under
ultrasonic agitation. at current density (a) 2 A dm~2,(b)3Adm 2 (c) 4 Adm 2
and (d) 5 A dm 2.

the RTC value of the (200) plane increases from 76.3% up to 93.4%. In
contrast, the RTC value of the (11 1) plane reduces from 22.8% down to
5.7%. The crystallite size of the sample coatings calculated on the (200)
plane was summarized in Table 3. It manifests that the crystallite size
was about 60-80 nm and the finest grains size of 59 nm was obtained at

Table 3
RTC and crystallite size of the Ni/diamond composite coatings.

Samples RTC / % Crystallite size (nm)
111) (200) (220) 111) (200) (220)
2 Adm2 22.8 76.3 0.9 50 76 43
3 Adm™2 16.4 82.0 1.6 51 67 26
4 Adm 2 8.5 90.8 0.7 54 82 33
5 Adm 2 5.7 93.4 0.9 50 59 30

5 A dm~2 The optimal current density was increased for ultrasonic-
assisted electrodeposition. Current density could influence the micro-
structure of the Ni/diamond composites.

3.4. Surface topography and roughness

Fig. 9. displays the surface topography of Ni/diamond coatings. It
was evident that the sample coating electrodeposited under magnetic
agitation presents hill-valley like topography. It comprises granular
protrusions in size of 1-3 pm and interlaced gullies (Fig. 9a, b). The
protrusions are the clusters of the Ni crystals. When ultrasonic agitation
was employed during the electrodeposition process, the surface of Ni/
diamond coating (Fig. 9¢, d) seems smoother. Compared to Fig. 9a,
Fig. 9c indicated that the growth orientation of Ni crystal lattices was
significantly consistent under the influence of ultrasound. The coating
prepared by ultrasonic-assisted electrodeposition has a certain growth
orientation. This is due to that the ultrasonic assistance decreased the
stress of (200) texture in the Ni/diamond composite coating. So, the
nickel grains are easy to grow along the (200) crystal plane. This phe-
nomenon was consistent with the XRD results. As Table 3 shows, the
ultrasonic-assisted coating has high RTC values of (200) plane which
was in the range of 76-94%. The 2D images (Fig. 9b, d) indicate that the
ultrasonic-assisted deposited sample is more compact and has fewer
particle aggregations. No microcracks or pinpores have been observed,
revealing the dense coatings. The analysis by Nanoscope Analysis Soft-
ware showed that the ultrasound-assisted Ni/diamond coating owns fine
structure in comparison with magnetic mode. The average roughness
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Fig. 9. Surface topography of the Ni/diamond coating electrodeposited under (a, b) magnetic stirring and (c, d) ultrasonic agitation.

(Ry) and root mean square roughness (Rq) of the two coatings are listed
in Table 4. The R, of the samples prepared under magnetic and ultra-
sonic agitations were 116 nm, 110 nm, respectively. So, the ultrasonic-
assisted electrodeposited coating is smoother. Compare Table 4 with
Fig. 4, it might be felt that the roughness data and the surface photos are
not consistent. It is well known that the same sample could show
different morphological characteristics at different scales, such as cm,
pm and nm scale. It might be the result of a combination of two opposing
factors that affect the final morphologies of the coatings. On the one
hand, ultrasonic assistance is beneficial to the full dispersion of the
nanoparticles, leading to the uniform distribution of the particles and
the even surface. On the other hand, the amounts of the embedded
particles increased much with the assistance of ultrasonic waves, which
can increase the protrusion structure of the obtained coatings.

3.5. Electrochemical co-deposition mechanism

Fig. 10 displays the mechanism of electrochemical co-deposition for
Ni/diamond coatings. As for Fig. 10(a), the nanoparticles were posi-
tively charged by absorbing Ni?* metallic ions on the surface. When
powering off and without stirring, a lot of particle aggregations suspend
in the electrolyte. When power on and magnetic stirring, as shown in
Fig. 10(b), partial particle aggregations are dispersed. Affected by the
electric field and magnetic stirring, the Ni2* ions and the charged par-
ticles transported to and adsorbed on the cathodic surface. Then, Ni%*
ions acquired electrons and were reduced to Ni atoms. Finally, the
nanodiamonds were strongly wrapped by nickel crystals and the Ni/
diamond composite coatings have been formed. However, under mag-
netic stirring condition, the aggregations have not been well dispersed in
the solution, leading to some aggregates in the deposits, which will

Table 4

The R, and R4 of the Ni/diamond composite coatings.
Coating samples R,, nm Ry, nm
Magnetic agitation 116 146
Ultrasonic agitation 110 138

decrease the coating performance. As for the ultrasonic-assisted elec-
trodeposition, the ultrasonic waves could form cavitation in high-
frequency oscillation, which can fully disperse nanoparticles, as pre-
sented in Fig. 10(c). Tiny bubbles grow up quickly, and burst, resulting
in the formation of cavitation jets which would promote the dispersion
of the aggregated diamond particles. As a result, a more uniform dis-
tribution of the co-deposited particles has been achieved.

3.6. Element chemical states of the coating surface

Fig. 11 displays the XPS spectra of the Ni/diamond coating surface.
As shown in Fig. 11(a), Ni, O and C elements have been detected in the
XPS survey spectrum. The Cls can be ascribed to the dispersed nano-
diamonds in the composite coatings. The Ni2p XPS spectra were pre-
sented in Fig. 11 (b). Ni2p3,5 XPS have three split peaks, belonging to
metallic Ni, nickel oxides or hydroxides, and satellites nickel, respec-
tively. Generally, exposure to air, nickel coating surface would produce
an oxide film. However, in comparison with the Ni-B[34,35], Ni-Co
[36,37] matrix composite coating, the oxidation degree of the Ni/dia-
mond coating surface is lower and the content of metallic nickel is
higher. Meanwhile, due to the hydrogen evolution reaction at the
cathode, OH™ ions have been generated, then nickel hydroxides were
formed [38]. Fig. 11 (c) depicts the C1s XPS spectra and four fitted peaks
were observed. As indicated in Fig. 11(c), from 284.3 to 288.5 eV, the
four peaks were ascribed to C-H, C-C, C-O, COO- species, respectively.
The C-C peaks reflect the existence of nanodiamonds in the electrode-
posits. Ols XPS spectrum was given in Fig. 11. (d). The peaks at 529.4
€V, 530.9 eV, 531.5 eV and 532.4 eV belong to Ni-O, 0% OH™ and H,0
species, respectively.

3.7. Electrochemical characteristics

Fig. 12 displays the EIS curves of the Ni/diamond composite coatings
electrodeposited at 2, 3, 4 and 5 A dm 2 under ultrasonic agitation after
immersed 0.5 h in 3.5 wt% NaCl aqueous solution. The adopted equiv-
alent electrical circuit (EEC) models were given in Fig. 13. Here, R; is
solution resistance. CPEq) reflects the double-layer capacitance. R is the
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Fig. 11. XPS patterns of (a) survey, (b) Ni 2p, (c) C 1 s and (d) O1s of Ni/diamond composite coating.

charge transfer resistance. CPE. and R, are coating capacitance and
coating resistance, respectively. When soaked for 30 min, the two-time
constant EEC model Fig. 13(b) was selected to fit the EIS data. Table 5
listed the corrosion parameters. As observed in Table 5, the R, (=R +
R,¢) value of the samples first increases as current density increases, then
decreases when beyond 4 A dm 2. The maximum Ry, of 39.9 kQ cm? was

obtained at 4 A dm~2, signifying the best corrosion resistance.

When immersed 7 days (about 168 h), as can be seen in Fig. 14, all
the Nyquist curves still exhibited semi-ellipse shape with different
radius. This indicated that the corrosion mechanism has not changed
and the one-time constant EEC model of Fig. 13(a) was used to fit the EIS
curves. The fitted data of the EIS curves were given in Table 6. It shows
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Fig. 12. Nyquist and bode curves of Ni/diamond coatings electrodeposited under ultrasonic agitation after immersed 30 min.
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Fig. 13. Equivalent electrical circuit (EEC) models.

Table 6

Corrosion parameters for Ni/diamond coating prepared under ultrasonic agita-
tion when immersed 168 h.

Ni/diamond R, (Q-cm?) R (kQ-cm?) CPEg(pF cm?) n
that the sample of 4 A dm™2 has the maximum R of 50.3 kQ cm?, =
i . he best . ist It indicated that 4 A d _9 2Adm 3.5 44.5 53.0 0.93
illustrating the best corrosion resistance. It indicated tha m~~ was 3 A dm-2 37 347 5.2 0.01
a suitable parameter for the ultrasonic-assisted electrodeposited Ni/ 4 A dm 2 3.5 50.3 54.3 0.93
diamond with good corrosion resistance.Table 7. 5Adm™> 4.6 30.7 54.8 0.92
Fig. 15 presents the Tafel plots of Ni/diamond coating deposited at
different current density after immersed 14 days. As can be seen, the
corrosion resistance of the samples has changed after immersed for 14 Table 7
days. In this case, the samples of 4 A dm ™2 still has the maximum R, of Corrosion parameters of Ni/diamond coating after immersed 14 days.
43.33 kQ-cm?, indicating excellent corrosion resistance. However, the Ni/diamond Eeore (V v5.SCE) feore/HA-CIn 2 Ry/kQ-cm®
Ecorr was slightly negative and the iy was slightly larger than the
corr le of 5 f d y "lg"h' isb corr. ¢ hg y larg 4 on th 2 A/dm? -0.31 0.66 41.07
sample o m~“. This is .ecause a se?les o .c anges occ.urre. on the 3 A/dm? _0.32 0.74 36.95
surface structure and corrosion mechanism with the soaking time. Ul- 4 A/dm?> _0.31 0.67 43.33
trasonic agitation and 4 A dm~2 are helpful to the enhancement of the 5 A/dm* -0.29 0.62 41.18
Table 5
Corrosion parameters for Ni/Diamond composite coating when immersed 30 min.
Ni/Diamond RS(Q~cm2) RC(chmz) CPE(pF cm?) n Ra(kQ-cmz) CPEg(pF cm?) ny
2Adm™? 4.4 9.6 52.7 0.93 9.1 238.6 0.58
3Adm? 4.7 16.7 50.1 0.92 10.0 419.4 0.78
4Adm2 5.1 33.9 56.3 0.92 6.0 756.2 0.96
5A dm~2 4.6 10.5 52.2 0.92 13.3 267.0 0.69
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Fig. 14. Nyquist and bode curves of Ni/diamond coatings electrodeposited under ultrasonic agitation after immersed 168 h.
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anti-corrosion capability of the Ni/diamond coatings.
4. Conclusions

This work has investigated the ultrasonic-assisted electrodeposition
of Ni/diamond composite coatings and their structure and electro-
chemical properties. The influence of ultrasonic agitation and current
density on the composition, morphology, surface topography, phase
structure, and corrosion resistance were evaluated. These Ni/diamond
coatings own dense and granular like morphology with pyramid-like
grains. The deposits contain 9.2-11.4 wt% diamond particles, which
were uniformly distributed in the coating. With the increase of current
density, the amounts of diamond in ultrasonic-assisted electrodeposits
first increased and then decreased with a maximum of 11.4 wt% at 3 A
dm2 Meanwhile, the RTC of the preferred orientation (200) plane of
the Ni/diamond coating increases from 76.3% up to 93.4%. The growth
orientation of the ultrasonic-assisted deposited Ni crystal lattices is more
consistent. The average roughness (R,) of the ultrasonic-assisted coat-
ings was 110 nm, which was lower than that of 116 nm for magnetic
stirrings. The maximum R, of 39.9, 50.3 kQ cm? was obtained at 4 A
dm~2 when respectively immersed 30 min and 7 days, indicating the
best corrosion resistance of the coatings of 4 A dm~2. A more uniform
distribution of the co-deposited particles has been achieved with ultra-
sonic assistance. Ultrasonic agitation and 4 A dm ™2 is helpful to increase
the corrosion-resistant capability of the Ni/diamond coatings.
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