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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.

Keywords Internal stress � a-C:Si:Al � Tribofilm �
Moisture sensitivity

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 SiO2 at the frictional

interface and an increase in sp3 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 9 10-3 Pa, then the

chamber was backfilled with Ar gas of 100 sccm flow rate

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/cm2, 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 Ka 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 Ka 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 IIIa) 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 lm 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 (LC) of the coating and used as a quasi-quantitative
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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

a load 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(1s) 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

C1s spectrum in the XPS analysis is mostly used in iden-

tifying the chemical state of the amorphous carbon. The

fitting of C1s 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 C1s 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 C1s peak for SiC

phase. The peak shapes did not have noticeable difference

Fig. 1 Schematic diagram of wear test for as-fabricated 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

(lm)

Hardness

(GPa)

Elastic

modulus (GPa)

H/E
ratio

Critical

load (N)

Residual

stress (GPa)
C Si Al O

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 17 189 0.090 19 -0.5

Fig. 2 XPS C1s spectra of a-C:Si and a-C:Si:Al carbon-based

coatings
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between the two XPS C1s 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

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 lm. In contrast, a-C:Si:Al

coating exhibited more homogeneous and dense micro-

structure, and its thickness was about 2.1 lm. 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 (Lc), and residual stress (r) 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 lm 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

Fig. 3 TEM bright-field images and SAED patterns of as-fabricated

coatings: a a-C:Si coating, b a-C:Si:Al coating
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Fig. 4 Cross-sectional and surface images of as-fabricated coatings: a, b for a-C:Si coating; c, 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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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 (D(Coeff) & 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 (D(Coeff) & 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 (D(Coeff) & 0.069) had less

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

Fig. 6 Optical mages of scratch tracks: a a-C:Si coating, b a-C:Si:Al

coating

Fig. 7 Friction coefficient versus sliding time for as-fabricated

coatings under different relative humidities
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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

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

Fig. 8 Wear rate of as-fabricated coatings under different relative

humidities

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

102.3 eV corresponded to SiC, SiOxCy, and SiOx, 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 SiOx during the

sliding friction. Thus, it can be speculated that the colloidal

silica (or SiOx(OH)y) was produced by the tribochemical

reaction of Si or SiC with H2O 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

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

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

under different relative humidities
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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 SiOx 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

SiOx(OH)y) tribofilm by the tribochemical reaction of Si or

SiC with H2O 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

Tribol Lett (2011) 43:329–339 337
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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.

(2) 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.

(3) 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.

(4) 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.
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