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Abstract Owing to the requirements of the stable oper-
ation for mechanical components, the urgent challenges are
to control tribological moisture sensitivity of protective
coatings. In this letter, a-C:Si and a-C:Si:Al carbon-based
coatings were successfully fabricated via magnetron sput-
tering Si, Al, and C. The microstructure, mechanical
properties, and tribological moisture sensitivity of as-
fabricated carbon-based coatings were comparatively
investigated. Results showed that the as-fabricated a-C:Si
and a-C:Si:Al coatings were dominated by typical amor-
phous structure. The co-introduction of Al could effec-
tively relax internal stress and improve adhesive strength as
well as maintain the moderately high hardness for the as-
fabricated coating. The striking improvement in tribologi-
cal moisture sensitivity of a-C:Si:Al carbon-based coating
was mainly attributed to the superior mechanical properties
and the formation of continuously compacted graphitized
tribofilm under low relative humidity condition as well as
low shear strength colloidal silica tribofilm under high
relative humidity condition. The good balance between the
hardness and toughness, low internal stress, and superior
low tribological moisture sensitivity of a-C:Si:Al coating
make it a good candidate for solid lubricating coating in
engineering applications.
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1 Introduction

The carbon-based coatings characterized by high hardness,
low internal stress, good toughness, and low tribological
moisture sensitivity are of continuously increased signifi-
cance in the engineering applications [1-6]. Unfortunately,
successful applications of carbon-based coatings have been
considerably restricted by the high internal stress and poor
adhesion to some substrates, especially, they could increase
friction coefficient and quickly fail in high humid or
aqueous environments [7—12]. Therefore, many researchers
have devoted to the preparation of carbon-based coatings
by doping additional elements to overcome those draw-
backs. Among those studies, silicon incorporation in the
carbon-based coatings has been widely studied and was
reported as being effective in improving tribological per-
formances in ambient humid air and water conditions by
alleviating internal stress and preventing generation of
micro-cracks and partial ruptures in wear tracks [13—-16].
Moreover, other explanations for that effect have been
offered, including the formation of SiO, at the frictional
interface and an increase in sp” hybridization resulting in a
less graphitic carbon [17-20]. Thus, the Si would be a good
candidate as a doping additional element in the carbon-
based coatings.

It is known that the grain boundary sliding was facili-
tated by increasing the intergrain separation coupled with
random orientation, and thus, it can improve the toughness
of nanocomposite coating. Because high-angle grain
boundaries could minimize incoherent strain and facilitate
many nanocrystalline grains to slide in the a-C matrix, it
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could release strain and obtain high toughness of coating
[21-23]. Another way was reported that imbedding soft
and ductile metallic nanocrystalline phase in the hard a-C
matrix effectively improved toughness and released inter-
nal stress, i.e., aluminum, copper, or silver was incorpo-
rated which prevented the formation of stable bonds
between the nanocrystallite and the a-C matrix. These
would facilitate the grain—matrix interface sliding so as to
improve the coating’s toughness and release internal stress
[24-28]. Of course, incorporation of such metallic element
would inevitably cost some hardness of coatings. Besides,
such soft metallic Al incorporated in the coating would
create a situation where it was more favorable to form
graphite in the contact area induced by the elevated tem-
perature in the sliding friction, reported by Wilhelmsson
et al. [29]. Thus, the Al would be also a good candidate as a
doping additional element in the carbon-based coatings,
which can reduce residual stress and improve toughness at
certain expense of hardness while achieving self-lubricating
behaviors.

Recently, the simplex Si-doped carbon-based coatings
(such as a-C:H:Si and a-C:Si) have been widely investi-
gated including microstructure, mechanical, and tribologi-
cal properties [16, 30, 31]. However, the combination of Si
and Al-dopings in carbon-based coatings was scarcely
reported. In this study, a mode of duplex-doping was
conceived to fabricate the a-C:Si:Al carbon-based coating
by the incorporation of Si and Al. In this letter, we mainly
focused on the comparative investigations on microstruc-
ture, mechanical properties, and tribological moisture
sensitivity of as-fabricated a-C:Si and a-C:Si:Al coatings. It
was found that the a-C:Si:Al carbon-based coating could
possess low residual stress, moderately high hardness, good
toughness, and controlled tribological moisture sensitivity
coupled with low friction coefficient and high wear resis-
tance under different relative humidity conditions, indi-
cating a great potential for engineering applications.

2 Experimental
2.1 Coatings Preparation

The a-C:Si and a-C:Si:Al carbon-based coatings were
deposited on silicon p(100) wafers and stainless steel
substrates using magnetron sputtering of Si, Al, and
graphite (C) targets of 99.99, 99.99, and 99.80% purity in
an argon gas atmosphere. Before deposition, the Si wafers
and stainless substrates were first ultrasonically cleaned in
acetone and alcohol for 30 min and then put into the
depositing chamber. The base pressure of depositing
chamber was pumped down to 1.0 x 107> Pa, then the
chamber was backfilled with Ar gas of 100 sccm flow rate
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to 0.8 Pa. The substrates were cleaned using Ar" bom-
bardment for 30 min at a substrate bias voltage of
—1,000 V to remove some adhering impurities on sub-
strates. Before the coating deposition, a Si interlayer of
about 400 nm thick was deposited by sputtering of Si target
(300 W of R.F. power supply, —300 V bias voltage and
50% duty ratio) so as to improve the adhesion of the final
coatings to the substrate. Subsequently, the carbon-based
coatings were deposited under Ar gas of flow rate of
100 sccm. In the depositing, the pulse power supply was
kept with 40 kHz frequency, —300 V bias voltage and 50%
duty ratio, the D.C. power density of graphite target was
kept constant at 6.5 W/cm?, and the power density of Si
(R.F. power supply) and Al (D.C. power supply) targets
was varied for desirable composition. During the whole
deposition, there was no extra-heating to the substrates.

2.2 Coatings Characterization

The thickness of a-C:Si and a-C:Si:Al carbon-based coat-
ings was measured using a surface profilometre. X-ray
photoelectron spectroscopy (XPS) was carried out on
PerkinElmer PHI-5702 multi-functional photoelectron
spectrometer with Al Ko radiation to investigate the com-
positions and chemical states of carbon in the coatings.
X-ray diffraction (XRD) with a grazing angles of 1° was
performed on D/Max-2400X diffractometer (Rigaku Co.,
Japan), with Cu Ko radiation being applied for phase
identification and qualitative texture characterization. A
further investigation on microstructure characterization
was performed by high-resolution transmission electron
microscope (HRTEM) using JEOL 3010 TEM operated at
300 kV. The cross-sectional morphologies of as-deposited
carbon-based coatings were investigated using field emis-
sion scanning electron microscopy (FESEM, JSM-6701F).
The surface morphology and surface roughness of the
coatings were observed on an SPM (Nano IIla) atomic
force microscope (AFM). The nanohardness was measured
by a Nanotest600 nanoindenter apparatus (MicroMaterials
Ltd.) using a Berkovich diamond tip and the maximum
indentation depth being kept at 50 nm to minimize the
substrate contribution, and the internal stress were mea-
sured by the stress induced bending on an interferometric
surface profiler. The curvature radii of the substrate before
and after the film deposition were measured by the obser-
vation of Newton’s rings using an optical interferometer
system, and then the internal stress was calculated by the
Stoney equation. The scratch test was employed to evaluate
the adhesion strength on a scratch tester using a diamond
indenter of 400 pm in radius by continuously increasing
the normal load by 100 N/min. The load at which the
friction force assumed a sharp increase was defined as the
critical load (L¢) of the coating and used as a quasi-quantitative
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Fig. 1 Schematic diagram of wear test for as-fabricated carbon-based
coatings

criterion to evaluate the adhesion strength of the coatings
on the substrate.

The tribological moisture sensitivity of as-fabricated
carbon-based coatings were evaluated by a ball-on-disk
reciprocating sliding tribometer under different relative
humidity conditions, while the reference a-C coating was
introduced as comparation and the depositing parameters
of which were described in Ref. [9]. Friction tests were
conducted under the sealed tribometer cover connected
with a water bubbler and a dry air supplier. Then, the
relative humidity in the testing chamber was precisely
controlled about 5, 50, and 90%. Figure 1 shows a sche-
matic diagram of the wear test performed on the coatings.
The steel ball with a diameter of 5 mm was used as the
counter body, and all frictional tests were performed under
aload of 5 N with the amplitude of 5 mm and frequency of
5 Hz. The time of frictional tests was 1 h (18,000 cycles).
Subsequently, the wear tracks and wear scars formed on the
counterface were characterized by a JSM-5600 SEM, and
the corresponding frictional chemical reactions on contact
area were analyzed by XPS.

3 Results

3.1 Characterization of As-Fabricated Carbon-Based
Coatings

The chemical composition of a-C:Si and a-C:Si:Al carbon-
based coatings was calculated from the XPS signals

corresponding to C(1s), Si(2p), Al(2p), and O(ls) core
levels using standard atomic sensitivity factors of instru-
ment, which was tabulated in Table 1. The composition of
a-C:Si coating was determined to about 13.4 at.% Si, 85.1
at.% C, and 1.5 at.% O, and a-C:Si:Al coating was deter-
mined to about 9.6 at.% Si, 5.7 at.% Al, 83.5 at.% C, and
1.2 at.% O. It is well known that each element has a unique
set of binding energy, and XPS may offer a reliable anal-
ysis to the chemical state of the constituent elements. The
Cls spectrum in the XPS analysis is mostly used in iden-
tifying the chemical state of the amorphous carbon. The
fitting of Cls spectra shown in Fig. 2 was performed by
decomposing each of them into several components with
Gaussian line shapes. The peaks at the binding energies
282.9, 284.2, 285.1, and 286.5 eV corresponded to Si—C
bonds in SiC phase, sp2 carbon bonds, sp3 carbon bonds,
and C-O bonds, respectively. Besides, the peak position of
Al2p photoelectron was at about 74.1 eV, which was
attributed to partial metallic oxide. Aluminum carbide has
a binding energy at 281.5 eV and aluminum oxycarbide
has a binding energy at 282.5 eV, both were not seen in the
XPS Cls spectra of a-C:Si:Al carbon-based coating. The
binding energy of aluminum carbide and aluminum oxy-
carbide was within the spread of the Cls peak for SiC
phase. The peak shapes did not have noticeable difference
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Fig. 2 XPS Cls spectra of a-C:Si and a-C:Si:Al carbon-based
coatings

Table 1 Composition and mechanical properties of a-C:Si and a-C:Si:Al carbon-based coatings

Coating Composition (at.%) Thickness Hardness Elastic H/E Critical Residual

p Si Al P (pum) (GPa) modulus (GPa) ratio load (N) stress (GPa)
a-C:Si 85.1 13.4 0.0 1.5 2.0 22 241 0.091 13 —1.3
a-C:Si:Al 83.5 9.6 5.7 1.2 2.1 189 0.090 19 -0.5
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Fig. 3 TEM bright-field images and SAED patterns of as-fabricated
coatings: a a-C:Si coating, b a-C:Si:Al coating

between the two XPS Cls spectra of a-C:Si and a-C:Si:Al
carbon-based coatings. Therefore, it was believed that
aluminum did not form bonds with carbon, and it existed in
the form of the solid solution because of Al belonging to
weak-carbide-forming (WCF) metals like Cu, Ag, etc.
These were consistent with other researchers’ results [29,
32, 33]. Figure 3 shows the HRTEM bright-field images
and selected area electron diffraction (SAED) patterns of
as-fabricated coatings. HRTEM images revealed that both
a-C:Si and a-C:Si:Al carbon-based coatings possessed
typical amorphous structure, and the SAED patterns further
proved this amorphous structure. It can be found that the Si
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formed hard SiC phase, though it did not form the nano-
crystalline SiC grains in the as-fabricated carbon-based
coatings. As a result, the SiC phase and Al all went into the
a-C matrix so that both of as-fabricated carbon-based
coatings were dominated by the typical amorphous
structure.

The surface and cross-sectional morphologies of as-
fabricated a-C:Si and a-C:Si:Al carbon-based coatings
were observed using FESEM which were exhibited in
Fig. 4. As can be seen that a-C:Si carbon-based coating
mainly exhibited textured and columnar microstructure,
and its thickness was about 2.0 um. In contrast, a-C:Si:Al
coating exhibited more homogeneous and dense micro-
structure, and its thickness was about 2.1 um. Besides, the
surface morphologies of as-fabricated carbon-based coat-
ings were characterized by AFM, and the two and three-
dimensional AFM surface morphologies were shown in
Fig. 5. It can be seen that the effect of Al-doping on the
surface roughness and feature was apparent. The surface of
the coating fabricated with no Al-doping was relatively
rough, while the coating fabricated with Al-doping exhib-
ited relatively smooth and uniform. The corresponding root
mean square (RMS) roughness of a-C:Si and a-C:Si:Al
carbon-based coatings were about 1.2 and 0.9 nm,
respectively.

3.2 Mechanical Properties of As-Fabricated
Carbon-Based Coatings

The mechanical properties of a-C:Si and a-C:Si:Al carbon-
based coatings were systemically investigated. The main
results including the hardness (H), elastic modulus (E), H/E
ratio, critical load (L.), and residual stress (o) were tabu-
lated in Table 1. The value of hardness of a-C:Si and
a-C:Si:Al coatings were ~22 and ~ 17 GPa while the
corresponding value of Young’s modulus were ~241 and
~ 189 GPa, respectively. It can be seen that Al co-doping
obviously decreased the hardness and Young’s modulus of
as-fabricated coating. However, the value of H/E ratio of
carbon-based coatings nearly occupied the same (about
0.09). Besides, the residual stress values of the two carbon-
based coatings were calculated by applying the Stoney
equation. The compressive stress of —1.3 and —0.5 GPa
corresponded to a-C:Si and a-C:Si:Al coatings, respec-
tively. It was noticeable that the internal stress of carbon-
based coating was decreased drastically by co-introduction
of Al. For amorphous carbon-based coating of nearly
2.1 um in thickness, —0.5 GPa of internal stress was very
low compared with those hard coatings such as TiC, WC,
and TiN which could easily give rise to several GPa
[34-36]. The scratch tester was carried out to evaluate the
adhesive strength of as-fabricated carbon-based coatings.
As can be seen in Table 1, the Al co-doping increased the
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Fig. 4 Cross-sectional and surface images of as-fabricated coatings: a, b for a-C:Si coating; ¢, d for a-C:Si:Al coating

Fig. 5 Two and three-
dimensional AFM surface
morphologies: a a-C:Si coating,
b a-C:Si:Al coating
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Fig. 6 Optical mages of scratch tracks: a a-C:Si coating, b a-C:Si:Al
coating

critical load to 19 N compared to that of 13 N of a-C:Si
coating. Figure 6 shows the optical images of scratch
tracks of as-fabricated carbon-based coatings. The a-C:Si
coating presented many cracks and abruptly localized
delamination of severely brittle characteristic while the
a-C:Si:Al coating mainly presented plastic deformation and
just few cracks.

By the co-introduction of Al in a-C:Si coating, the
magnitude of internal stress was drastically diminished
while the relatively high hardness was maintained as well
as the adhesive strength was improved. These indicated
that a-C:Si:Al carbon-based coating could achieve superior
combining of mechanical properties.

3.3 Tribological Behaviors Under Different Relative
Humidity Conditions

Figure 7 shows the evolution of the friction coefficient
versus sliding time for a-C (a reference hydrogen-free
amorphous carbon coating), a-C:Si, and a-C:Si:Al coatings
under different relative humidity conditions. For reference
a-C coating, the friction coefficient (Acoerry & 0.30) had
drastically increased as the relative humidity changed from
R.H. 5% to R.H. 90%, indicating that the a-C coating had
strong tribological moisture sensitivity. However, the
increase of friction coefficient (A(coerry & 0.095) became
relatively mild with the relative humidity for a-C:Si coating,
indicating that a-C:Si coating had an improved tribological
moisture sensitivity compared with the reference hydrogen-
free amorphous carbon coating. Furthermore, for a-C:Si:Al
coating, the friction coefficient (Acoetry & 0.069) had less
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Fig. 7 Friction coefficient versus sliding time for as-fabricated
coatings under different relative humidities

increase as the relative humidity changed from R.H. 5% to
R.H. 90%. As shown above, the a-C:Si:Al coating exhibited
the lowest tribological moisture sensitivity. At the end of
each frictional experiment, the wear rate was assessed by
taking a profile of the wear track at three different points
around the track. The wear data was collated in Fig. 8. It can
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Fig. 8 Wear rate of as-fabricated coatings under different relative
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be seen that the wear rate of a-C coating showed a sharp
increase as the relative humidity changed from R.H. 5% to
R.H. 90%. However, the wear rate of Si-introduced carbon-
coatings has been inverted as the relative humidity was
increased. The wear rate of a-C:Si and a-C:Si:Al coatings
showed a gradual decrease when the relative humidity chan-
ged from R.H. 5% to R.H. 90%. Comparing the friction and
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wear behaviors of the three kinds of carbon-based coatings,
the a-C:Si:Al coating clearly presented the best tribological
performances under different relative humidities.
Subsequently, the wear tracks and wear scars on coun-
terface were characterized by SEM. Figure 9 shows the
SEM images of wear tracks of carbon-based coatings under
different relative humidity conditions. For a-C coating, the
wear track presented slight wear and rather smooth surface
under the R.H. 5% condition while the wear tracks
exhibited severe wear and damaged regions under the R.H.
50% and R.H. 90% conditions. However, the wear char-
acteristic was inverted for the Si-introduced carbon-based
coatings. For a-C:Si and a-C:Si:Al coating, the wear
mechanism was mainly characterized by mild polishing
wear. Obviously, the depth of wear tracks became shal-
lower when the relative humidity changed from R.H. 5% to
R.H. 90%. Figure 10 shows the SEM images of wear scars
on counterface under different relative humidity condi-
tions. For a-C coating, wear scars enlarged and wear debris
increased on the edge of contact zone when the relative
humidity changed from R.H. 5% to R.H. 90%. For as-
fabricated a-C:Si coating, some thick transferred film
accumulated on the counterface under the R.H. 5% con-
dition while the transferred film was not observed under the

it Al coating

Fig. 9 SEM images of wear tracks of as-fabricated coatings under different relative humidities
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Fig. 10 SEM images of wear scars of as-fabricated coatings under different relative humidities

R.H. 50% and R.H. 90% conditions. The similar general
trend was presented on the counterface for a-C:Si:Al coat-
ing, while its striking characteristic was more continuously
compacted transferred film formed on the counterface under
the R.H. 5% and R.H. 50% conditions. Besides, wear tracks
for as-fabricated a-C:Si and a-C:Si:Al coatings under dif-
ferent relative humidity conditions were analyzed by XPS
as shown in Fig. 11. The peaks near 100.3, 101.3, and

a-C:Si:Al coating

a-C:Si coating

Intensity (a.u.)

¥ ¥ T ¥ T ' T ¥ T T d
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Si 2p Binding Energy (eV)

Fig. 11 XPS Si2p spectra of wear tracks of as-fabricated coatings

under different relative humidities
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102.3 eV corresponded to SiC, SiO,C,, and SiO,, respec-
tively. As the relative humidity increased, an apparent shift
of Si2p peak from 100.3 to 102.3 eV was observed, indi-
cating that some SiC was converted to SiO, during the
sliding friction. Thus, it can be speculated that the colloidal
silica (or SiO,(OH),) was produced by the tribochemical
reaction of Si or SiC with H,O molecule [16, 17].

4 Discussion

The a-C:Si and a-C:Si:Al carbon-based coatings were
successfully fabricated on stainless steel and silicon wafer
substrates via magnetron sputtering Si, Al, and graphite
(C). XPS revealed that the Si existed in the form of SiC
phase because of its strong bond with C, while the Al did
not form stable carbide because of its weak bond with C.
However, TEM results revealed that the SiC phase did not
form the nanocrystalline SiC grains in the as-fabricated
carbon-based coatings. The SiC phase and the Al-doping
element were all dissolved into the a-C matrix, resulting in
both of as-fabricated carbon-based coatings were domi-
nated by the typical amorphous structure. The co-doping of
metallic Al strongly affected the mechanical properties of
as-fabricated carbon-based coating. References [25, 27]
reported that the doping of self-softer metallic Al, like Cu
and Ag, can drastically relax the internal stress and
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enhance the toughness of carbon-based coatings while at
certain expense of hardness. Moreover, the co-introduction
of Ti and Al in carbon-based coatings were proposed by
researchers, those coatings possessed good mechanical
properties [26, 32]. In this study, the results also proved
that the magnitude of internal stress could be drastically
diminished by the co-introduction of Al in the a-C:Si
coating while the relatively high hardness was maintained
as well as the adhesive strength was improved. One striking
difference between the two carbon-based coatings was that
more macro-cracks and delamination were observed in the
scratch track of a-C:Si coating, indicating that the a-C:Si
coating displayed more brittle characteristic compared with
a-C:Si:Al coating. As a result, the a-C:Si:Al carbon-based
coating possessed superior combining mechanical proper-
ties, which would have great potential for engineering
applications.

The effect of atmospheric humidity appeared clearly in
friction and wear of the three types of carbon-based coat-
ings. The experimental results revealed that a-C (a refer-
ence hydrogen-free amorphous carbon coating) coating
possessed strong tribological moisture sensitivity shown in
Fig. 7, while coating wear in low relative humidity
invariably exceeded that in high relative humidity. This
dependence of the friction on relative humidity was similar
to that in the case of amorphous carbon films obtained by
other researchers [37, 38]. For the engineering applications,
a coating capability of providing a low, predictable, and
stable friction coefficient across a wide range of relative
humidity is of great important in many sectors. Thus, the
use of various additive atoms has been proposed to control
the tribological moisture sensitivity. In this study, the as-
fabricated a-C:Si and a-C:Si:Al presented an apparent
improvement of tribological moisture sensitivity. It is well
known that the formation of transferred materials from
carbon-based coating plays an important role in the
reduction of the friction coefficient. As seen in Fig. 10, for
as-fabricated a-C:Si coating, some thick transferred film
accumulated on the counterface under the R.H. 5% con-
dition while the transferred film was not observed under the
R.H. 50% and R.H. 90% conditions. The similar general
trend was presented on the counterface for a-C:Si:Al
coating, while the striking characteristic was the more
continuously compacted transferred film formed on the
counterface under the R.H. 5% and R.H. 50% conditions.
Gangopadhyay et al. [20] reported that materials trans-
ferred on counterface from the carbon-based coating exis-
ted in dry air but existed only negligibly on the frictional
counterface in wet air, which resembled the present
experimental results shown in Fig. 10. Wilhelmsson et al.
[29] suggested that the soft metallic Al incorporated in the
coating can create a situation where it was more favorable
to form graphite in the contact area under dry friction.

These speculated that the WCF metallic Al incorporated in
a-C:Si carbon-based coating has a great potential to favor
an increased segregation of carbon at elevated temperatures
induced by sliding friction under low relative humidity.
Therefore, the compactly transferred graphitized film on
the counterface was easily formed, and this was mainly
responsible for the low friction coefficient and wear rate of
the a-C:Si:Al coating under low relative humidity. In
addition, XPS results of wear tracks for the as-fabricated
a-C:Si and a-C:Si:Al coatings under different relative
humidities, shown in Fig. 11, revealed an apparent shift of
Si2p peak from 100.3 to 102.3 eV, indicating that some
SiC was converted to SiO, during the sliding friction.
Hence, superior tribological performances of the as-fabri-
cated a-C:Si and a-C:Si:Al coatings should be attributed to
the formation of low shear strength colloidal silica (or
Si0,(OH),) tribofilm by the tribochemical reaction of Si or
SiC with H,O molecule on contact area under high relative
humidity conditions [13, 16, 17]. Moreover, a-C:Si:Al
coating presented better tribological performances com-
pared with a-C:Si under high relative humidity becauseof
its good combining mechanical properties.

It is known that, the elastic strain to failure, which is
related to the H/E ratio, is a more suitable parameter for
predicting wear resistance [39]: the higher the H/E ratio,
the higher the resistance to wear of coatings. The H/E
ratios of the as-fabricated a-C:Si and a-C:Si:Al coatings
were very close (about 0.09), indicating that these two
carbon-based coatings should have similar wear resistances
under the same relative humidity condition. However, the
wear results clearly contradicted with the above theory. As
discussed above, the a-C:Si:Al carbon-based coating could
achieve an excellent self-lubricating behavior under dif-
ferent relative humidities, which might be the main reason
for this discrimination of wear resistance. As a result,
although the H/E ratio of a-C:Si and a-C:Si:Al carbon-
based coating stayed almost a constant value, the low shear
strength tribofilms on contact zone combining with supe-
rior mechanical properties made the a-C:Si:Al carbon-
based coating achieve superior tribological performances
under different relative humidities.

5 Conclusions

The a-C:Si and a-C:Si:Al carbon-based coatings were
comparatively investigated on microstructure, mechanical
properties, and tribological moisture sensitivity. The most
important results were summarized as follows:

(1) The Si and Al were uniformly dispersed in a-C
matrix, and both of as-fabricated a-C:Si and a-C:Si:Al
carbon-based coatings were dominated by typical
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2)

3)

“4)

Acknowledgments

cial

amorphous structure. The a-C:Si:Al coating exhibited
more homogeneous and dense structure as well as
relatively smooth surface because of the Al co-doping
element compared with a-C:Si coating.

As the WCF Al was co-doped in the as-fabricated
carbon-based coating, the magnitude of internal stress
was drastically diminished, the adhesive strength was
improved as well as the moderately high hardness was
maintained.

The a-C:Si:Al carbon-based coating presented supe-
rior low tribological moisture sensitivity. The signif-
icant improvement in tribological performances of
a-C:Si:Al carbon-based coating was mainly attributed
to the superior mechanical properties and the forma-
tion of continuously compacted graphitized tribofilm
under low relative humidity condition as well as low
shear strength colloidal silica tribofilm under high
relative humidity condition.

The good balance between the hardness and tough-
ness, low internal stress and controlled tribological
moisture sensitivity of a-C:Si:Al coating make it a
good candidate as solid lubricating coating in engi-
neering applications.

The authors gratefully acknowledge the finan-
support from the National Natural Science Foundation of China

(Grant No. 50905178) and the National 973 Program of China (Grant

No.

2011CB706603).

References

. Grill, A.: Tribology of diamondlike carbon and related materials:

an updated review. Surf. Coat. Technol. 94-95, 507-513 (1997)

. Casiraghi, C., Robertson, J., Ferrari, A.C.: Diamond-like carbon

for data and beer storage. Mater. Today 10, 42-51 (2007)

. Chen, L.Y., Hong, F.C.N.: Diamond-like carbon nanocomposite

films. Appl. Phys. Lett. 82, 3526-3528 (2003)

. Kalin, M., ViZintin, J.: The tribological performance of DLC-

coated gears lubricated with biodegradable oil in various pinion/
gear material combinations. Wear 259, 1270-1280 (2005)

. Hauert, R.: A review of modified DLC coatings for biological

applications. Diam. Relat. Mater. 12, 583-589 (2003)

. Ye, J.,, Okamoto, Y., Yasuda, Y.: Direct insight into near-

frictionless behavior displayed by diamond-like carbon coatings
in lubricants. Tribol. Lett. 29, 53-56 (2008)

. Zhou, F., Adachi, K., Kato, K.: Comparisons of tribological

property of a-C, a-CNy and BCN coatings sliding against SiC
balls in water. Surf. Coat. Technol. 200, 4471-4478 (2006)

. Corbella, C., Vives, M., Pinyol, A., Bertran, E., Canal, C., Poloa,

M.C., Andujar, J.L.: Preparation of metal (W, Mo, Nb, Ti) con-
taining a-C:H films by reactive magnetron sputtering. Surf. Coat.
Technol. 177-178, 409-414 (2004)

. Wang, Y., Wang, L., Wang, S.C., Zhang, G., Wood, R., Xue, Q.:

Nanocomposite microstructure and environment self-adapted
tribological properties of highly hard graphite-like film. Tribol.
Lett. 40, 301-310 (2010)

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Ohana, T., Suzuki, M., Nakamura, T., Tanaka, A., Koga, Y.:
Low-friction behaviour of diamond-like carbon films in a water
environment. Diam. Relat. Mater. 15, 962-966 (2006)

Li, H., Xu, T., Wang, C., Chen, J., Zhou, H., Liu, H.: Humidity
dependence on the friction and wear behavior of diamond-like
carbon film in air and nitrogen environments. Diam. Relat. Mater.
15, 1585-1592 (2006)

Wang, C.Z., Ho, K.M.: Structural trend in amorphous carbon.
Phys. Rev. B 50, 12429-12436 (1993)

Choi, J., Kawaguchi, M., Kato, T., Ikeyama, M.: Deposition of
Si-DLC film and its microstructural, tribological and corrosion
properties. Microsyst. Technol. 13, 1353-1358 (2007)

Donnet, C.: Recent progress on the tribology of doped diamond-
like and carbon alloy coatings: a review. Surf. Coat. Technol.
100-101, 180-186 (1998)

Kim, S.G., Kim, S.W., Saito, N., Takai, O.: Effect of increasing
hardness on Si-containing diamond-like carbon film during tribo-
test. Diam. Relat. Mater. 19, 1017-1020 (2010)

Gilmore, R., Hauert, R.: Comparative study of the tribological
moisture sensitivity of Si-free and Si-containing diamond-like
carbon films. Surf. Coat. Technol. 133-134, 437-442 (2000)
Zhao, F., Li, H, Ji, L., Mo, Y., Quan, W., Du, W., Zhou, H.,
Chen, J.: Superlow friction behavior of Si-doped hydrogenated
amorphous carbon film in water environment. Surf. Coat. Tech-
nol. 203, 981-985 (2009)

Gilmore, R., Hauert, R.: Control of the tribological moisture
sensitivity of diamond-like carbon films by alloying with F, Ti or
Si. Thin Solid Films 398-399, 199-204 (2001)

Oguri, K., Arai, T.: Tribological properties and characterization
of diamond-like carbon coatings with silicon prepared by plasma-
assisted chemical vapour deposition. Surf. Coat. Technol. 47,
710-721 (1991)

Gangopadhyay, A.K., Willermet, P.A., Tamor, M.A., Vassell,
W.C.: Amorphous hydrogenated carbon films for tribological
applications. I. Development of moisture insensitive films having
reduced compressive stress. Tribol. Int. 30, 9-18 (1997)
Voevodin, A.A., O’Neill, J.P., Zabinski, J.S.: Tribological perfor-
mance and tribochemistry of nanocrystalline WC/amorphous dia-
mond-like carbon composites. Thin Solid Films 342, 194-200
(1999)

Voevodin, A.A., Zabinski, J.S.: Supertough wear-resistant coat-
ings with ‘chameleon’ surface adaptation. Thin Solid Films 370,
223-231 (2000)

Pei, Y.T., Galvan, D., De Hosson, J.T.M.: Nanostructure and
properties of TiC/a-C:H composite coatings. Acta Mater. 53,
4505-4521 (2005)

Dub, S., Pauleau, Y., Thiery, F.: Mechanical properties of
nanostructured copper-hydrogenated amorphous carbon com-
posite films studied by nanoindentation. Surf. Coat. Technol.
180-181, 551-555 (2004)

Pauleau, Y., Thiery, F., Latrasse, L., Dub, S.: Characteristics of cop-
per/carbon and nickel/carbon composite films produced by micro-
wave plasma-assisted deposition techniques from argon-methane gas
mixtures. Surf. Coat. Technol. 188-189, 484-488 (2004)

Tay, B.K., Cheng, Y.H., Ding, X.Z., Lau, S.P., Shi, X., You, G.F.,
Sheeja, D.: Hard carbon nanocomposite films with low stress.
Diam. Relat. Mater. 10, 1082—-1087 (2001)

Zhang, G., Yan, P., Wang, P., Chen, Y., Zhang, J.: The prepa-
ration and mechanical properties of Al-containing a-C:H thin
films. J. Phys. D Appl. Phys. 40, 6748-6753 (2007)

Lungu, C.P.: Nanostructure influence on DLC-Ag tribological
coatings. Surf. Coat. Technol. 200, 198-202 (2005)
Wilhelmsson, O., Rasander, M., Carlsson, M., Lewin, E., Sanyal,
B., Wiklund, U., Eriksson, O., Jansson, U.: Design of nano-
composite low-friction coatings. Adv. Funct. Mater. 17,
1611-1616 (2007)



Tribol Lett (2011) 43:329-339

339

30.

32.

33.

34.

Veres, M., Koos, T.M., Toth, S., Fule, M., Pocsik, 1., Toth, A.,
Mohai, M., Bertoti, I.: Characterisation of a-C:H and oxygen-
containing Si:C:H films by Raman spectroscopy and XPS. Diam.
Relat. Mater. 14, 1051-1056 (2005)

. Kulikovsky, V., Boha¢, P., Zemek, J., Vorlic¢ek, V., Kurdyumov,

A., Jastrabik, L.. Hardness of nanocomposite a-C:Si films
deposited by magnetron sputtering. Diam. Relat. Mater. 16,
167-173 (2007)

Zhang, S., Bui, X.L., Fu, Y.: Magnetron-sputtered nc-TiC/
a-C(Al) tough nanocomposite coatings. Thin Solid Films 467,
261-266 (2004)

Pang, X., Shi, L., Wang, P., Zhang, G., Liu, W.: Influences of bias
voltage on mechanical and tribological properties of Ti—Al-C
films synthesized by magnetron sputtering. Surf. Coat. Technol.
203, 1537-1543 (2009)

Tang, J., Zabinski, J., Bultman, J.: TiC coatings prepared by
pulsed laser deposition and magnetron sputtering. Surf. Coat.
Technol. 91, 69-73 (1997)

35.

36.

37.

38.

39.

Wainstrand, O., Larsson, M., Hedenqvist, P.: Mechanical and
tribological evaluation of PVD WC/C coatings. Surf. Coat.
Technol. 111, 247-254 (1999)

Perry, A.J., Valvoda, V., Rafaja, D.: X-ray residual stress mea-
surement in TiN, ZrN and HfN films using the Seemann-Bohlin
method. Thin Solid Films 214, 169-174 (1992)

Kim, D.S., Fischer, T.E., Gallois, B.: The effect of oxygen and
humidity on friction and wear of diamond-like carbon films. Surf.
Coat. Technol. 49, 537-542 (1991)

Yoon, E.S., Kong, H., Lee, K.R.: Tribological behavior of sliding
diamond-like carbon films under various environments. Wear
217, 262-270 (1998)

Leyland, A., Matthews, A.: On the significance of the H/E ratio in
wear control: a nanocomposite coating approach to optimised
tribological behaviour. Wear 246, 1-11 (2000)

@ Springer



	Achieving Low Tribological Moisture Sensitivity by a-C:Si:Al Carbon-based Coating
	Abstract
	Introduction
	Experimental
	Coatings Preparation
	Coatings Characterization

	Results
	Characterization of As-Fabricated Carbon-Based Coatings
	Mechanical Properties of As-Fabricated Carbon-Based Coatings
	Tribological Behaviors Under Different Relative Humidity Conditions

	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


