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Graphene oxide (GO) easily aggregates due to the cross-linking between divalent cations in the plating
baths, and the presence of reduced GO in metal coatings promotes corrosion. This paper aims to improve
the corrosion and wear resistance of Ni-W coatings by embedding graphene oxide modified with nano-
Al O3 nanoparticles (ALO;@GO). Carboxylic acid groups were removed to eliminate cross-linking with
divalent cations. Moreover, the increased number of hydroxyl groups ensured that ALLO;@GO was highly
dispersed in the plating bath. Then, Ni-W-ALO;@GO coatings were fabricated by pulse electrodeposition
with different Al,O;@GO concentrations in the plating solution. The grain refinement, low number of
defects, and low conductivity (1.31 Sm™") of the reduced ALO3;@GO in the coating gave it anti-corrosion
properties. The coating with 1 g L™ of GO addition (Icorr = 0.195 pA) displayed better corrosion and wear
resistance properties than Ni-W coating (Icorr = 6.66 pnA), Ni-W-GO coating (Icorr = 0.706 pA), and other
Ni-W-ALO3;@GO coatings. The uniform distribution of Al,O;@GO in the coatings allowed it to serve as a
physical barrier which eliminated electron pathways and prevented the infiltration of corrosive media.
Moreover, the self-lubrication and similar “rolling” of ALO;@GO increased the wear resistance of the

coatings.
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1. Introduction

Nickel-tungsten (Ni-W) alloy coatings are used in many
aggressive environments as environment-friendly substitutes
for hard chromium films. Ni-W coatings have high hardness,
high thermal stability, and anti-wear and anti-corrosion prop-
erties (Ref 1-4) which are influenced by the structure of the
coating and W contents. The addition of W to Ni alloys
decreases the crystallite size because of the preferred crystal
plane lies along the (111) plane instead of the (200) (Ref 5).
Tungsten also increases the hardness due to the solid solution
strengthening and grain refinement (Ref 6, 7) and can also
increase the corrosion resistance of Ni composite coatings, but
this trend is not consistent (Ref 5). It has been shown that the
anti-corrosion property of Ni-W alloys initially increases upon
the gradual refinement of the nanocrystalline grains with
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increasing W content. However, the anti-corrosion property
begins to decrease due to an increased volume of the
intercrystalline region of the triple junction accompanied by a
particularly small crystallite size (Ref 8). Moreover, the excess
W generates residual tensile stress in the composite coating,
which simultaneously decreases the solution stability and
cathode current efficiency (Ref 9). Nano- and microsized
inorganic inert particles—such as Al,O5 (Ref 10-12), TiO, (Ref
13), SiO, (Ref 14), ZrO, (Ref 15), SizNy (Ref 16), SiC (Ref
17), WC (Ref 18), diamond (Ref 19), CeO, (Ref 20),
MWCNTs (Ref 21), and BN(h) nanoparticles (Ref 22)—have
been shown to enhance the hardness of coatings and decrease
the residual tensile stress. Additionally, their characteristics and
content in coatings affect the performance of composite
coatings.

Graphene, single-layer 2D sp2-hybridized carbon (Ref 23),
shows remarkable physical and chemical properties (Ref 24-27)
and has been shown to improve the mechanical properties,
corrosion resistance, and anti-friction properties of Ni alloys
(Ref 28-30). Previous studies have reported that Ni composite
coatings embedded with graphene sheets can be prepared via
electrodeposition. Unfortunately, maintaining a uniform gra-
phene distribution in the plating solution is difficult due to its
hydrophobic surface and chemical stability (Ref 31). Graphene
oxide (GO), which contains oxygenous functional groups on its
surface, can form well-dispersed aqueous colloids (Ref 32, 33).
Moreover, GO sheets are compatible with metal matrixes due to
the presence of oxygen groups on its surface. Fan et al. (Ref 34)
used pulse electrodeposition to prepare Ni-W-GO sheet com-
posite coatings with increased corrosion potentials due to the
shielding of micropores by GO. The hardness and wear
resistance of a Ni-W-GO composite coating obtained by direct
current co-deposition were improved by the addition of GO
sheets (Ref 35).

Journal of Materials Engineering and Performance


http://orcid.org/0000-0001-9047-9040
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-021-05958-z&amp;domain=pdf

Three primary aspects affect the co-deposition of Ni-W-GO
sheets. Firstly, due to cross-linking between metals and the
carboxylic acid groups of GO sheets (Ref 36), GO sheets are
prone to aggregation, which leads to an uncontrollable
precipitation in the plating bath that contain divalent cations.
Secondly, GO sheets in the plating bath are constantly reduced
during electrodeposition (Ref 37), and the reduced GO sheets
(RGO) easily aggregate. Lastly, RGO can be deposited into
coatings, which promotes the corrosion by changing the
electron transfer behavior between the metal, coating, and
electrolyte interface (Ref 38). Various methods have been
developed to overcome these limitations. For example, GO has
been dispersed in epoxy coatings by mutual surface modifica-
tion with silane and titanium dioxide (Ref 39), oxide-alumina
(Ref 40), and silica (Ref 41, 42). This improved the anti-
corrosion properties of composite epoxy coatings due to the
uniform and stable dispersion of decorated GO sheets. PVB
coatings embedded with RGO sheets modified by low-conduc-
tivity pernigraniline displayed outstanding anti-corrosion
behavior. The SAT-G (a novel aniline trimer (AT) functional-
ized graphene sheets) (Ref 43) and super-hydrophobic polyhe-
dral oligomeric silsesquioxane functionalized graphene (Ref
44) were added into epoxy matrix. As a result, the function-
alization could effectively increase the dispersion of graphene
in epoxy matrix, and the anti-corrosion and wear-resistant of
epoxy coating were improved. Then, Ye et al. (Ref 45) prepared
CDs (functionalized carbondots)-modified graphene/epoxy
(CDs-G/EP) coatings, and the dispersion and interface com-
patibility of graphene were greatly enhanced by CDs, and the
coating had a superior protective property on steel. In addition
to the longer diffusion pathway of corrosive media into the
matrix, the anti-corrosion property was attributed to the
excellent dispersion of RGO sheets in the coating (Ref 46).
RGO-PVA composite films exhibited excellent corrosion
resistance and anti-wear properties on a Mg alloy surface by
preventing contact between graphene sheets (Ref 47).

These previous results show that the agglomeration of GO
sheets can be minimized by surface modification. Thus, the aim
of this work was to prevent the agglomeration of GO in the Ni-
W plating bath and reduce the conductivity of RGO in the
coatings by modifying the surface of GO sheets. Here, GO
sheets were modified with Al,O5; nanoparticles (Al,O3@GO),
and the characteristics of AlL,O3;@GO and reduced Al,O3;@GO
were studied. Then Ni-W-ALO;@GO composite coatings were

Fig. 1. SEM images and XRD pattern of the Al,O; nanoparticles
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fabricated by pulse electrodeposition with different concentra-
tions of ALLO3;@GO sheets in the plating solution. Finally, the
corrosion resistance and anti-friction performances of the
composite coatings were investigated systematically.

2. Experimental

2.1 Materials

C45 steel samples were used as the substrate material
(quenching and tempering treatment, 15 mm X 15 mm X 5
mm) and were mechanically polished (Ra < 1 um).

2.2 Synthesis of GO@AI,0; Hybrids

First, aAl,O3 nanoparticles (< 30 nm, SEM images and
XRD pattern are shown in Fig. 1) were functionalized. Al,O3
nanoparticles (1 g) and 8-aminopyrene-1,3,6-trisulfonic acid
trisodium salt (APTS, 20 g) were dissolved in anhydrous
ethanol (500 mL) and stirred for 4 h at 78 °C. The reaction
mixture was then diluted by the slow addition of DI water (40
g), followed by filtration. Functionalized Al,0; nanoparticles
(f-Al,03) were washed several times with anhydrous ethanol
and DI water and dried for 24 h at 60 °C under vacuum
environment.

In order to synthesize Al,O3;@GO hybrids, a homogeneous
suspension was created by dissolving 0.1 g functionalized
AlL,O; in 250 mL N, N-dimethylformamide (DMF) via
ultrasonication for 2 h. Then, 0.5 g GOs (Nanjing XFNANO
Materials Tech Co., Ltd) were added into the suspension with
ultrasonication for 120 min. The obtained solution was refluxed
with continuous stirring at 105 °C for 5 h. The obtained
GO@AIl,05 hybrids were filtered, washed, and then dried for
24 h at 60 °C under vacuum (Ref 40).

2.3 Preparation of Ni-W-GO, Ni-W-Al,0;@G0 GComposite
Coatings

The composition of the plating bath and the operational
conditions are listed in Table 1. The pH was adjusted with
sulfuric acid and ammonium hydroxide. ALO;@GO or GO
sheets firstly were dispersed in DI water by stirring at 400 rpm
for 24 h and then in an ultrasonic bath for 60 min. The plating
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bath was stirred at 200 rpm constant speed during electrode-
position process.

2.4 Characterization

The synthesized materials were characterized by electron
probe microanalyzer (EPMA, JEOL JXA-8230, Japan; accel-
eration voltage: 15 kV), field emission scanning electron
microscopy in the secondary electron mode at an acceleration
voltage of 15 kV (FESEM, FEI Nova Nanosem 450, USA),
transmission electron microscopy (TEM Philips CM200)
working at 200 kV and equipped with a super-twin objective
lens, Raman spectroscopy (Bruker Senterra R200-L; laser
wavelength: 532 nm; power: 20 mW), x-ray diffraction (XRD,
Rigaku, D/Max2500PC, Japan; Cu ko radiation source; 1 =
0.15405 nm; 40 kV; 40 mA) by scanning in the range of 20° to
80°, Fourier-transform infrared spectroscopy (FTIR, Nicolet
380, USA) with a 4 cm ™' resolution over a wavenumber range
of 400-4000 cm ™", and x-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250XI, USA) with a magnesium anode
producing Al ka x-rays. GO and Al,O;@GO were reduced by
hydrazine hydrate, and their conductivities were determined by
a four-point probes (ST2263, SuZhou).

Table 1 Bath composition and operating conditions

Composition and conditions

NiSO4-6H,0 20gL7!
Na,WO0,2H,0 45 g L™!
NiCl, 5gL7!
NaBr 15gL7!
Na;Cit 60 gL™!
NH,CI 27gL™!
Sodium dodecyl sulfate 05gL!
Saccharin sodium 2gL7!
ALO;@GO, GO 1 g L™! 05,1,2,3gL™"
pH 7
Temperature 50 °C
Average current density 8 A dm?
Duty cycle 0.2
Frequency 400 Hz
Time 40 min

spot | mag O | B 5pm
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Fig. 2. FESEM micrographs of (a) GO and (b) ALO;@GO
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The anti-corrosion properties of coatings were investigated
using electrochemical measurements (Gamry Reference 3000
potentiostat) in 3.5% NaCl solution at room temperature.
Electrochemical impedancespectroscopy (EIS) was carried out
in the range of 107%-10° Hz with a 10 mV AC amplitude.
Potentiodynamic polarization measurements were conducted by
scanning from —500 mVSCE to 500 mVSCE at a rate of ImV
s~ '. The electrical conductivities were measured using a four-
point probe setup.

The tribological properties of coatings were evaluated using
a reciprocating ball-on-plate universal tester at room temper-
ature (Model: MFT-5000, Brand: RTEC), with a reciprocating
frequency of 1 Hz, a sliding distance of 10 mm, and loads of 1
N and 10 N. A zirconia wear-resistant ceramic ball with a
diameter of 9.525 mm was used as the counter-body.

3. Results and Discussion

3.1 Structure and Morphology of Al,0;@G0 Hybrids

3.1.1 SEM and TEM Images. Figure 2 shows the
morphologies of GO and Al,O3;@GO hybrids. The wavy or
“wrinkled” nature of the GO is shown in Fig. 2(a). As shown
in Fig. 2(b), the spherical Al,O3 nanoparticles were anchored
directly on the surface of GO sheets, and the creased and
wrinkled morphology of GO was maintained. This indicates
that the layered structure of the GO sheets was not destroyed
during AL,O;@GO fabrication.

The structure and morphology of AlL,O;@GO were further
investigated using TEM and HRTEM. HAADF images
(Fig. 3a), TEM images (Fig. 3b), and HRTEM images
(Fig. 3d) showed that the Al,O3 particles were tightly coated
on the surface of the GO sheets. Figure 3¢ shows the EDS
elemental mapping corresponding to Fig. 3(a), which indicates
that the slices were GO, and the particles were Al,Os.

3.1.2 Raman Analysis. The Raman spectra of GO and
AlL,O;@GO hybrids are shown in Fig. 4. Two peaks were
present for GO, i.e., the D-band at 1351 cm ™' and the G-band
at 1606 cm™' After modification by AlL,O5 nanoparticles, the
G-band was broadened and shifted to 1617 cm™', which
indicates that the AlL,O;@GO hybrid layers were more
exfoliation (Ref 48). Furthermore, the I/l ratio value (where
Ip and I are the D-band and G-band Raman intensities,

*
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Fig. 3. HAADF (a), TEM (b), HRTEM (d) images and EDS elemental mapping (c) of ALLO;@GO
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Fig. 4. Raman spectra of GO and ALLO;@GO
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3000

respectively) increased to ~ 1.07 for the Al,O;@GO hybrids,
compared with that of GO of 0.89. This indicates the
destruction of symmetry and the distortion of bonds, possibly
due to a reduction in the size of the in-plane sp2 domains,
which was enhanced by modification with Al,O3 nanoparticles
(Ref 49).

3.1.3 FTIR Spectra. The FTIR spectra of GO sheets and
AlL,O;@GO are shown in Fig. 5(a). There are various peaks in
the GO spectrum, including -OH (3360, and 1381 cm™"), -CH,
(2968 cm™ "), C=0 (1701 cm™ "), C=C (1594 cm '), and C-O
(1381 cm™ ') groups on the surface of GO. In the FTIR
spectrum of Al,O;@GO, the CH, and C=0 peaks disappear,
and the intensities of the -OH peaks (3430 cm™' and 1381
cm ") were enhanced. New peaks also appeared at 2817, 826,
and 626 cm ™' which belonged to C-H bending, N-H rocking,
and Si-O-Al stretching. The disappearance of C=0O and CH,
and the appearance of N-H on the surface of ALO;@GO
revealed that chemical reactions occurred between the carboxyl
groups of GO and the NH, groups of f-Al,05. Furthermore, the
broad absorption band corresponding to the Al-O-Al bond of
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AlLOs appeared from 500 to 1000 cm ™', which confirmed the
interaction between nano-Al,Oz and the GO sheets (Ref 40).
The increased intensity of the -OH peaks in the Al,O;@GO
spectrum was attributed to f-Al,O; due to the presence of
hydroxyl groups on the surface (Ref 50).

The FTIR spectra of RGO and R@GO (Fig. 5b) show that
the GO peaks completely vanished, showing that oxygen
functionalities were removed and GO was reduced. The FTIR
spectrum of R@GO shows that the hydroxyl (3430 cm '), C-H
bending, N-H rocking, and Si-O-Al stretching still remained.
Retaining the oxygen functionalities on the surface of the
R@GO sheets ensured that Al,O3;@GO remained hydrophilic-
ity and well dispersed during the plating process.

3.1.4 XPS Analysis. To confirm changes in the functional
groups between the GO and ALO;@GO, their C 1ls XPS
spectra were obtained (Fig. 6). Figure 6(a) shows the C 1s XPS
spectrum of the GO sheets. The presence of four carbon peaks
indicated considerable oxidation: non-oxygenated ring C, C in
C-O bonds, carbonyl C, and the carboxylate C (O-C=0). The C
1s XPS spectrum of ALO3;@GO is shown in Fig. 6(b) and
contained the same four carbon functional groups as GO. More
importantly, the peak intensity of C(=0)-O nearly disappeared,

which indicates that carboxyl groups in GO were removed after
modification with Al,Os. The FTIR and XPS results indicate
that most carboxyl groups were removed from the GO surface,
and more hydroxyl groups appeared on the surface of
AlL,O;@GO during modification by Al,Os. The structure of
AlL,O;@GO is illustrated in Fig. 7.

3.2 Characterization of Composite Goatings

3.2.1 XRD Analysis. XRD was applied to determine the
phase composition and microstructure of the fabricated coat-
ings. Figure 8 shows the XRD pattern comparison of Ni-W, Ni-
W-GO (GO: 2 g L™" concentration), and Ni-W-ALO;@GO
composite coatings which show that Ni-W coatings were a Ni-
based solid solution with an fcc structure. All patterns exhibited
a prominent peak at 44.31° corresponding to the (111) crystal
plane of nickel, and peaks at 52.56° and 77.9° corresponding to
the (200) and (220) crystal planes, respectively (JCPDS Card
No. 65-4828). The peaks at (200) and (220) were weakened due
to doping by GO and Al,O3@GO, which indicated that GO and
Al,O;@GO were introduced into the coatings and affected the
preferred orientation of Ni. The average grain size of the
coatings was calculated by the Debye—Scherrer equation

GO
\3458 1666 R-AL0,@GO

-A1,0;@
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R-@GO
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Fig. 5. The FTIR spectra of (a) GO, Al,0;@GO; (b) RGO, R@GO
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Fig. 6. The Cls XPS spectra of: (a) GO, (b) ALO;@GO
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Fig. 8. XRD patterns of composite coatings

(Table 2) which showed that composite coatings displayed the
smallest crystallites when the content of ALO3;@GO was 1 g
L~ in the plating bath. Crystallite refinement occurred because
metal ions and complexes in the plating bath were adsorbed by
GO or ALO;@GO (Ref 51) which inhibited the growth of
crystal nuclei. The rate of nucleation was increased by GO
through the growth of Ni-W centers, which prevented the
growing metal surface (Ref 16).

3.2.2 SEM and EDS Analysis. Figure 9 shows the SEM
micrographs of all composite coatings. A typical cauliflower-
type morphology was obtained on the Ni-W coating surface, as
shown in Fig. 9(a). No microcracks were observed on the
surface, and the W content was about 22.16 wt.%. When the
GO sheets were added into the Ni-W coating, the nodular
morphology becomes smoother (Fig. 9b). The higher magni-
fication SEM image shows that graphene sheets were homo-
geneously dispersed in the coatings. The C content was about
6.29 wt.%, as indicated by wave-dispersive spectrometry
(WDS).

Figure 9(c, d, e, ) shows that the surfaces of Ni-W-
ALO;@GO coatings were rougher than the Ni-W-GO com-
posite coating; however, there were only a few bare
AlL,O;@GO. Figure 9(c) shows that homogeneous nodulations
were distributed on the smooth surface in the Ni-W-
AL,O;@GO coating when the Al,O;@GO content in the
plating solution was 0.5 g L™'. WDS analysis showed that the
nodulations were the cladded Al,O;@GO, corresponding to the
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C content of 29.29 wt.%, compared with 1.35 wt.% in the
smooth areas. At a lower content of Al,O;@GO, an open pore
structure was formed due to the interconnection of GO sheets.
This provided a short-cut path for the insertion and extraction
of electrolyte ions into the surface of GO (Ref 52). The
electrolyte ions quickly penetrated and accumulated on the
surface of ALO3;@GO and then formed a small number of
nodulations on the coating surface.

Upon increasing the Al,O;@GO content, the nodulations
were compacted and homogeneous, as displayed in Fig. 9(d, e).
However, when the concentration of Al,0;@GO increased to 3
g L', the surface morphology was the same as that of the 0.5 g
L' concentration (Fig. 9f). The carbon contents were about
6.10 wt.%, 18.18 wt.%, 22.21 wt.%, and 7.89 wt.%, which
corresponded to AlL,O;@GO concentrations in the plating
solution of 0.5 g L™, 1 g L', 2 g L™", and 3 g L',
respectively. This indicates that the Al,O3;@GO content in the
coating did not always improve upon increasing the Al,O;@-
GO content in the plating solution. EDS mapping analysis of
the Ni-W-ALO;@GO (1 g L™") composite coating surface in
Fig. 9(g) shows that Al,O;@GO was uniformly distributed
throughout the coatings, which indicates that AL,O;@GO may
be well dispersed in the plating solution.

The cross-sectional morphologies of the Ni-W-ALO;@GO
coatings in Fig. 10 show that the composite coatings were well-
bonded to the substrate with no visible defects and cracks at the
interface. The composite coatings showed a compact
microstructure and high bonding strength upon the addition
of 0.5 g L™' (Fig. 10a) and 1 g L™ (Fig. 10b) ALO;@GO.
However, the cross-sectional structure of the Ni-W-Al,O;@GO
coating is separated with 2 g L™' ALO;@GO in the plating
solution, as displayed in Fig. 10c. Defects appeared on the
external surface of the coating, and when the concentration of
ALO;@GO increased to 3 g L™! the coating showed obvious
defects and cracks (Fig. 10d).

The EDS line scanning analysis for Ni-W-ALO;@GO
composite coating (1 g L™") (Fig. 11) shows that the coating
contains three major components: Ni, W, and C. The mapping
of the cross section supports the line scanning results. The EDS
mapping analysis of the coating surfaces shows the presence of
carbon, which indicates that Al,O;@GO was uniformly
distributed as thin sheets embedded in the composite coatings.
This further confirmed that AL,O;@GO exhibited a better
dispersion in the plating bath.

3.2.3 Raman Spectra. In order to investigate the state of
AlL,O;@GO in the composite coatings, Raman spectra were
obtained. The D-band (1360 cm™ ") and G-band (1600 cm™")
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Table 2 The grain sizes of composite coatings

Coatings Ni-W  Ni-W-GO  Ni-W-@GO, 0.5 g L™

Ni-W-@GO, 1 g L™

Ni-W-@GO, 2 gL' Ni-W-@GO, 3 g L™*

Grain size, nm 452 29.6 13.4

8 11.4 14.1

Fig. 9. SEM photomicrographs of composite coatings (a) Ni-W, (b) Ni-W-GO, (c) Ni-W-ALO;@GO 0.5 g L™, (d) Ni-W-ALO;@GO 1 g L™/,

(¢) Ni-W-ALO;@GO 2 g L™, (f) Ni-W-ALO;@GO 3g L™

were observed in all Ni-W-Al,0;@GO coatings, as shown in
Fig. 12. Compared with Al,O;@GO (Fig. 5), the Ip/I ratios all
increased, which confirms that AL, O;@GO was introduced into
the composite coatings successfully and was reduced during the
process of electrodeposition.

3.3 CGorrosion Performance

The polarization curves of all composite coatings are
displayed in Fig. 13. The corrosion potential (E..,) and current
density (icorr) obtained from Tafel plot extrapolation are listed
in Table 3. The coatings formed from plating solutions

7320—Volume 30(10) October 2021

containing 1 g L' of GO and 05 g L™, 1 gL', 2 gL'
of ALO3;@GO possessed higher E.., and lower i.,, values
than the Ni-W composite coatings. More importantly, at an
ALO;@GO sheet content of 1 g L™" in the plating solution,
E.o significantly increased, while 7., sharply decreased. But,
the corrosion marginally increased at 3 g L™ ALO;@GO.
Figure 9 shows that the composite coatings contained defects
and cracks at the interface, which reduced their corrosion
resistance (Ref 21, 53).

To better understand the corrosion resistance of the com-
posite coatings, EIS was performed. Figure 14 illustrates the
Nyquist plots of all coatings, which all show a single semi-
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Fig. 10. Cross-sectional images of Ni-W-AL,O;@GO composite coatings with (a) 0.5 g L™, (b) 1 gL', (¢)2 g L™, (d) 3 g L™' ALO;@GO

in the plating solution

WFeE N BHCEH W

Fig. 11. Line scanning and elemental mapping of a cross section of the Ni-W-ALO;@GO composite coating (1 g L™")

circular arc. In contrast to the others, the Ni-W-AlLO;@GO
composite coating produced at 1 g L™' ALO;@GO content in
the plating solution showed a remarkably larger semi-circular
arc. The observed results imply the presence of an equivalent
circuit composed of 2RQ components, with the electrochemical
parameters listed in Table 4. The Ni-W-ALO;@GO coatings
displayed a higher charge transfer resistance (R.) and lower
double-layer capacitance (CPEy). The addition of ALO;@GO
sheets to the Ni-W composite coating lowered the CPEy and

Journal of Materials Engineering and Performance

increased R, which decreased i.,,, consistent with the results of
polarization.

The addition of GO formed coatings with more compact
microstructures due to grain refinement and the presence of
fewer defects. The anti-corrosion properties of the coatings
were improved because the well-dispersed rGO served as a
barrier to corrosive media (Ref 34). However, the embedded
rGO is cathodic to most metallic materials due to a more
positive electrode potential (Ref 54). For the exposed
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Fig. 13. Polarization curves of the composite coatings

Table 3 Corrosion potentials and corrosion current
densities of the composite coatings

Sample Ecorr, mV Icorr, pA
Ni-W —763 6.66
Ni-W-GO —573 0.706
Ni-W-ALO;@GO, 0.5 g L' —528.9 0.65
Ni-W-ALO;@GO, 1 g L™ —464.3 0.195
Ni-W-ALO;@GO, 2 g L™ —564.8 0.437
Ni-W-ALO;@GO, 3 g L™ 757 4.19

graphene—metal interfaces (bare rGO as shown in Fig. 9b), rGO
accelerated localized corrosion (Ref 38, 55), which decreased
the corrosion resistance of the barrier layer.

The corrosion test results showed that the corrosion
resistance of Ni-W-ALO3;@GO composite coating formed
from 1 g L™' ALO;@GO in the plating solution was enhanced
compared with that of Ni-W-GO. The electrical conductivities
of RGO and rAL,O;@GO were measured using a four-point
probe setup and were found to be 4081 S m™', 1.31 S m™ ',
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Fig. 14. Nyquist plots of the composite coatings

respectively. The FTIR spectra of RGO and rAL,O;@GO are
shown in Fig. 6. The GO peaks completely disappeared in the
FTIR spectrum of R@GO, but the hydroxyl (3430 cm "), C-H
bending, N-H rocking, and Si-O-Al stretching peaks remained.
The conductivity of rALO;@GO was less than 3 S m™' due to
the adsorption of an insulating surfactant layer (Ref 56, 57).
The addition of insulating R@GO sheets resulted in a higher
corrosion resistance than the Ni-W-GO coating.

The mechanism responsible for the improved anti-corrosion
behavior of the R@GO sheets is shown in Fig. 15. First, the
coating microstructure became more compact due to grain
refinement and fewer defects, making it difficult for the
corrosive media to enter the coatings. Secondly, the well-
dispersed Al,O3@GO sheets in the coating provided a barrier
that prevented the penetration of corrosive mediators into the
micropores or microcracks. Finally, the insulating R@GO
sheets embedded in coatings prevented the formation of
primary cells of the coated metal, blocked the electron transfer
path, and reduced the cathodic area (Ref 51).

3.4 Tribological properties of composite coatings

The coefficient of friction (COF) as a function of time for
Ni-W, Ni-W-GO, and Ni-W-ALO;@GO composite coatings
via a sliding speed of 10 mm s ' under loads of 1 N is
presented in Fig. 16. The COF curve of the Ni-W coating
continually increases from 0.33 to 0.58 over time. Similarly, the
COF curves of Ni-W-GO and Ni-W-ALO3;@GO composite
coatings (0.5 g L™', 3 g L") also continually increase to 0.48
before stabilizing. Furthermore, the COF value of Ni-W-
ALO;@GO coatings produced with 1 g L™' ALO;@GO in the
plating solution stabilized at the lowest value of 0.38.

The COF curves of Ni-W-ALO;@GO with 1 g L™ at
different sliding speeds and contact loads are displayed in
Fig. 17. Under a load of 10 N, the COF curve became smoother
and eventually stabilized around 0.36. With a sliding speed of
20 mmy/s, the COF quickly increased during the initial stage,
before beginning to decrease at 1800 s, then settling around 0.4.
These results show that the 1 g L™ Ni-W-ALO3@GO coating
displayed a better friction reduction than the Ni-W-GO coating.

A general view of the wear tracks of the Ni-W-Al,O;@GO
composite coatings is displayed in Fig. 18. Deeper abrasive
grooves with wider wear tracks occur in the worn surface of the
0.5 g L' Ni-W-ALO;@GO composite coatings, as shown in
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Table 4 Equivalent circuit fit parameters for the EIS samples

Sample Ret, Q-cm? Re, Q-cm’ CPEy, F CPE,, F

Ni-W 515.8 721.7 3.846 x 1073 1.266 x 1073
Ni-W-GO 696 828.2 29 x 1073 1.05 x 1073
Ni-W-ALO;@GO, 0.5 g L' 978.3 1002 1.766 x 1073 0.430 x 1073
Ni-W-ALO;@GO, 1 g L™! 2445 2675 0.359 x 1073 0.567 x 1073
Ni-W-ALO;@GO, 2 g L™! 965 974.8 1.38 x 1073 1.988 x 1073
Ni-W-ALO;@GO, 3 g L™! 506 766 297 x 1073 1.38 x 1073
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Fig. 15. Schematic representation of the anti-corrosion mechanisms of Ni-W-Al,O;@GO composite coatings
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Fig. 16. Coefficient of friction of composite coatings vs time under
loads of 1 N and sliding speed of 10 mm/s

Fig. 18(a). The small clusters distributed on the rough coating
surface were first rubbed off during the initial stage of wear,
which may have caused the COF to fluctuate. The worn
surfaces of composite coatings via 2 g L™' and 3 g L'
AlL,O;@GO show wider wear tracks with clear scuffing due to
the rough surface. The wear track of the 1 g L™' Ni-W-
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Fig. 17. Coefficient of friction of Ni-W-ALO;@GO composite
coating via 1 g L™

ALO;@GO composite coating shows mild abrasive wear with
shallow plowing and a narrower wear track.

The SEM morphologies of the worn surface of Ni-W-
AlLO;@GO composite coating via 1 g L™ after sliding for
3600 s are shown in Fig. 19. When the sliding speed was
increased to 20 mm/s, the wear track became very smooth with
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Fig. 18. SEM morphology of the wear surface of Ni-W-Al,O;@GO composite coatings via 1 N and 10 mm/s. (a) 0.5 g L™, (b) 1 g L7, (c) 2

gL (@3gL™!

Fig. 19. SEM morphology of the worn surface of Ni-W-Al,O;@GO composite coating (I g L™"). (a) 1 N and 20 mm/s, (b) 10 N and 10 mm/

S

only slight plowing (Fig. 19a), due to the longer sliding time
and higher speeds which rapidly removed the bulges and filled
holes with wear debris. At a load of 10 N, the worn surface
became smoother and wider, as shown in Fig. 19(b). Ni-W-
AlLO;@GO composite coating via a 1 g L™' content in the
plating solution had a low friction coefficient and good wear
resistance at different sliding speeds and contact loads.

7324—Volume 30(10) October 2021

The Ni-W coatings embedded with 1 g L™ ALO;@GO
sheets showed a rougher surface than the one with embedded
GO sheets; however, it had better anti-friction and wear
resistance than the Ni-W-GO coating. The Al,O;@GO content
in the plating bath had an important impact on the microstruc-
ture and performance of the composite coatings. The anti-wear
mechanism involved load transmission from the matrix by the
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Fig. 20. Schematic representation of the anti-friction mechanisms of Ni-W-Al,O;@GO composite coatings

GO sheets which decreased the shear forces acting on the
contact face because the coatings slightly bulged out (Ref 34).
Similarly, the AlLL,O;@GO sheets decreased the shear forces
acting on the contact face by supporting the loads transmitted
from the matrix. The schematic of this similar “bearing”
mechanism is shown in Fig. 20. Al,O; nanoparticles cladded
with GO sheets may rotate under the action of tangential forces
T (a component of friction), and the Al,O3;@GO sheets play a
role similar to “rolling.” The wear mode of the coating
transformed from sliding to rolling, which improved the anti-
wear performance and reduced the COF of the coatings.

4. Conclusion

Ni-W coatings with low friction coefficients and anti-
corrosion properties were fabricated by embedding AlL,O;@GO
sheets, and the coating with 1 g L™ of GO addition displayed
better corrosion on and wear resistance properties than Ni-W
coating, Ni-W-GO coating, and other Ni-W-ALO3;@GO coat-
ings due to grain refinement and fewer defects.

The cross-linking between the metal and carboxylic acid
groups of GO sheets in the plating bath was prevented by
removing the carboxylic acids during the modification by
Al,0O5 nanoparticles, Moreover, the FTIR spectrum of R@GO
showed that retaining the other oxygen functional groups on the
surface of R@GO sheets. Which ensured that Al,O;@GO
remained well dispersed during the plating process, and the
good dispersibility of ALLO3;@GO sheets in the Ni-W plating
bath ensured they were well dispersed in the coating.

The R@GO sheets served as an insulating barrier which
made it difficult for corrosive media to penetrate the coatings.
Additionally, the insulation of the R@GO sheets blocked
electron transfer pathways and reduced the cathodic area
compared with RGO sheets. By supporting the loads transmit-
ted from the matrix, which decreased the shear forces on the
contact face, the R@GO sheets improved the anti-friction
property and wear resistance of the coating. We expect that this
GO modification procedure can be applied to reinforce metal
composite coatings, and this study may open up a new method
for preparing metal-graphene composite coatings.
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