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Compounding Au-Ni with carbon (C) lubricants is a feasible approach to improve its mechanical properties and
wear performance. In this study, 3.5 pm-thick Au-Ni/C nanocomposite coatings with a low residual stress on
CuCrZr substrates by magnetron sputtering were developed. Face-centered cubic and hexagonal close-packed
stacking structures were both confirmed in the composite coatings based on transmission electron microscopy
and X-ray diffraction analyses. Amorphous C (a-C) was coafirmed to be the structure of C in the composite
coatings, and its graphitization transition with an increase in the C content was validated by X-ray photoemission
spectra and Raman spectroscopy. By compounding 0.88 wt% a-C, the hardness of the Au-Ni/a-C coating reached
400 HV, which is twice higher than that of the Au-Ni coating. The electrical resistivity of the Au-Ni/a-C coating is
relatively stable with an increase in the a-C content. As graphitization occurred on the wear track, the produced
composite coatings showed a minimum wear rate of 2.2 X 10~® mm®/N'm under atmospheric conditions, which
is half that of the Au-Ni reference coating. Under vacuum, the wear performance of the produced Au-Ni/a-C

composite coatings was similar to that of the Au-Ni reference coating.

1. Introduction

Au coatings are commonly used as contact materials to ensure sta
bility and low contact resistance upon sliding contact in the electronics
industry [1 4]. Soft Au which is not alloyed is one of the best metals
with a high electrical conductivity, and it shows excellent corrosion
resistance under most working conditions. However, the low hardness
of soft Au coatings leads to a low wear resistance and constrains their
lifetime under applicable conditions involving intensive sliding move
ment [5]. In high reliability systems, high performance Au coatings are
required, and alloying Au with a small amount of other metal elements,
such as Co and Ni, can generate harder Au coatings which exhibit
distinct performance improvement [1,6 8]. Hard Au coatings are gen
erally obtained from acidic cyanide baths in which nickel or cobalt salts
are added as the hardening/brightening agents [3,4,9 12]. Although
Au Ni and Au Co alloy coatings exhibit a higher wear resistance com
pared to soft Au, adding solid lubricant materials into alloy coatings is
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beneficial for decreasing the wear rate by minimizing the adhesive
wear. Considering the high electrical conductivity requirement of
coatings, carbon (C) nanomaterials are the most suitable solid lu
bricants.

Recently, interest in compounding metal matrices with low di
mensional C nanomaterials such as C nanotubes and graphene, by
electroplating to improve their mechanical and chemical performance
has been increasing. The results showed that strengthened by C nano
materials, the corrosion resistance and wear resistance of the metal
coatings are improved significantly [13 16]. However, considering the
high toxicity of a cyanide bath and the practical difficulties of pre
venting agglomeration of nano particles in Au plating electrolytes to
achieve a good particle suspension and uniform coating [7], magnetron
sputtering is an attractive alternative technique for hard Au based C
composite coating deposition.

Amorphous C (a C) including diamond like C (DLC) with significant
fraction of sp® bonds and graphite like C (GLC) with a high content of
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sp? bonds, has been widely researched as hardening or solid lubricant
particles for the production of protective composite coatings by mag
netron sputtering [17 19]. a C lubricated TiC and WC sputtered coat
ings show a higher wear performance and significantly lower wear rates
compared with pure coatings [20,21]. TiN/a GLC and silver doped DLC
coatings have been evaluated as biomaterials which exhibit a low
coefficient of friction (CoF) and excellent hardness [22,23]. Me DLC
(Me: W, Mo, Nb, and Ti) co deposits have been investigated and they
show good adhesion performance on substrates and an ultralow CoF of
0.03 [24]. However, there are almost no studies that have evaluated the
performance of hard Au coatings compounded with a C nanoparticles.
The results would be interesting for directing advanced function coat
ings development with integrated wear and electrical performance.

In this study, Au Ni/a C nanocomposite coatings with various C
contents were deposited by magnetron sputtering. CuCrZr alloy has
close electrical conductivity with pure Cu and it's mechanical perfor
mance is much better than that of pure Cu. For some harsh application
conditions like high temperature, CuCrZr alloy is more suitable than
pure Cu as the structural material in the electrical industry. So, in this
study, CuCrZr was selected as the substrate material for the Au Ni/a C
deposition. Because Cu can diffuse with Au easily, before Au Ni/a C
deposition, a few micron thick interlayers of pure Ni were applied onto
the CuCrZr substrates. The effects of C content on the surface mor
phology, microstructure, electrical and mechanical performance of the
coatings were investigated and analyzed.

2. Experimental details
2.1. Preparation of the Au Ni/a C coatings

The Au Ni/a C nanocomposite coatings were deposited on CuCrZr
substrates and p type silicon (100) wafers at room temperature. Fig. 1
shows a schematic diagram of the J450 magnetron co sputtering system
used for this study with three targets (Au 99.99%, Ni 99.995%, gra
phite 99.999%). The target to substrate distances for Au, Ni and gra
phite targets were 6.5 cm, 8.5cm and 5.5 cm respectively. Before the
coating process, the silicon and CuCrZr substrates were ultrasonically
cleaned for 10min in acetone, followed by 10min of cleaning in
ethanol. For the CuCrZr plates, acid etching was performed for 30's in
10 wt% H,SO, to remove the passivation layers. The chamber was
pumped to its base vacuum of 9 X 10~ *Pa using a turbomolecular
pump set. The substrates were negatively biased and plasma cleaned at
500V in a 2.5Pa pure Ar atmosphere for 10 min. Before the coating
deposition, the targets were pre sputtered to clean the targets and the
chamber for 10 min. The coating deposition was carried out in two
steps. Firstly, a pure Ni interlayer was deposited using a current of 1 A
(390V) at a pressure of 0.8 Pa with a 40 sccm Ar flow for 120 min.
Then, the Au Ni/a C nanocomposite layer was deposited at 0.6 Pa with
a Au target current of 0.35 A (400 V) and a Ni target current of 0.14A
(290 V). The graphite target was sputtered using a 13.56 MHz radio
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frequency (RF) power supply, and four power values (100 W, 200 W,
300 W and 400 W) were selected to obtain Au Ni/a C composite coat
ings with different C contents. The coating times for the Au Ni/a C
layers were maintained constant as 55 min to control the total thick
nesses of the layers.

2.2. Characterization of the Au Ni/a C coatings

The top surfaces and cross sectional surfaces of the deposited
coatings were observed by field emission scanning electron microscopy
(FESEM) using a JEOL JSM 6700F electron microscope at an accel
eration voltage of 5kV. High resolution transmission electron micro
scopy (HRTEM) images of the coating cross sections were captured
using a TECNAI G2 F20 S TWIN (FEIL, USA) instrument at an accel
erating voltage of 200 kV equipped with an X ray spectroscopy (EDS)
unit. Cross sectional samples for TEM observations were prepared on a
Helios Nanolab 600i (FEI, Germany) focused ion beam system with Ga
ions accelerating voltage of 30 kV for preliminary cutting and 5kV for
final milling. X ray diffraction (XRD) studies were carried out on a D4
Endeavor diffractometer (Bruker, Germany) with a Ni filter and Cu Ko
radiation (A = 1.541 Z\, 40kV, 40 mA). The XRD data were collected in
the 20 range of 10° 100° with a step scan of 0.0157°. Micro Raman
spectroscopy was performed to investigate the structure of the C clus
ters in the composite coatings and transfer layers on the wear track. The
spectra were recorded at room temperature over a range of
100 2000 cm~*, using a Horiba LabRAM HR800 spectrometer coupled
with a 532 nm laser operated at a power of 12mW. X ray photoemis
sion spectroscopy (XPS) was performed on a PHI Quantera scanning X
ray microprobe using a monochromatic Al Ka X ray source (1486.6 eV).
The base vacuum of the chamber was maintained at 9 x 10~ ° Torr, and
an Ar™ gun was used to clean the surface before measurement.

The adhesion properties of the coatings were evaluated using a
CSM® commercial micro scratch tester with a Rockwell C diamond
stylus. A progressive load from 1 N to 50 N with a loading rate of 49 N/
min and a scratch length of 4 mm were applied. The effects of the C
content on the hardness and elastic modulus of the coatings were
characterized at room temperature by using a CSM® ultra na
noindentation tester with a Berkovich diamond tip under a maximum
test force of 5mN. The coating surface roughness and wear track to
pography were measured by a 3D optical profiler (Sensofar, USA). The
coating stresses were also evaluated on the 3D optical profiler by
measuring the curvatures of the coating samples (Si substrates). The
electrical resistivity of the coatings was measured by a four point probe.
Then, the tribological performance was evaluated on a ball on disc
tribometer equipped with a high vacuum pumping system against a
GCr15 ball (@ = 3 mm). 8000 cycles rotary sliding tests were performed
at a linear speed of 8.4 cm/s and a normal contact force of 2 N.

Au-Ni/ a-C (electrical (b)
functional coating)

Ni (diffusion barrier)
CY¥CrZr (substrate)

Fig. 1. (a). Schematic diagram of the Au-Ni/a-C magnetron sputtering system. (b). A sketch of the coating design.
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3. Results and discussion
3.1. Morphology

As shown in Fig. 2, the composite coatings showed fish scale like
morphologies, indicating that the coatings had columnar structures. For
all the sputtering powers, the coatings presented dense structures, and
no distinct coating defects, such as pores and cracks, were observed.
Based on the cross sectional image of the coating, a 3.1 um Au Ni/a C
composite coating with a 4.2um thick Ni diffusion barrier was
achieved. High quality junctions between two coating layers and
coating to CuCrZr substrate were also validated. However, with an in
crease in sputtering power from 100 W to 400 W, there were more
micron sized nodules generated which were embedded into the com
posite coating. The origin of the nodular structures is probably the in
homogeneous coating growth caused by the landing of foreign micro
particles on the coating surface, which originated from the graphite
target or the mechanical part of the magnetron sputtering machine
[25,26]. Generally, the presence of nodules is accompanied by voids in
their surroundings; therefore, bonding between these nodules and the
coating matrix is weak. From a tribological standpoint, this type of
defect may decrease the wear resistance of the coating.

By using a higher magnification, with an increase in sputtering
power of the graphite target from O W to 200 W, the diameter of the
column decreased from approximately 1 um to 0.25pum. After 200 W,
the opposite trend of column diameter change with an increase in the
sputtering power was observed. The coating surface roughness (ar
ithmetical mean height) decreased slightly with an increase in the
sputtering power (0 W: 0.48 pm, 400 W: 0.29 pym).

3.2. Coating composition and crystal structure

Au and Ni have the same face centered cubic (fcc) crystal structure.
However, the Au Ni binary phase diagram exhibits a wide miscibility
gap between Au and Ni at low temperature and in an equilibrium state,
i.e., a continuous Au Ni solid solution can only be achieved at low Ni
content [27]. Au Ni solid solutions with high Ni contents can be

Fig. 2. FESEM images of the coatings de-
posited at different sputtering powers for
the graphite target: (a—e). FESEM images
(x10,000) of the top surfaces of the coat-
ings at OW, 100W, 200W, 300W, and
400 W, respectively. (f). FESEM image of
the cross-sectional surface of the coating at
400 W. (g-i). FESEM images (X 30,000) of
the top surfaces of the coatings at OW,
200 W, and 400 W, respectively.

achieved by coating deposition methods, and an Au Ni alloy with Ni
content up to 20 at.% was reported in ref. [28]. Nevertheless, such solid
solutions are in a metastable state and phase separation can happen if
they are thermally aged. Phase separation can cause precipitation
hardening effects which can increase the hardness of the coating; the
electrical conductivity of the coating can also be improved [28].
However, Ni enriched on the coating surface are less corrosion resistant
in air and insulation oxidation is very harmful to the electrical contact
performance.

The XPS spectra of the coatings are shown in Fig. 3. In the Au Ni/a
C coating system, the content of Ni was 2 wt%, which is low enough to
prevent phase separation during coating application on the electrical
contact, especially under high temperature working conditions. The C
Cls peaks of the composite coatings are located at bonding energy of
284.2 eV, which corresponds to sp> C [29]. The C content in the com
posite coating increased with an increase in the sputtering power of the
graphite target. At 400 W, the C content in the composite coating was
approximately 1.8 wt%.

Fig. 4 shows the XRD patterns of the composite coatings. With C
contents increased from 0 wt% to 1.8 wt%, bright and sharp XRD peaks
were observed which indicates that all the deposited coatings had good
crystallinity. With a clear preferential growth orientation of (111),
other crystal planes, such as (200), (220), and (311), were also ob
served in all the coatings with different C contents. All the above crystal
planes belong to the Au Ni fcc phase. Interestingly, near the fec (111)
peak, there is another peak with 26 = 37.7° that does not belong to the
fcc phase. The fcc structure is the solid phase of Au in the equilibrium
state. However, under some particular conditions, such as high tem
perature and high pressure, Au atoms in the fcc structure have been
observed to transfer from fcc stacking to hexagonal close packed (hcp)
stacking [30]. Because Au Ni is a Au matrix solid solution with an fcc
structure, the metastable state of the hcp structure should also exist.
The peak at 20 = 37.7° coincides well with the hcp (100) peak of Au
reported in ref. [30], and the peak at 26 = 38.6°, which corresponds to
fce (111), belongs to hep (002) [31]. Based on the XRD patterns, the
generation of the hcp phase can be suppressed by the implantation of C
in the Au Ni matrix.
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are shown in Fig. 6. With 0.13 wt% C compounded in the coating, the C
content was too low to generate enough C clusters, and no distinct C
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Fig. 4. XRD patterns of the deposited coatings with different C contents.

Although fcc and hep Au Ni solid solution phases coexist in the
coatings, no Ni peaks appeared, which indicates that with a Ni content
of 2 wt%, the Ni atoms were uniformly distributed in the Au matrix, and
no phase separation occurred. Compared with the (111) peak position
of standard pure Au (JCPDS: 04 0784), the AuNi and Au Ni/a C
composite coatings have apparent 20 shifting to higher angles owing to
the substitution of Au atoms by Ni atoms (with a smaller atomic radius
than Au), which is further confirmation of the Au Ni alloy formation.
The crystallite size of the Au Ni coating was calculated using the
Scherrer equation according to the full width at half maximum
(FWHM) value of the (111) peak [32]. The crystallite size of the Au Ni
coating without C content was 28 nm. Moreover, the C sputtering
power had no significant effect on the crystallite size of the Au Ni/a C
composite system. However, as the C content increased, the (111) peaks
shifted to low 20 direction, which was probably caused by the residual
coating stress.

TEM analysis verified the co existence of hcp and fec structural
phases in the Au Ni and Au Ni/a C coatings (Fig. 5). Crystal planes with
an average interplanar spacing of 0.243nm and a ABAB stacking

peaks were observed in the Raman spectrum. In this case, C atoms were
mostly embedded in the Au Ni crystal lattice. With an increase in the C
content in the composite coatings, three phenomena were observed
from the Raman spectra: the rise of D and G peak intensities, the de

crease in the Ip/Ig ratio, and the shifting of the G peak position. From
0.35wt% to 1.8 wt%, the two apparent peaks with a broad peak char

acter was further evidence besides the XPS results which indicated that
the C composite deposited was a C. Although a C involves the mixing of
sp> bonded atoms and sp® bonded atoms [17,34], the D and G peaks are
due to sp? bonds only. The D peaks which indicate the non crystallinity
of the C clusters were located at approximately 1370 1396 cm ™%,
which was due to the breathing modes (A;g) of sp2 bonds [35 37]. The
G peaks were located at approximately 1567 1595cm ™!, which was
due to the bond stretching motion (E,,) between sp2 atoms in the chains
and rings [38].

The Ip/I ratio is applied to characterize the sp?/sp® ratio in the a C
structure, and it is useful to evaluate the degree of disorder of C clusters
[36,39]. A decrease in the Ip/Ig ratio implies that in amorphous C
clusters, the fraction of sp? bonds increases as the carbon content in
creases, i.e., the C clusters transform from a highly disordered structure
to a more graphitic like structure. The structural transition of C clusters
can also be observed from an increase in the G peak position from
1567 cm ™! to 1595 cm ™t [38].

3.3. Mechanical performance

The occurrence of residual stresses is a typical feature of magnetron
sputtered functional coatings, which plays an important role in the
performance of a coating. Generally, tensile residual stresses decrease
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Fig. 6. Raman spectra of the deposited Au-Ni/a-C composite coatings with
different C contents.

the durability of a coating by inducing cracking and compressive
stresses, which can cause coating spalling [40]. High stresses are prone
to occur in the coating interface zone, and such stresses can accumulate

Fig. 5. TEM and EDS mapping images
of the Au-Ni/a-C coatings: (a). TEM
image shows the entire coating thick-
ness of the Au-Ni/a-C composite
coating sample with 1.8wt% C. (b).
HRTEM of Au-Ni hep structure and the
corresponding FFT pattern of the Au-
Ni/a-C composite coating sample with
1.8 wt% C. (c). HRTEM of the Au-Ni fcc
structure and the corresponding FFT
pattern of the Au-Ni/a-C composite
coating sample with 1.8wt% C. (d).
The selected EDS mapping area on the
Au-Ni/a-C composite coating sample
with 1.8 wt% C. (e-g). EDS mapping of
Au, Ni, and C in the square-marked
area shown in (d). (g). HRTEM image
shows stacking faults of the Au-Ni/a-C
composite coating sample with 0.13 wt
% C. (i). HRTEM image shows stacking
faults of the Au-Ni/a-C composite
coating sample with 1.8 wt% C.

fcc (220) « FFT

as the coating thickness increases. Achieving a low internal stress
system is therefore critical for the Au Ni/a C composite coating, whose
total thickness with the Ni interlayer reaches up to 7 pm. The residual
stresses for these composite coatings were calculated from the curva
ture changes of the Si substrates after deposition using the following
Stoney equation [41]:

E,  t? (1 1 )
g=—" = =
6(1—1) t. \R R,
where E; and v, are the elastic modulus and Poisson's ratio of the sub
strate (Si wafer), respectively; t; and t, are the thicknesses of the sub
strate and the coating, respectively; and R and R, are the curvature radii
of the Si wafers before and after deposition, respectively.

The residual stress results are shown in Fig. 7. After deposition,
upward bending occurred on the Si wafer substrates, which indicated
that tensile stress was generated in the Au Ni and Au Ni/a C coatings.
For the Au Ni coating, 140 MPa of residual stress is the sum of the in
trinsic stress and thermal stress. The thermal stress could be well esti
mated from the following equation [42]:

E.Est;

- m@cc — )Ty —T)

or
where Ej, t;, and a5 are the elastic modulus, thickness and coefficient of
thermal expansion (CTE) of the Si substrate, respectively; E,, t, v., and
a. are the elastic modulus, thickness, Poisson's ratio, and CTE of the
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Fig. 7. Results of the coating residual stress measurement on the Si (100) wafer: (a). The curvature of the Si substrates. (b). Residual stresses of the deposited coatings
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compressive stress in the Au-Ni/a-C composite coatings.

coating, respectively, and T4 and T, are the sample temperature and
room temperature, respectively.

Owing to the large CTE difference between Au (14.4 um/m-°C @
25°C) and the Si wafer (2.49 um/m-C @ 25 °C) and the relative high
temperature on the coating samples caused by plasma radiation and
second electron bombardment, the thermal stress (tensile stress) in the
Au Ni coating was approximately 100 MPa. Therefore, the intrinsic
stress in the Au Ni coating was also tensile stress (Fig. 7 (c)). However,
with C atoms implantation (0.13 wt%), a noticeable decrease in the
residual stress by 40 MPa was calculated. This phenomenon can be
explained from the fact that after C atoms were added into the Au Ni
coating, the intrinsic stress changed from tensile stress to compressive
stress (Fig. 7 (d)); therefore, the tensile thermal stress was partly offset
by the compressive intrinsic stress. With an increase in the C content
from 0.13 wt% to 1.8 wt%, the residual stress increased accordingly,
which was likely due to the temperature increase of the sample after
deposition at a higher sputtering power.

However, the residual stresses in the coatings were evaluated based
on the Si substrates. For real applications, because the target substrate
is CuCrZr in which the CTE (16.7 um/m-°C) is similar to Au, the residual
stress in the composite coating should be lower than that obtained from
the Si substrate, and the type of residual stress is compressive stress.
Thus, the Au Ni/a C coatings on the CuCrZr substrates were achieved
with low residual stresses.

The purpose of compounding C in the Au Ni coating is to improve its
wear performance. In addition to providing solid lubrication function,
increasing the hardness of the Au Ni matrix is another reason for C
atom implantation for wear prevention. As shown in Fig. 8, without C
strengthening, the average Vickers hardness of the Au Ni alloy coating
is 200. XRD and TEM analyses confirmed the presence of the Au Ni hcp
phase, which can generate an additional precipitation hardening effect
on the coating [43]. However, the magnetron sputtered Au Ni coating
is still softer than the electroplated Au Ni (fcc structure and Ni content
of 2wt%) coating in which the hardness has been reported to be
267.7 HV [8].

C atoms play an important role in improving the hardness of the Au
Ni coating because all Au Ni/a C coatings with different C contents
were observed to be harder than the Au Ni reference coating. From
0.13 wt% to 0.88 wt%, the residual indentation depth of the composite
coating decreased with an increase in the C content, and the hardness of
the Au Ni/a C composite coating with C content of 0.88 wt% reached
400 HV. However, the tendency of the coating hardness variation was
reversed when the C content exceeded 0.88 wt%. Based on the Raman
results, embedded in the Au Ni crystal lattice and accumulated as a C
clusters are the two forms of C atoms in the composite coatings. As
impurities, C atoms which are interstitially doped in the Au Ni crystal
lattice can induce lattice strains, and as a result, a significant solid so
lution strengthening effect was induced in the Au Ni coating. In addi
tion, as confirmed by the TEM results, the crystal defects induced by the
embedding of C clusters improved the hardness (dispersion strength
ening). After reaching a plateau, the hardness of the Au Ni/a C com
posite coating decreased with a further increase in C content. This
phenomenon could be explained by the cluster size increase of the a C
in the composite coatings that weakened the dispersion strengthening
effect. A similar variation tendency of the elastic modulus as a function
of C contents was also observed. In Au Ni/a C coatings, the residual
stresses are compressive stresses, which decrease the interatomic dis
tance and increase the stiffness of the interatomic bonding accordingly
[44]. Therefore, compared to the Au Ni coating, the elastic modulus of
Au Ni/a C (with C content of 0.88 wt%) increased from 77 GPa to
115 GPa. Again, the sudden decrease in the elastic modulus of the
coating with C content of 1.8 wt% was due to the high volume content
of a C phase.

Besides the residual stress and hardness, the adhesion performance
of the Au Ni/a C coating on the CuCrZr substrate is also an essential
factor for coating durability. As shown in Fig. 9, based on the SEM
observation of the scratch tracks, all the Au Ni and Au Ni/a C coatings
showed the typical ductile failure mode without the occurrence of
chipping [45]. Three typical stages occurred on the scratch track on the
Au Ni/a C composite coatings with C contents of 0.35wt%, 0.88 wt%,
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and 1.8wt%, which include a small plastic deformation stage, a
transverse cracking stage, and a buckling and spallation stage. For the
coatings without C and with a low C (0.13 wt%), no transverse cracking
stages were observed, indicating that the cohesive strength of the Au
Ni/a C coating decreased with increasing C content, i.e., the C con
stituent decreased the toughness of the composite coating. However, all
the coatings showed a high adhesive strength on CuCrZr substrates, and
no distinct differences in their adhesive strengths were observed. The
scratch critical loads of the coatings were approximately 30 N.

3.4. Electrical performance

For the electrical resistivity, a sudden increase of 1.7 uQ2/cm oc
curred on the Au Ni/a C coating with C content of 0.13 wt%, compared
with the Au Ni reference (Fig. 10). Based on Raman analysis, in the Au

Transverse
cracking

(a) Small plastic
deformation

Ni/a C coating with C content of 0.13 wt%, C atoms were mainly al
loyed in the Au Ni lattice. The lattice distortion caused by the embed
ding of the C atoms could be the reason for the sudden increase in the
electrical resistivity. With higher C contents, the generated a C nano
clusters had a small effect on the electrical resistivity of the coating.
These Au Ni/a C composite coatings have electrical resistivities ap
proximately 8.2u€/cm, which are comparable to the electrical re
sistivity of the magnetron sputtered pure Au coating (3.2 pQ/cm).

3.5. Tribological performance

Besides in typical atmospheric working environments, many sliding
electrical contacts are applied under particular conditions, such as in a
high vacuum. To evaluate the feasibility of applying the Au Ni/a C
coatings developed as electrical/tribological functional coatings,

Buckling and
spallation
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Fig. 9. Scratch test results: (a). Optical microscope image of the full scratch track on the coating sample with C content of 1.8 wt%. (b—f). SEM images of the scratch
tracks from the coating samples with C contents of 0 wt%, 0.13 wt%, 0.35 wt%, 0.88 wt% and 1.8 wt%, respectively. (g). Critical loads of the coatings.
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Fig. 10. Electrical resistivities of the deposited coatings.

tribological tests were performed both under atmospheric and high
vacuum (103 Pa) conditions. As shown in Fig. 11, under atmospheric
conditions, without compounding a C, the Au Ni coating exhibits a
large CoF fluctuation and the peak for CoF is approximately 0.3. As the
carbon content increased from 0.13 wt% to 1.8 wt% in the composite
coatings, CoF showed a slight downward trend owing to the solid lu
bricating effect. The CoF of the coating containing 1.8 wt% C varied
slightly, and its value was approximately 0.2. Although the differences
in the CoF of the coatings with and without a C composites were low,
the Au Ni/a C composite coatings, especially those with a high C con
tent had a higher wear resistance. The wear rate of the Au Ni coating
was 5.2 x 10 ®mm®/Nm, and this value was minimized to

—0.13 wt.%
1.8 wt.%

(a —0wt.% 0.35 wt.%

—0.88 wt.%

l
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2.2 x 10~ ®*mm®/N'm on the coating sample with C content of 1.8 wt%.
The lubricating function of a C is the dominant factor which minimizing
the wear rate.

Because water vapor is a necessary component for reducing the
bonding energy between the hexagonal planes of the graphite, the lu
bricating efficiency of a C is low in high vacuum condition. As a result,
the CoFs of all the coatings increased two times higher than in atmo
sphere. The coating sample containing 1.8 wt% C still had a slight self
lubricating function below 5500 cycles with a CoF of 0.4. However, in
vacuum, the minimum wear rate was 4.5 x 10~ mm®/N'-m, which
occurred on the coating sample with C content of 0.35 wt%. In this case,
lubrication was not the main factor determining the wear rate; the
comprehensive effects of the coating hardness, residual stress, and
toughness on the wear rate were more important.

To understand the lubricating mechanism of the Au Ni/a C coating,
the coating sample containing 0.13 wt% C was selected and wear track
characterizations were conducted. As shown in Fig. 12 (b), C accumu
lation in the wear track was verified through EDS mapping after sliding.
Compared with the Raman spectrum of the coating as deposited, two
pronounced peaks corresponding to the D and G peaks were observed at
1369 cm ™! and 1588 cm ™}, respectively. The Ip/Ig ratio was calculated
to be 0.83. This indicates that agglomeration of sp> bond rich C oc
curred during sliding, i.e., a graphitic C tribolayer was generated and
covered the wear track. As the schematic diagram shows in Fig. 12 (d),
originally, C atoms distributed in the Au Ni/a C coating uniformly as
free atoms in the Au Ni lattice or in the a C nanocrystallite with a high
content of sp® bonds. During sliding, accompanied by wear, C clusters
accumulated and possibly transferred between the ball and the coating.
The pressure owing to the normal contact force and the annealing
owing to friction could induce the graphitization process at local con
tact areas [46]. The graphitic layer that developed between the two
wear surfaces helped decrease the CoF. With a higher C content in the

10

(b)
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Fig. 11. Tribological performance of the deposited coatings: (a, b). CoF and wear rate under atmospheric conditions. (c, d). CoF and wear rate at 10~%Pa vacuum.
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Fig. 12. Wear track characterizations of the Au-Ni/a-C coating with C content of 0.13 wt%: (a). SEM image of the wear track. (b). EDS mapping of C in the area of (a).
(c). Raman spectra in the wear track. (d). Schematic diagram of C lubricant tribofilm generation.

original coating, the graphitization process was more significant, and as
a result, the CoF was lowered.

4. Conclusion

In this study, Au Ni/a C coatings produced with different RF sput
tering powers for the graphite target from 0 W to 400 W were deposited
on CuCrZr substrates using the magnetron sputtering method. The
coatings have a typical columnar structure and the smallest columnar
size was achieved at 200 W. The highest content of C in the composite
coating was approximately 1.8 wt%. We confirmed from the XPS and
Raman results that the C clusters in the composite coatings are a C, and
with an increase in the RF sputtering power, graphitization of C clusters
was observed. Unlike electrodeposition, the magnetron sputtered Au Ni
and Au Ni/a C coatings contain both fcc and hep stacking structures,
and more stacking faults were generated in the coating produced at the
higher RF sputtering power. Compounding C in Au Ni significantly
improved the mechanical performance. The coating sample containing
0.88 wt% C had the largest hardness, elastic modulus, and critical load,
which were 400 HV, 115 GPa and 41.7 N, respectively. The toughness
of the composite coatings decreased with an increase in the RF sput
tering power; however, the electrical resistivity was not distinctly af
fected, and the values were approximately 8 uQ/cm. The Au Ni/a C
composite coatings show good wear resistance compared with the Au
Ni coating under atmospheric conditions. For the composite coating
containing 1.8 wt% C, the wear rate was 2.2 X 10~ ®mm®/N'm (less
than 50% of the Au Ni wear rate). However, in high vacuum, the ad
vantages of composite a C in Au Ni were not distinct.
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