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Abstract: Ti-doped graphite-like carbon (Ti−GLC) films were synthesized successfully by magnetron sputtering technique. The 
compositions, microstructures and properties of the Ti-doped GLC films dependent on the parameter of Ti target current were 
systemically investigated by Raman spectra, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), scanning electron 
microscopy (SEM), atomic force microscopy (AFM), nanoindentation and ball-on-disk tribometer. With the increase of the Ti target 
current, the ratio of sp2 bond and the content of Ti as well as the film hardness and compressive internal stress increase, but the high 
content of the Ti would result in the loose film due to the formation of the squamose structure. Less incorporated Ti reduces the 
friction of the GLC film in dry-sliding condition, while pure GLC film exhibits the lowest friction coefficient in water-lubricated 
condition. Ti−GLC film deposited with low Ti target current shows high wear resistance in both dry-sliding and water-lubricated 
conditions. 
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1 Introduction 
 

Amorphous carbon (a-C) films mainly composed of 
sp3 and sp2 bonds have a great potential to be widely 
used in modern industry for their attractive properties 
such as high hardness, high wear resistance and low 
friction coefficient [1−4]. In order to distinguish the 
famous a-C films which were named the diamond-like 
carbon (DLC) according to their relatively high content 
of sp3 bonds [5−9], the graphite-like carbon (GLC) film 
was proposed recently due to its high ratio of sp2- 
hybridized carbon inside the carbonaceous amorphous 
matrix [10−13]. These studies have demonstrated the 
high hardness and excellent tribological performance in 
both the ambient air and water environment for the GLC 
films. But most of the reported GLC films were the pure 
carbon matrix without any alloying elements. It was rare 
to know the influence of the element doping on the 
microstructure and properties of the GLC films. 

On the side, various additive elements have been 

alloyed in the amorphous carbon matrixes to improve the 
mechanical, chemical and tribological properties of DLC 
films. It was known that the addition of F or Si in DLC 
films improves the friction and wear due to the beneficial 
tribochemical reaction on the contact surfaces [14], and 
the incorporation of H, Ar or N could adjust the 
microstructure and mechanical properties of DLC films 
[15], furthermore, the main emphasis had been placed on 
the doping of Ti, Cr and W in amorphous carbon matrix 
since they were strong-carbide-forming (SCF) metals 
and possess an attractive combination of properties 
(corrosion resistance, wear resistance, etc.) [16−18]. 
Although above studies had been undertaken to 
investigate the deposition and properties of DLC films, 
the research on the Ti-doped GLC composite films, in 
particular the relationship between the deposition 
parameters, the mechanical and tribological behaviors 
has not yet systemically reported. 

In this work, Ti-doped graphite-like carbon 
(Ti−GLC) films were synthesized successfully by 
magnetron sputtering technique. A middle frequency  
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power was applied to the twinborn Ti targets for the 
sputtering of Ti. The evolution of microstructures and 
properties of Ti−GLC composite films as the function of 
Ti target current were systematically studied. 
 
2 Experimental 
 

The Ti−GLC composite films were deposited on Si 
wafer (p-type(100)) and stainless steel by magnetron 
sputtering deposition process in the argon (Ar) 
atmosphere. The depositing system was configured three 
magnetron target positions which focused on a substrate 
seat. High pure graphite target was fixed in the middle of 
these target positions, and two twinborn Ti targets were 
fixed on the other two target positions. A DC power was 
used on the high-pure graphite target to sputter carbon, 
while a mid-frequency AC power was applied to the 
twinborn Ti targets to sputter Ti. Prior to deposition, the 
substrates were cleaned ultrasonically in ethanol and 
acetone bathes in succession and dried with a blower. 
The base pressure of the chamber before deposition was 
pumped to 1.0×10−3 Pa, and the deposition pressure 1.0 
Pa was reached with a constant flow of Ar gas. The 
substrates were DC sputter-cleaned for 15 min at a bias 
voltage of −1000 V with duty cycle of 50%. Then the 
interlayers of Ti were pre-deposited to improve the 
adhesion between the substrates and GLC films. The Ti 
target current was 2.0 A, while the bias voltage was −500 
V with duty cycle of 50%.  On the top of the Ti 
interlayers, GLC films were deposited with incorporation 
of Ti. Different mid-frequency currents were applied to 
the Ti targets to adjust the Ti content in the GLC films. 
The detailed deposition parameters were as follows: an 
applied DC current of 1.2 A to graphite target, an applied 
mid-frequency current increased from 0 to 1.0 A to Ti 
targets, a deposition bias voltage of −300V (duty cycle 
50%), Ar gas flow rate of 50 mL/min, a deposition 
pressure of 1 Pa and a deposition time of 100 min. 

The microstructures of the as-deposited Ti−GLC 
films were characterized by Raman spectroscopy 
(Raman, HR800 Raman spectroscopic measurement), 
X-ray photoelectron spectroscopy (XPS, Perkin-Elmer 
PHI−5702 multi-functional X-ray photoelectron 
spectroscope), X-ray diffraction (XRD, Rigaku Dmax 
2400 X-ray diffract meter), scanning electron 
microscopy (SEM, JSM−6701 scanning electron 
microscope) and atomic force microscopy (AFM, 
SPM−9500 atomic force microscope). The worn 
morphology of the contact surfaces of mating balls were 
investigated by a JSM−5600 SEM. 

Nanohardness of each Ti−GLC film was measured 
by a Nanotest600 nanoindenter apparatus (Micro 
Materials Ltd., UK). After measuring the bending of the 
coated Si substrates with a surface profilometer, the 

internal stress of the films with different Ti contents was 
calculated based on the Stoney’s equation [19]. The 
tribological behaviors were tested by a ball-on-disk 
reciprocating tribo-meter both in dry and 
water-lubricated conditions. The Si3N4 balls were used as 
a counterpart with a diameter of 3 mm. All the 
tribological tests were performed under a load of 2 N, 
while the reciprocating amplitude was 5 mm and the 
frequency was 5 Hz. After each friction test, the wear 
volume loss was determined from the wear track profiles 
which were obtained using a non-contact 3D surface 
profiler (model MicroMAXTM, made by ADE Phase 
Shift, Tucson, AZ, USA). Then the specific wear rates of 
all the films were calculated using the equation: 
K=V/(SF) [20], where V is the wear volume in m3, S is 
the total sliding distance in m and F is the normal load in 
N. The resulted specific wear rate of each film was 
obtained by averaging four wear tests under the same 
condition. 
 
3 Results and discussion 
 
3.1 Microstructure of Ti−GLC films 

Raman spectroscopy is a standard tool for the 
characterization of carbon materials [21]. Typical Raman 
spectrum of a-C usually shows a D peak and a G peak, 
which lie at around 1350 and 1560 cm−1, respectively 
[22−24]. The G peak is due to the bond stretching of all 
pairs of sp2 atoms in both rings and chains, while the D 
peak is due to the breathing modes of sp2 atoms in rings 
[24]. Because of the different ratios of sp2 bonds or sp3 
bonds in various a-C films, the location and intensity of 
the two peaks are different. The enhancement of D peak 
and the increase of spectrum intensity ratio ID/IG can be 
considered the evidence of the increase in graphite 
structure (sp2 bond), which was also named as 
graphitization for the a-C films [25,26]. The Raman 
spectra of the as-deposited Ti−GLC films are shown in 
Fig. 1. As shown in Fig. 1, the intensity of D peak 
increases drastically with increasing the mid-frequency 
current on Ti targets, and the value of ID/IG shown in Fig. 
2 greatly increases from 1.7 to 4.0 as the Ti target current 
increases from 0 to 0.8 A, and then the value of ID/IG 
suddenly increases to 10.0 as the Ti target current 
increases to 1.0 A, which indicates that the ratio of sp2 
bonds increases in the meantime. The weakened Raman 
signals of the films with high Ti target current might be 
related to the decrease of the carbon inside the 
as-deposited films. The weakened Raman signals of the 
films with high Ti target current might be related to the 
decrease of the carbon inside the as-deposited films. 

The C1s spectra of Ti−GLC films with different Ti 
target currents acquired from the XPS analysis are shown 
in Fig. 3. It can be clearly seen that the bond shifts 
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Fig. 1 Raman spectra of Ti−GLC films at different Ti target 
currents 
 

 

Fig. 2 ID/IG and ratio of sp2 bonds in carbon of Ti−GLC films 
 
towards lower binding energy with the increase of Ti 
target current, which indicates that the ratio of sp2 bond 
in carbon increases due to the relatively low binding 
energy of sp2 (284.4 eV) compared with sp3 bond (285.2 
eV) [27,28]. In detail, since the intensity of the binding 
energy is linearly proportional to the fraction of sp2 and 
sp3 bonds, the ratio of the sp2 bond of the carbon inside 
the as-deposited Ti−GLC films can be calculated 
approximately after peak fitting shown in Fig. 2. The 
result shows that the ratio of sp2 bonds increases from 
61% to 82 % with the Ti target current increasing from 0 
to 1.0 A. This result supports the Raman analysis, 
indicating the graphitization effect of GLC films during 
the Ti target current increasing, which can be attributed 
to the following two factors. One is the increase of   

 

 
Fig. 3 C1s spectra of Ti−GLC films at different currents 
 
temperature resulting from the enhanced ions 
bombarding; the other is the incorporation of Ti in 
carbon matrix [29]. Figure 4 demonstrates that the 
temperature inside the vacuum chamber and the content 
of Ti in Ti−GLC film both increase with the increase of 
Ti target current. As shown in Fig. 4, the temperature in 
the vacuum chamber increases from approximately 58 to 
105 °C as the Ti target current increases from 0 to 1.0 A. 
Since the heat transmission in vacuum is very limited, 
the temperature on the surface should be relatively high. 
The enhanced temperature during the deposition process 
leads to the transformation from sp3 bond to sp2 bond 
since the sp3 carbon phase is thermodynamically less 
stable than the sp2 carbon phase [30], promoting the 
increase of sp2 bonds in carbon matrix. In another view 
point, higher target current supplies more Ti ions 
incorporated in a-C films which can cause damage by 
breaking some of the sp3 bonds, leading to the formation 
of a stable sp2-bonded phase. The contents of Ti in the 
as-deposited Ti−GLC films calculated from the XPS 
analysis are also shown in Fig. 4. As seen from Fig. 4, 
the content of Ti increases from 0 to 20% as the Ti target 
current increases from 0 to 1.0 A, thereby to increase the 
ratio of sp2 bonds in the carbon matrix [31]. 
 

  
Fig. 4 Content of Ti in Ti-films and temperature in vacuum 
chamber 
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The increase of Ti can be separated into two stages 
due to the different chemical states revealed from XPS 
spectra in Fig. 3 and XRD analysis in Fig. 5. At the first 
stage, Ti was incorporated in the carbon matrix as a 
simple substance when the Ti target current was low. At 
the second stage, the compound of TiC was formed when 
Ti target current increased to be high. Seen from Fig. 3, 
the C1s spectra do not exhibit the peak feature of TiC 
binding energy posited at 281.7 eV for films deposited 
with Ti target current of 0, 0.2 and 0.4 A, which is 
considered that no TiC is synthesized under these 
conditions. It was further sustained by the XRD analysis 
shown in Fig. 5. Besides pure GLC film deposited 
without Ti target current cannot have Ti, the XRD 
spectra of Ti−GLC films deposited with Ti target current 
of 0.2 and 0.4 A shown in Fig. 5 only exhibit weak peaks 
consisted of Ti (101) or/and (110), suggesting that Ti 
exists as a simple substance in the corresponding films. 
Whereas, the peak features of TiC in XPS spectra are 
able to be seen clearly in Fig. 3 when the Ti target 
current increases to 0.6 A, as well as the XRD diffraction 
peaks TiC (111), (200), (220) or (311) are revealed in 
Fig. 5, indicating that the compound of TiC is 
successfully synthesized in this condition. The evolution 
of chemical state for Ti must be related to the increase of 
Ti target current, which means the increase of the Ti 
target current. When the Ti target power is lower, ions of 
Ti sputtered from Ti targets cannot bond with ions of C 
sputtered from graphite target due to their low energy 
and quantity. Only if the energy and quantity of Ti ions 

 

 
Fig. 5 XRD patterns of Ti−GLC films 
 
increased to the threshold with increasing Ti target 
power, the Ti bond with C can form compound of TiC. 

The content as well as the chemical state variations 
of Ti as a function of Ti target current also resulted in the 
evolution of the surface morphologies of the as-deposited 
Ti−GLC films. When Ti target current was low, a little of 
Ti incorporating in the amorphous carbon matrix could 
not destroyed the freely bonding between C atoms 
markedly, resulting in dense films in this condition. 
However, not only did the content of Ti increase 
gradually with increasing Ti target current but also the 
compound of TiC was formed, promoting the preferred 
orientation growing in the as-deposited Ti−GLC films 
with high Ti target current. As seen in Fig. 6, the surface 
of Ti−GLC deposited with high Ti target current is looser 

 

 
Fig. 6 Typical SEM images of Ti−GLC films at different Ti target currents: (a) 0 A; (b) 0.6A; (c) 0.8A; (d) 1.0A 
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than that deposited with low Ti target current. Moreover, 
some loose areas with large particles on the surface of 
film deposited with Ti target current 0.8 A can be seen in  
Fig. 6(c), while film deposited with Ti target current of 
1.0 A exhibits a typical squamose structure shown in     
Fig. 6(d). 

The evolution of surface roughness investigated by 
AFM is shown in Fig. 7, and some of the surface 
morphologies are given in Fig. 8. It is clearly seen from 
Fig. 7 that the roughness decreases from 2.5 to 1.4 nm 
when Ti target current increases from 0 to 0.2 A, and the 
3D AFM morphology of Ti−GLC film deposited with Ti 
target current of 0.2 A reveals smaller particles than pure 
GLC film deposited without Ti (as shown in Figs. 8(a) 
and (b)). Whereas, the roughness of the as-deposited 
Ti−GLC films increases gradually after the Ti target 
current increases to 0.2 A, while the increase of the 
particle size on 3D AFM morphologies in the same order 
is observed (Figs. 8(c) and (d)). It can be considered that 
a little of Ti doped with low Ti target current smoothes 
the surface of GLC film, but the surface roughness 
increases drastically with increasing Ti target current in 
the high range. 

 
3.2 Mechanical and tribological performance of 

Ti−GLC films 
Nanohardness and internal stresses of Ti−GLC films 

deposited at different Ti target currents are shown in  

 

 

Fig. 7 Roughness of Ti−GLC films 
 
Fig. 9. As seen in Fig. 9, the nanohardness increases 
from 16 to 22 GPa as Ti target current increases from 0 
to 0.4 A, and then, fluctuates slightly around 22 GPa till 
Ti target current increases to 0.8 A. The highest 
nanohardness of 24 GPa was obtained when film was 
deposited at 1.0 A. The evolution of film hardness must 
be highly related to the content of Ti and its bonding 
state with C，which resulted in the variation of internal 
stress, as shown in Fig. 9. Seen from Fig. 9, the negative 
value suggests a kind of compressive internal stress, 
which increases from 0.5 to 1.2 GPa as the Ti target 

 

 

Fig. 8 AFM morphologies of Ti−GLC films at different Ti target currents: (a) 0 A; (b) 0.6 A; (c) 0.8 A; (d) 1.0 A 
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Fig. 9 Nanohardnesses and internal stress of Ti−GLC films 
 
current increases from 0 to 0.4 A due to the exotic 
element of Ti embedded in the carbon matrix increases 
from 0 to 10 %. The enhanced compressive internal 
stress increased cohesion of the as-deposited GLC film, 
resulting in the high resistance under pressure. Thus the 
hardness of the film was increased with the increase of 
the compressive internal stress. However, though the 
content of Ti increases gradually, the compressive 
internal stress does not increase after Ti target current 
increases to 0.6 A, as seen in Fig. 9, which can be 
attributed to the well linking between the Ti atoms and 
the carbon matrix due to the formation of TiC. The 
changeless compressive internal stress made the 
nanohardness vary slightly after the Ti target current 
increases to 0.6 A. The highest hardness of 24 GPa for 
film deposited with Ti target current of 1.0 A might be 
related to its high content of hard TiC particles. 

The friction coefficients of Ti−GLC films with 
different Ti target currents in both dry and 
water-lubricated conditions are shown in Fig. 10. In 
dry-sliding condition, it can be seen clearly that the 
friction coefficient of pure GLC film deposited without 
Ti is 0.063, and the friction coefficient of GLC doped   
5% Ti using Ti target current of 0.2 A is reduced to 0.043. 
However, the friction coefficient of the as-deposited 
Ti−GLC films increases to 0.105 gradually as the Ti 
target current increases to 1.0 A. This variation of 
friction coefficient might be related to the evolution of 
surface roughness as well as the microstructure of the 
as-deposited films. Compared Fig. 10 with Fig. 7, the 
variations of roughness and friction coefficient of the 
Ti−GLC films in ambient air are similar. Obviously, low 
roughness gives the low friction coefficient due to the 
low friction shear resistance of the smooth film surface. 
However, the surface roughness of wear tracks will be 
changed certainly after running-in period. Here, the 
evolution of microstructure must be the deep reason to 
the developing of friction coefficient in ambient air. With 

the increase of Ti target current, the graphitization effect 
for Ti−GLC films resulted in the increase of the sp2 bond 
in carbon, whereas, the content of C of Ti decreased or 
increased. The increase of the sp2 bond enhanced the 
solid lubricating effect of the GLC films due to the weak 
adhesion of π bond in sp2-hybrized carbon on the film 
surface, but the increase of Ti content in the high range 
will increase the friction shear resistance. The two 
opposite effects make the lowest friction coefficient of 
Ti−GLC films perform when the Ti is incorporated at a 
low target current of 0.2 A. 
 

 
Fig. 10 Friction coefficients of Ti−GLC films at different Ti 
target currents 
 

However, the friction coefficient of Ti−GLC film in 
water-lubricated wear condition increases from 0.036 to 
0.075 gradually as the Ti target current increases from 0 
to 1.0 A, as seen from Fig. 10. Additionally, each of the 
friction coefficients in water-lubricated wear condition is 
lower than that in dry-sliding condition for the same film. 
All can be attributed to the mutual effect between the 
solid lubricating and hydraulic lubricating. According to 
the present studies [32,33], one of the most effective 
solid lubricating effects of amorphous carbon was the 
formation of transferred tribolayer on mating surface. 
From Fig. 11(a), the thick lubricating transferred 
tribolayer on the contact surface of mating Si3N4 ball can 
be seen clearly when sliding in dry condition. But only a 
few of transferred materials can be seen on the edge of 
the wear scar of the mating Si3N4 ball in water-lubricated 
wear condition (Fig. 11(b)), which suggests that water 
prevents the formation of the transferred tribolayer, 
resulting in the little significance of bonding structure in 
carbon to the friction shear resistance in water-lubricated 
wear condition. In addition, the surface roughness cannot 
affect the friction coefficient of amorphous films in the 
short running in period in water. Therefore, the variation 
of friction coefficient in water-lubricated condition is 
only affected by the content of C or Ti, which makes the 
friction coefficient increase gradually with the decrease 
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or increase of C/Ti. However, it is certainly that the water 
hydraulic lubricating effect reduces the friction shear 
resistance effectively, resulting in the lower friction 
coefficient in water-lubricated condition than in 
dry-sliding condition. 
 

 
Fig. 11 Contact surfaces of Si3N4 balls mated with pure GLC 
film: (a) In dry-sliding condition; (b) In water-lubricated 
condition 
 

The corresponding specific wear rates for films 
deposited with different Ti target currents are shown in 
Fig. 12. It can be seen that the wear rate of Ti−GLC film 
fluctuates slightly in the low range till the Ti target 
current increases to 0.4 A, while it will increase 
drastically when Ti target current increases to 0.6 A in 
both the ambient air and water environments. Meanwhile, 
the wear rate in water-lubricated wear condition is much 
lower than that in dry-sliding condition as the Ti target 
current varies from 0 to 0.4 A for the same film, but it 
will be much higher than that in dry-sliding condition 
when the Ti target current increases to 0.6 A. The lowest 
wear rate in dry-sliding condition is approximately 
4.5×10−16 m3/(N·m), and the lowest wear rate in 
water-lubricated condition is around 2.0×10−16 m3/(N·m). 
All of that were obtained from the Ti−GLC films 
deposited with Ti target current less than 0.4 A. 

Besides different friction shearing, the variation of 
wear rates must be highly related to the film density and 
the different wear mechanisms in dry and 
water-lubricated conditions. According to the discussion 
above, the Ti−GLC films deposited with high Ti target 
current were looser than those deposited with low Ti 

target current. Some loose regions or the squamose 
structure of Ti−GLC films deposited with high Ti target 
current would be destroyed easily, especially when the 
friction shear was enhanced in the same time, resulting in 
severe wear in dry-sliding condition. Seen from Fig. 13, 
the wear track of film deposited with Ti target current of 
0.6 A in dry-sliding condition (Fig. 13(b)) is wider and 
deeper than film deposited with Ti target current 0.4 A in 
dry-sliding condition (Fig. 13(a)). Additionally, grooves 
in wear tracks under dry-sliding condition reveal a 
plough action during wear, thus the wear mechanism of 
Ti−GLC films in dry-sliding condition might be assigned 
to the abrasive wear. 
 

 
 
Fig. 12 Specific wear rates of Ti−GLC films 
 

In water-lubricated wear condition, the density of 
films affected the wear more profoundly. Since the film 
was dense when deposited with low Ti target current, the 
water hydraulic lubricating effect resulted in the low 
friction shear and adhesivity between the contact 
surfaces, which decreased the wear rates of the 
as-deposited films. Seen from Fig. 13, the wear track of 
film deposited with low Ti target current of 0.4 A in 
water-lubricated wear condition (Fig. 13 (c)) is narrower 
and shallower than that in dry-sliding wear condition 
(Fig. 13 (a)). But if the film was loose, the water 
molecules were apt to infiltrate into the film. Combined 
with the alternating stress, the erosion of water molecules 
promoted the initiation and growth of the microcracks 
more easily in the loose films, leading to the severe wear 
of the Ti−GLC films. Additionally, if the water 
molecules went along with the interfaces between 
particles till to the interface between the interlayer and 
substrate, the penetrating microcracks were formed, 
consequently, the brittle failure in some areas occurred. 
Seen from Fig. 13, the wear track of film deposited at 
high Ti target current of 0.6 A in water-lubricated wear 
condition (Fig. 13 (d)) is wider and deeper than that in 
dry-sliding condition (Fig. 13 (c)), furthermore, the deep 
holes were observed on the corresponding wear surface. 
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Fig. 13 3D morphologies of wear tracks: (a) Film deposited at 0.4 A in dry-sliding condition; (b) Film deposited at 0.6 A in 
dry-sliding condition; (c) Film deposited at 0.4 A in water-lubricated wear condition; (d) Film deposited at 0.6 A in water-lubricated 
wear condition 
 
However, the groove feature in wear tracks for Ti−GLC 
films both deposited at low or high Ti target currents can 
be observed in water-lubricated condition, illustrating 
that the plough action also exits in this condition. 
Therefore, the wear mechanism in water-lubricated 
condition is predominated by plough and fatigue wear 
simultaneously. 
 
4 Conclusions 
 

1) With the increase of the Ti target current, the 
ratio of graphite structure (sp2 bonds) in carbon and the 
content of Ti increase, but the films become loose. Less 
Ti doped can smooth the GLC film. 

2) The hardness increases drastically when Ti target 
current increases in the low range and is affected slightly 
when the Ti target current varies in the high range, which 
is highly related to the content of Ti and its bonding 
state. 

3) Less incorporated Ti under low target current 
reduces the friction of the GLC film in dry-sliding 
condition, while pure GLC film without Ti exhibits the 
lowest friction coefficient in water-lubricated condition. 
Ti−GLC film deposited with low Ti target current shows 
high wear resistance in both dry-sliding and 
water-lubricated conditions. The abrasive wear is in 
control in the dry-sliding condition, while the wear of 
Ti−GLC films in water-lubricated condition is attributed 
to plough action accompanied with the fatigue wear 
mechanism. 
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不同 Ti 靶电流对 Ti 掺杂类石墨碳膜的结构和性能的影响 
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摘  要：利用磁控溅射的方法成功制备 Ti 掺杂类石墨碳(Ti−GLC)膜。采用拉曼光谱、X 射线光电子谱(XPS)、扫

描电子显微镜(SEM)、原子力显微镜(AFM)、纳米压痕仪和球盘式摩擦机分别表征不同 Ti 靶电流下制备的 Ti−GLC
膜的成分、结构和性能。随着 Ti 靶电流的增加，薄膜中 sp2 键的比率和 Ti 含量增加，同时薄膜的硬度和内应力

也增大，但较高的 Ti 靶电流将会促使薄膜产生鳞片状结构从而使其变疏松。较少的 Ti 掺入量可以降低 GLC 膜
的干摩擦因数，纯 GLC 膜在水润滑条件下的摩擦因数最低。在较低 Ti 靶电流下制备的 Ti−GLC 膜在干摩擦及水

润滑条件下均具有较高的抗磨性能。 
关键词：Ti 掺杂类石墨碳膜；微观结构；摩擦学性能；靶电流 
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