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In this study, Triton X-100 was used as the WS2 dispersion agent in the AueCo cyanide electrolyte to 
deposit AueCo/WS2 composite coatings. Probe sonication was applied to exfoliate the commercial WS2
powders to produce thinner and smaller WS2 flakes, which improved the stability of the WS2 particles 
in the electrolyte. According to the electrochemical analyses, the effects of adding Triton X-100 and 
WS2 particles to the electroplating process were investigated. Through material characterizations, WS2
par-ticles were proved to be compounded into the AueCo matrix and showed clearly {002} preferred 
orientation due to their flake structures. Tribological tests were performed under dry condition in 10�3 

Pa vacuum against stainless steel 316L balls with diameters of 3 mm and a normal contact force of 2 N. 
The AueCo/WS2 composite coatings that developed showed the minimum coefficient of friction and 
wear rate of 0.05 and 8 � 10�6 mm3/N$m, which are 5 times and 3 times lower than the AueCo 
reference coating, respectively.
1. Introduction

As gold (Au) has excellent corrosion resistance, thermal con-
ductivity and electrical conductivity, it is widely used as electrical
functional coating on contacts in electronic and telecommunication
industries [1,2]. Compared with the Au coating application on the
stationary electrical contacts, wear resistance is among the most
important performance characteristics of Au coatings on the
moving contacts, on which components with intensive movement
during normal operation are designed [3]. Electroplating is the
preferred industrial technique for Au deposition on metallic sub-
strates and cyanide bath is still commonly used, although it has
many safety risks [4]. Adding Ni2þ and Co2þ as hardening agents
into the acidic cyanide electrolytes leads to significant improve-
ments in the coating’s mechanical and morphology properties
[5e8]. However, in addition to the solid-solution hardening effect
M, F-13108, Saint-Paul-Lez-
and grain size hardening effect, co-depositing of foreign atoms in
the Au lattice can also induce lattice distortion, which impairs the
electrical conductivity of pure Au coating obviously. Generally, hard
Au coatings are hardened by co-depositing of Cowith a low content
of 0.3e1.6 at.% [9] or Ni less than 2.5 at.% [10].

Implanting nanoparticles in metal matrix coating is another
practical approach to enhance the coating’s mechanical and
chemical properties. Decreasing the particle size is essential not
only for promoting homogeneity of composite coatings but also
fulfilling the coating thickness requirement in micro-devices, and
the particle size that well studied is ranging from 4 nm to 800 nm
[11]. One of the biggest challenges is to achieve a uniform and
stable micro or nanoparticle suspension in the electrolyte as
agglomeration happens easily due to the strong Van der Waals
interaction among the nanoparticles. The co-deposition process can
be influenced by three main factors: the particle properties, the
applied current density and electrode geometry/movement or bath
agitation [12]. Investigations of NieP [13], Ni [14e17], Co [18], and
Cu [19] based composite coatings with carbon nanotubes, graphene
solid lubricating nanoparticles were carried out by several authors.
In all those cases, the suspension was stabilized by using ionic
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surfactants such as sodium dodecyl sulfate and cetyl-
trimethylammonium bromide. These surfactants have obvious ef-
fects on lowering the particles’ surface tension to improve their
dispersion and/or improving their electrostatic adsorption. The
addition of surfactants can also change the zeta potential of the
particles in the electrolyte. Even though good wear performance of
these composite coatings was achieved, metals used here are prone
to be easily oxidized. In contrast, Au based composite coating is less
easily oxidized. But in the recent years, there are few literatures
reporting the use of Au based composite coating. Carbon-based
solid lubricants are broadly used, but they are limited to mild
operating conditions. Instead, tungsten disulfide (WS2) is more
compatible in extreme operating environments as it has a high
load-carrying capacity, good thermal stability and excellent lubri-
cating performance in high vacuum [20,21]. The attempt of com-
pounding WS2 in the metal based coating was carried out by some
researchers [21e23]. Considering the increasing demand and con-
sumption of Au or Au alloys, the study of compounding WS2 in Au
alloy matrix is interesting, as with WS2 lubricant compounded, the
wear resistance of the Au alloy coating is expected to be improved
efficiently even under low contents of foreign alloy elements such
as Co and Ni.

It is challenging to achieve a homogeneous e highly required to
obtain an even deposition e aqueous WS2 suspension since WS2
(0001) surface is made of chemical saturated sulfur atoms making
the WS2 particles hydrophobic [24], leading to large agglomerates
in aqueous-based Au plating bath. Even though magnetic stirring is
often used for particle dispersion, it has been suspected to be not
efficient for WS2 dispersion [25]. Composite deposition assisted by
ultrasonication during electroplating is also reported [26] but gives
rise to an apparent heat up of the electrolyte. Another strategy is
the use of non-ionic surfactants. Among them, Triton X-100 ex-
hibits high chemical stability in both acid and alkaline electrolytes
[27], so that it can be used as the wetting agent in KAu(CN)4 elec-
trolyte [28]. The feasibility of applying Triton X-100 for the Au alloy
matrix WS2 composite coating deposition is interesting to be
investigated.

In the present work, the feasibility study of compounding WS2
nanoparticles in the AueCo matrix through electrodeposition was
carried out. The dispersion stability of WS2 powder, which was pre-
exfoliated by ultrasonication, in the AueCo cyanide electrolyte with
and without Triton X-100 was investigated. The effects of Triton X-
100 on the electroplating process were analyzed through electro-
chemical characterizations. Furthermore, the surface morphology,
crystal structure, coating composition, WS2 distribution in the
coating were characterized by means of scanning electron micro-
scopy (SEM), 3D optical profiler, X-ray diffraction (XRD) and energy
dispersive X-ray spectroscopy (EDS). Tribological properties of the
deposited coatings from different electrolytes with different WS2
concentrations were studied and compared.

2. Experimental details

2.1. Coating deposition and electrochemical analysis

Recently, CuCrZr becomes an promising base material for the
sliding electrical contact development, especially for these work
under harsh environment such as in the nuclear fusion experi-
mental devices [29]. CuCrZr plates (10 mm � 8 mm � 2 mm) with
4 mm low-stress electrodeposited Ni interlayers from Ni sulfamate
electrolyte as diffusion barriers were used as the substrates in the
AueCo/WS2 composite electroplating study. Before the deposition,
all the substrates were pretreated by a degreasing process with
5 min sonication in acetone and 5 min sonication in ethanol. After
the degreasing process, an activating treatment was performed on
the Ni surface with 1 min immersion in 20% HCl and 3 min im-
mersion in 25% H2SO4 at 25 �C, followed by a quick deionized water
rinse and the electroplating was started immediately after that.

The AueCo electroplating is based on the aqueous cyanide
electrolyte from COVENTYA, containing 4 g/L KAu(CN)4, CoSO4,
H3PO4, and H2SO4. The pH of the electrolyte was maintained at 0.6.
As Fig. 1 shows, Triton X-100 (C14H22O(C2H4O)n, n z 10) (Acros
Organics) was added into the AueCo electrolyte reached to a con-
centration of 8 ml/L with 300 rpmmagnetic stirring for 5 min. WS2
powder (2 mm, � 99%, Sigma-Aldrich) was mechanically exfoliated
in deionized water by using a probe sonicator (Vibra Cell 75042,
20 kHz, 500 W, 30% power with 2 s on/2 s off pulses) for 30 min.
Then, the exfoliated WS2 solution was poured to the AueCo elec-
trolyte containing 8 ml/L Triton X-100 surfactant slowly and
agitated with magnetic stirring. By regulating the weight of the
WS2, three AueCo electrolytes containing 8 ml/L Triton X-100 and
different WS2 concentration (2 g/L, 4 g/L, 8 g/L) were prepared.
Besides, three electrolytes (pure AueCo electrolyte, AueCo elec-
trolyte containing 8 ml/L Triton X-100, AueCo electrolyte contain-
ing 2 g/L WS2) were also prepared as references for coating
comparison or for WS2 particle stability study.

In order to evaluate the dispersion state of WS2 particles in the
electrolyte and investigate the mechanism and process of particle
aggregation, Turbiscan LAB (Formulaction, France) was applied
[30]. During the measurements, specific transparent glass tubes
with different electrolytes of 4 cm high were installed in the ma-
chine uprightly, and they were scanned by a laser source from the
bottom to the top repeatedly. Signal of backscattered (BS) light was
detected as a function of time and position along the axis of the
tube. The first scanned BS profile was regarded as the reference and
after that in each scan, the BS profiles were recorded in delta mode
(DBS ¼ BS scan e BS ref). From the DBS% profile [31], the particles’
movement behavior can be recognized. Turbiscan stability index
(TSI) can be used to evaluate the dispersion stability, which is
defined by the following equation [32]:

TSI¼
X

i

P
h
jscaniðhÞ � scani�1ðhÞj

H

where, h and H are the selected height and the total height of the
electrolyte sample, respectively. The smaller the TSI, the more
stable the electrolyte.

In this study, three electrolytes (Table 1) were selected to carry
out the WS2 particle stability study. All the electrolytes were
magnetically stirred with a stirrer follower (cylindrical, l ¼ 12 mm,
Ø¼ 3mm, PTFE) at the tube bottom under the speed of 300 rpm for
5 min, then installed in Turbiscan and measured immediately. The
electrolyte samples were scanned each 30 s for 1 h. These tests
were carried out at room temperature (25 �C).

The electrodeposition and electrochemical analyses were per-
formed using an electrochemical potentiostat (Gamry Interface
1000, Gamry Instruments, USA). A three-electrode cell was used
with a solution volume of 125 mL kept at 45 �C during the plating
and electrochemical analysis. The Ni-plated CuCrZr plates
(10 mm � 8 mm � 2 mm) were used as the cathode (working
electrode) and the counter electrode was a platinum-coated tita-
nium mesh plate (30 mm � 40 mm), with a surface area around
12 cm2. The plating surface is horizontal and perpendicular to the
anode surface with a distance around 25 mm. A platinumwire was
used as the quasi-reference electrode, which is suitable for
aggressive electrolyte. Linear sweep voltammetry (LSV) measure-
ments were conducted under stirring (120 rpm) in the different
plating electrolytes (Table 1). The potential (vs. Pt) was scanned
between 0 V and �1.5 V at a scan rate of 5 mV/s. The effects of



Fig. 1. Sketch of the AueCo/WS2 electrolyte preparation process.

Table 1
Electrolytes for the WS2 particles’ stability measurements.

Electrolyte Sample WS2 concentration Triton X-100 concentration Heating condition

A 2 g/L e e

B 2 g/L 8 ml/L e

C 2 g/L 8 ml/L 45 �C, 40 min
adding Triton X-100 and WS2 particles in the AueCo electrolyte on
the electrodeposition process were analyzed based on the cathodic
polarization curves and the optimum current density that can be
used for the composite coating deposition was figured out. Chro-
nopotentiometry study was carried out by using galvanostatic
measuring technique with respect to the reference electrode at a
current density of 5 A/dm2 from 0 s to 1000 s.

2.2. Coating characterizations

Themorphologies ofWS2 particles, deposited coatings andwear
tracks were studied by SEM using the JEOL JSM-5601 electron mi-
croscope at an acceleration voltage of 5 kV. The cross-sectional
coating samples were prepared by using a cross-polisher (JEOL
IB-19510CP, Japan). The compositions of the coatings were analyzed
by using an EDS coupled in SEM. The 3D surface measurements
were performed on the 3D optical profiler (SENSOFAR, USA), in
which the surface roughness of the coating was studied. The crystal
structure information including crystal phase and crystallite size of
the AueCo/WS2 coatings was characterized by using XRD (BRUKER
D4 ENDEAVOR, Germany) with Ni filter Cu Ka radiation
(l ¼ 1.542 Å, 40 kV, 40 mA). The X-ray diffraction data were
collected from 10� to 100� in 2q with a 0.0157� step scan. Micro-
Raman spectroscopy was applied to investigate the effects of
probe sonication to the exfoliation of WS2 particles. The spectra
were recorded at room temperature over a range of
100e2000 cm�1, using a Horiba LabRAM HR800 spectrometer
coupled with a 532 nm laser operated at a power of 12 mW.
Coatings’ tribological performance was evaluated on a ball-on-disc
tribometer equipped with high vacuum pumping system against
stainless steel 316L ball (Ø¼ 3mm). 8000 cycles’ rotary sliding tests
under dry condition in 10�3 Pa vacuum were performed with a
linear speed of 6.3 cm/s and a normal contact force of 2 N.

3. Results and discussion

3.1. Morphology of WS2 particles

Based on the Stokes law, the settling velocity of particles in a
Newtonian fluid is proportional to the square of particle diameter
[33]. So, reducing the size of the WS2 particle is beneficial for the
dispersion stability of theWS2 in the electrolyte. For coating aspect,
reducing the particles’ size especially decreasing their thicknesses
by exfoliation can improve their attachment on the substrate sur-
face, which is desirable for increasingWS2 content in the composite
coating.

As Fig. 2 shows, 30 min probe sonication has an obvious effect
on the WS2 particles’ morphology, and the averaged WS2 particle
size decreased from 2.8 mm to 1.47 mm. The Raman spectra of the
original and the sonicated WS2 particles are shown in Fig. 2 (d). For
the original WS2 particles, two characteristic active Raman modes
were observed at 349 cm�1 and 415 cm�1, which correspond to E2g1

and A1g, respectively [34,35]. After probe sonication, the blue-
shifting of the E2g1 peak was observed, and this shifting indicates
that after probe sonication, the thickness of the WS2 particles
decreased [36]. In addition, compared with the original WS2 par-
ticles, the ratio of intensity between the E2g1 peak and A1g peak
increased from 0.75 to 0.82, which is another evidence that shows
the exfoliation of WS2 caused by probe sonication [37,38].
3.2. WS2 stability in the electrolyte

As Fig. 3 (a) shows, for the electrolyte A without Triton X-100
surfactant, at the bottom (0 mme0.5 mm) there is a peak with DBS
% in positive values appears, which indicates the sedimentation of
theWS2 particles. At the top of the tube (38.5 mme40 mm) there is
also a positive peak observed, which indicates that there is a
floating layer existing, i.e., creaming occurs. The AueCo electrolyte
shows poor wettability to WS2 particles and the large surface
tension is the reason that induces the creaming of the WS2 particle.
In the middle of the tube, the DBS% profiles show large fluctuation,
which is dominated by the flocculation and creaming mechanisms.
The floating layer can also be observed visually as shown in Fig. 3
(e). In Fig. 3 (b), with 8 ml/L Triton X-100 containing in the elec-
trolyte, the creaming phenomenon is suppressed obviously as the
adsorption of Triton X-100 molecules on the WS2 particle surfaces
improves their wettability and decreases the surface tension [39].
Although sedimentation and flocculation are also observed in the
electrolyte B, the TSI values of electrolyte B is only half of the
electrolyte A (Fig. 4), in which the feasibility of adding Triton X-100



Fig. 2. Effects of probe sonication on the WS2 particles’morphology: (a). SEM image of the original WS2 particles, (b). SEM image of the probe sonicated WS2 particles, (c). Diameter
statistics of WS2 particles before and after probe sonication based on ImageJ software, (d). Raman spectra of WS2 particles before and after probe sonication.
to improve the AueCo/WS2 electrolyte’s stability is verified. Espe-
cially during 0 mine5 min, the electrolyte B shows high stability as
its TSI value is relatively low.

As the optimum deposition temperature of the AueCo electro-
lyte is 45 �C, the stability study of WS2 particles in the 45 �C elec-
trolyte is necessary. Compared with electrolyte B, electrolyte C
shows lower stability with higher speed of flocculation and higher
tendency of creaming (Fig. 3 (c)). Based on the TSI curve of elec-
trolyte C, something happened after 2 min after the measurement
started, as there is a fast transition point observed on the TSI curve.

The property change of the AueCo electrolyte containing Triton
X-100 surfactant maintained at 45 �C for 40 min is illustrated in
Fig. 5. Triton X-100 molecule has a hydrophobic tail and a hydro-
philic head. When Triton X-100 dissolves into the aqueous elec-
trolyte, the hydrophobic tails of the Triton X-100 molecules orient
towards the WS2 particles’ surfaces and the hydrophilic heads
associate with water for dissolution [40,41]. The adsorption of
Triton X-100 molecules on the WS2 particle surfaces prevent the
WS2 particles from agglomeration by overcoming the Van der
Waals attractions [42]. With magnetic stirring, WS2 and Triton X-
100 molecules present in the electrolyte as micelles uniformly. As a
nonionic surfactant, Triton X-100 has a certain temperature (cloud
point) in its aqueous solution abovewhich, phase separation occurs
[43]. Studies show that the aqueous Triton X-100 solution with a
concentration of 1% (v/v) has a cloud point around 65 �C [44]. The
large quantities of free ions existing in the AueCo electrolyte such
as [Au(CN)4]-, SO4

2�, Kþ and PO4
3� can decrease the cloud point of

Triton X-100 surfactant. By keeping the AueCo electrolyte con-
taining 8ml/L Triton X-100 and 2 g/LWS2 particles at a temperature
of 45 �C for 40 min, the well-dispersed Triton X-100 micelles (with
WS2 particles inside) coagulate and separate as droplets. When the
magnetic stirring stopped, sedimentation of Triton X-100 phase
which is rich in WS2 particles appears at the bottom of the cell.
3.3. Linear sweep voltammetry study and galvanostatic
electrodepositions

The cathodic reactions during electroplating are expressed as
following,

�
AuðCNÞ4

�� þ 3e�/Auþ 4CN�

Co2þ þ 2e�/Co
2Hþ þ 2e�/H2[

The cathodic polarization curves measured in the different
electrolytes are shown in Fig. 6. As expected, without adding Triton
X-100 surfactant and WS2 particles, the AueCo electrolyte shows a
wide working range of current density from 1 A/dm2 to 20 A/dm2.
With 8 mL/L Triton X-100 containing in the AueCo electrolyte, the
cathodic onset potential shifts to more negative values and the i-E
slope decreases. This indicates that the presence of Triton X-100 in
the electrolyte has a significant effect on the AueCo deposition
process, which is attributed to the adsorption of Triton X-100
molecules on the cathode’s surface that blocks the active sites and
decreases the nucleation rate [45e47].

Compared with the AueCo electrolyte containing 8 ml/L Triton
X-100, adding 0.5 g (4 g/L) WS2 particles led to a noticeable
cathodic overpotential, which should also be assigned to the



Fig. 3. Results of WS2 particles’ stability measurements: (a,b,c). DBS% profiles of the electrolyte A, B and C shown in Table 1 (the quantity of “þ” indicates the intensity of the
phenomenon) (d). Schematic of WS2 particles’ behavior in the electrolytes, (e). Evolution of the three electrolytes according to the settling time.

Fig. 4. TSI evolution of different electrolytes over settling time.
adsorption of WS2 particles on the deposition surface that
decreased the active surface area. As observed, significant fluctua-
tions occurred when the current density is higher than 7 A/dm2,
which is linked with the observation of violent hydrogen evolution.
In section 3.2, the AueCo electrolyte containing 8 ml/L Triton X-100
surfactant was observed to have distinct phase separation after
being heated at 45 �C for 40 min. After keeping this electrolyte at
45 �C for about 40 min and measuring the polarization curve again,
an obvious potential transition to positive side compared with the
fresh electrolytewas observed. Especially, when the current density
is lower than 7 A/dm2 the polarization curve of the deteriorated
electrolyte is almost the same as the pure AueCo electrolyte and
the violent hydrogen evolution phenomenon postponed in com-
parison with the fresh AueCo electrolyte containing 8 ml/L Triton
X-100 and 4 g/L WS2 particles. These evidences indicate that the
property of AueCo electrolyte containing Triton X-100 and WS2
particles changed with time. According to the polarization curve
measurements, 5 A/dm2 was selected as the current density for the
galvanostatic chronopotentiometry study and the AueCo/WS2
coating deposition too.

Fig. 7 shows the E-t curves measured at a constant current
density of 5 A/dm2 during electrodeposition in different electro-
lytes. For the AueCo electrolyte, the cathodic potential reached to
steady-state after a short nucleation stage, and the cathodic



Fig. 5. Schematic illustration of Triton X-100 surfactant assembly on WS2 particles.

Fig. 6. Cathodic polarization curves measured from different electrolytes.
Fig. 7. Potential-time (E-t) curves obtained at J ¼ 5 A/dm2 from different electrolytes.
potential is about �1.3 V. Cathodic potential decreased to more
negative values for the AueCo electrolyte containing 8 ml/L Triton
X-100 surfactant due to the inhibition of AueCo nucleation. A
cathodic potential increase about 0.1 V within 5 min was observed,
which is presumably due to the hydrogen evolution as hydrogen
evolution needs a lower onset potential (~�0.6 V shown in Fig. 6)
than the reduction of [Au(CN)4]- (~�1.05 V). For the E-t curve of the
AueCo electrolyte containing 8 ml/L Triton X-100 and 4 g/L WS2, a
similar trend but with more significant cathodic potential variation
was observed compared with the AueCo electrolyte containing
only 8ml/L Triton X-100 surfactant. It’s cathodic potential increased
from �1.49 V to �1.1 V, under which the [Au(CN)4]- reduction was
apparently suppressed and the hydrogen evolution turned to the
dominant reaction on the cathode.

As referred in the polarization curve measurement section, the
degradation of electrolyte containing Triton X-100 and WS2 parti-
cles was also approved with the chronopotentiometric study,
which showed that the AueCo electrolyte containing 8 ml/L Triton
X-100 and 4 g/LWS2 presented a similar E-t behavior as the AueCo
electrolyte after being maintained at 45 �C for 40 min. In order to
avoid the influence of the phase separation of the electrolyte on the
AueCo/WS2 composite coatings’ quality, the deposition duration
should be less than 40 min.
3.4. Coating rate and compositions

The contents of Co and WS2 in the AueCo or AueCo/WS2
composite coatings are important for minimizing their wear rate by
increasing the hardness and decreasing coefficient of friction (CoF),
respectively. As shown in Fig. 8, under the current density of 5 A/
dm2, 0.19 wt% Co in the alloy coating with a coating rate of 0.28 mm/
min was achieved by using the AueCo electrolyte, and the AueCo
coating’s hardness is about 250 HV0.01 [48]. With the presence of
Triton X-100 (8 ml/L), the coating rate decreased obviously by 50%,
which was caused by the low concentration of Co2þ and [Au(CN)4]-

in the electric double layer. When Triton X-100 was added, the
cathodic potential shifted to more negative values (Fig. 6) and
promoted the reduction of Au (III), which can explain the decrease
of Co content in the AueCo from 0.19 wt% to 0.12 wt%. Due to the Co



Fig. 8. W, Co contents and coating rates of the deposited coatings from different
electrolytes under the current density of 5 A/dm2.
content decrease, which weakened the solid solution strength-
ening effect, the AueCo coating’s hardness decreased to 223
HV0.01. For the AueCo electrolyte containing 8 ml/L Triton X-100
Fig. 9. SEM and EDS images of the electroplated coatings from different electrolytes: (a). Au
100 and 2 g/LWS2, (d). AueCo containing 8 ml/L Triton X-100 and 4 g/LWS2, (e). AueCo cont
the AueCo/WS2 coating deposited from the AueCo electrolyte containing 8 ml/L Triton X-10
reader is referred to the Web version of this article.)
and 2 g/L WS2 particles, with hydrogen evolution turns up a lower
faradic efficiency is obtained, which led to a lower average coating
rate (0.11 mm/min). The coating rates decreased with the increase of
theWS2 concentration in the electrolytes. Another obvious effect of
mixing WS2 particles in the electrolytes is the decline of Co con-
tents in the composite coatings, which is also due to the
enhancement of cathodic polarization. When the WS2 concentra-
tion is higher than 4 g/L, the Co contents are too low to bemeasured
by EDS technique.
3.5. Coating morphology and topography

As Fig. 9. (a) shows, the electrodeposited AueCo coating from
surfactant-free electrolyte exhibits a surface with relatively large
size spherical nodules and a lot of cleavage between them. With
Triton X-100 presence in the electrolyte, however, the AueCo
coating surface turned to smother with almost no cleavage
observed. Based on the surface roughness measurements, with
Triton X-100 added the AueCo coating surface’s arithmetical mean
height (Sa) decreased from 0.47 mm to 0.37 mm, and the maximum
height (Sz) also decreased slightly (Fig. 10). The reasons that Triton
eCo, (b). AueCo containing 8 ml/L Triton X-100, (c). AueCo containing 8 ml/L Triton X-
aining 8 ml/L Triton X-100 and 8 g/LWS2, (f). EDS mapping of W element (pink color) on
0 and 8 g/L WS2. (For interpretation of the references to color in this figure legend, the



Fig. 10. 3-D surface topography measurements of coatings deposited from different electrolytes: (a). AueCo, (b). AueCo containing 8 ml/L Triton X-100, (c). AueCo containing 8 ml/L
Triton X-100 and 2 g/LWS2, (d). AueCo containing 8 ml/L Triton X-100 and 4 g/L WS2, (e). AueCo containing 8 ml/L Triton X-100 and 8 g/L WS2, (f). Results summary of Sa and Sz of
the deposited coatings.

Fig. 11. Cross-sectional SEM and EDS images of the AueCo/WS2 coating deposited from the AueCo electrolyte containing 8 ml/L Triton X-100 and 8 g/LWS2: (a), (b), (c). SEM images
of three different positions on the cross-sectional surface, (d). EDS point analyses at point A and B positions shown in (a).



Fig. 12. XRD results of AueCo and AueCo/WS2 coatings: (a). XRD patterns, (b). Crys-
tallite size calculated from AueCo (111) peaks.

Fig. 13. Coefficients of friction of AueCo and AueCo/WS2 coatings.
X-100 can help to decrease coating surface roughness were due to
its functions of filling in gaps and covering a portion of active sites
on the substrate, which enhanced uniform nucleation [47,49]. With
WS2 particles added and its concentration increased from 2 g/L to
8 g/L in the electrolyte, the coating surfaces tended to coarse with
the appearance of more irregular shape nodules (Fig. 9 (c)e(e)). As
shown in Fig. 10, the Sa values of the AueCo/WS2 composite coat-
ings with WS2 particle concentration of 2 g/L, 4 g/L and 8 g/L are
0.51 mm, 0.63 mm and 0.67 mm, respectively. While, the Sz values of
the AueCo/WS2 coatings are similar, which are around 11 mm. Such
protruding structures on the coating surfaces were proved by EDS
to be WS2 clusters embedded into the coatings.

Cross-sectional SEM images of AueCo/WS2 composite coating
deposited from the AueCo electrolyte containing 8 ml/L Triton X-
100 and 8 g/L WS2 are shown from Fig. 11 (a) to Fig. 11 (c). The
results indicate that the AueCo/WS2 composite coating has good
bonding interface with Ni interlayer and the AueCo matrix coating
has a dense structure. The WS2 particles in the composite coating
show a clearly preferred orientation, which is parallel to the coating
surface, and the thicknesses of the WS2 particles are around
100 nme150 nm. As WS2 particles are semiconductors [50], during
deposition, AueCo nucleation not only occurred on AueCo surface
(initially Ni surface) but also on WS2 particle surfaces. So, AueCo
growth followed the shape of the WS2 particles; hence, WS2
flakes were embedded into the AueCo matrix compactly.

3.6. Crystal structure

The influence of Triton X-100 andWS2 particles on the coatings’
crystal structure was investigated by using XRD. As Fig. 12 (a)
shows, for the WS2 particles used for the composite coating study,
they show crystal planes of (002), (004), (100), (101), (103), (006),
(105), (110), (008), (112), (118), etc. All the above planes belong to
hexagonal WS2 [51]. However, in the AueCo/WS2 composite coat-
ings, only (002), (004), (006), and (008) diffraction peaks ofWS2 are
observed at 2q of 14.3�, 28.9�, 44� and 59.9�, respectively. Here, only
the {002} family of crystal planes were observed, which is another
evidence showing that the WS2 particles show preferential orien-
tation in the coating (with {002} planes parallel to the coating
surface). With the increase of WS2 concentration, the intensities of
WS2 peaks increase accordingly. Crystallite sizes of AueCo and
AueCo/WS2 coatings were calculated through the Scherrer equa-
tion [52] from AueCo (111) peaks and the results are shown in
Fig. 12 (b). Grain size refinement of the matrix coating was reported
with WS2 particle added in the electrolyte [53]; however, here we
found the crystallite size of the AueCo matrix increased with the
adding of WS2 particles and the presence of Triton X-100. The
reason for the crystallite size increase could be probably due to the
inhibition of Triton X-100 molecules, which decreased the AueCo
nucleation. The Co content decrease, which is discussed in section
3.4, could be another reason that caused AueCo crystallite increase.

3.7. Tribological performance

As shown in Fig. 13, for the AueCo coating obtained from AueCo
electrolyte, the CoF started from 0.15 and increased slowly to 0.3
during the 8000 cycles sliding. With 8 ml/L Triton X-100 added, the
AueCo coating obtained showed worse tribological performance
and its maximum CoF reached to 0.4. Based on the coating
compositional study and crystallite size study, with the presence of
Triton X-100 in the electrolyte, the Co content in the AueCo alloy
coating was suppressed and the coating crystallite size increased.
All these factors impaired the hardness of the AueCo coating and
therefore, induced a higher CoF. AueCo/WS2 composite coatings
showed very different CoFs compared with AueCo coating. For the



Fig. 14. Worn surface morphologies of different coatings and their counterpart balls: (a). AueCo, (b). AueCo containing 8 ml/L Triton X-100, (c). AueCo containing 8 ml/L Triton X-
100 and 2 g/L WS2, (d). AueCo containing 8 ml/L Triton X-100 and 4 g/L WS2, (e). AueCo containing 8 ml/L Triton X-100 and 8 g/L WS2, (f). Transfer film of Au and WS2 on the worn
surface of the ball shown in (c).

Fig. 15. 2-D profiles of wear tracks (a) and wear rates (b) of different coatings.
AueCo/WS2 coating which was obtained from the electrolyte
containing 2 g/L WS2, there were three distinct transition periods
observed on the CoF curve, which were induced by the transfer of
WS2 on the ball surface. At last, the CoF stabilized at 0.15. The
AueCo/WS2 coatings obtained from electrolytes containing 4 g/L
and 8 g/L WS2 showed similar CoF of around 0.05.

As Fig. 14 shows, during the tribological tests, the wear mainly
occurred on the AueCo and AueCo/WS2 coatings without notice-
able wear happened on the 316L balls. Adding Triton X-100 in the
AueCo electrolyte degraded the wear performance of the AueCo
coating significantly, and the depth of wear track increased from
2 mm to 4 mm (Fig. 15 (a)). This degradation is due to the decrease of
Co content in the AueCo coating, which decreased the coating’s
hardness accordingly. As Fig. 15 (b) shows, the wear rate of the
AueCo coating (without Triton X-100 in the electrolyte) is
2.3 � 10�5 mm3/N∙m. With Triton X-100 added in the electrolyte,
the wear rate increased to 3.5 � 10�5 mm3/N∙m. When WS2 is
compounded into the AueCo coating, WS2-rich AueCo film trans-
ferred from the coating to the ball surface due to adhesive wear
(Fig. 14 (f)). The WS2 films generated both on the coating and ball
worn surfaces lubricated the sliding by shearing the weak inter-
layer bonding in WS2, which suppressed the adhesion between the
two contacting surfaces.WithWS2 lubricating, thewear depths and
wear rate were minimized efficiently. The AueCo/WS2 composite
coating deposited from the electrolyte containing 8 g/L WS2 has a
wear rate of 8 � 10�6 mm3/N∙m, which is only 1/3 of the AueCo
coating’s wear rate.

4. Conclusion

AueCo/WS2 composite coatings with excellent tribological
performance were achieved by electrodeposition based on AueCo
acidic cyanide electrolyte. In order to improve WS2 particles
dispersion in the electrolyte probe sonication was applied, which
exfoliated and decreased the tungsten disulfide particles size from
2.8 mm to 1.47 mm. Triton X-100 was selected as the surfactant for
the dispersion of the WS2 particles, and its effect on improving the
stability of electrolytes which contain WS2 particles was proved.
However, keeping the electrolyte that contains WS2 particles at
45 �C which is the optimum working temperature of the AueCo
electrolyte, the electrolytes containing 8 ml/L Triton X-100 exhibi-
ted phase separation after around 40 min, and such phase sepa-
ration is caused by the reaching of cloud point of Triton X-100 in the
AueCo base electrolyte. With the assist of Triton X-100, AueCo/



WS2 composite coatings were deposited under a current density of
5 A/dm2. The adding of Triton X-100 and WS2 in the AueCo elec-
trolyte has a noticeable effect on the deposition rate and Co content
in the composite coating. With WS2 concentration increase, the
surface roughness and crystallite size of the AueCo/WS2 composite
coatings increased accordingly. The AueCo/WS2 composite coat-
ings developed showed excellent tribological performance. With
WS2 presence in the coating, the lowest CoF and wear rate achieved
are 0.05 and 8 � 10�6 mm3/N∙m, respectively.
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