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a b s t r a c t 

In this work, the high temperature friction mechanism of the tetrahedral amorphous carbon (ta-C) film 

was elucidated. The multilayer ta-C film with alternating hard and soft sub-layers exhibited a low fric- 

tion coefficient of 0.14 at 400 °C before a sudden failure occurred at 4600 cycles. The wear failure was at- 

tributed to the gradual consumption of the ta-C film at the contact region. The design of a hard or soft top 

layer effectively regulated the high temperature friction properties of the multilayer ta-C. The addition of 

a hard top layer contributed to a low friction coefficient (0.11) and a minor wear rate (4.0 × 10 −7 mm 

3 /(N 

m)), while a soft top layer deteriorated the lubrication effect. It was proposed that the passivation of dan- 

gling bonds at the sliding interface dominated the low-friction mechanism of the ta-C film at high tem- 

perature, while the friction induced graphitization and the formation of sp 2 -rich carbonaceous transfer 

layer triggered C –C inter-film bonding, resulting in serious adhesion force and lubrication failure. More- 

over, the multilayer ta-C film with hard top layer obtained excellent friction performance within 500 °C, 

while the high temperature induced oxidation and volatilization of carbon atoms led to the wear failure 

at 600 °C. 

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals. 
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. Introduction 

Inspired by natural substances, such as bones and sea shells, 

ayer-by-layer assembled structure is expected to endow materi- 

ls with outstanding mechanical properties [ 1 , 2 ]. The regular stack- 

ng of hard and soft components may exert synergistic effects and 

chieve hard yet tough materials, providing novel vision for mate- 

ial design. 

Previously, tetrahedral amorphous carbon (ta-C) was explored 

n constructing laminated nano-architecture consisting of alternate 

ard and soft sub-layer [3–6] . The multilayer structure could ef- 

ectively relieve the residual stress stemmed from the bombard- 

ent of energetic particles during growth [7] , which is a ma- 

or concern for ta-C film. Compared to the element doping and 

ost-annealing [8–10] , the hard and soft layer alternated multilayer 

tructure slightly sacrificed the mechanical properties of ta-C film. 
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The friction performance of the multilayer ta-C film was closely 

elated to the structure design. The modulation ratio and compo- 

ents of adjacent sub-layer could tailor the wear resistance, which 

ainly originated from the variation in hardness, toughness, or 

alance between hardness and residual stress [ 7 , 11–14 ]. Moreover, 

he top layer of the multilayer structure dominated the wear be- 

avior at high contact pressure [ 15 , 16 ]. A soft top layer bene-

ted the anti-wear performance of carbon/carbon multilayer film 

t high contact stress owing to the rapid formation of transfer layer 

uring the run-in period [15] . In our previous work [12] , the dry

riction behaviors of the multilayer ta-C film with different adja- 

ent layer was closely associated with the ratio of hardness to elas- 

ic modulus. 

In reality, the harsh application environment is not limited to 

he threat of mechanical loads. Various application fields includ- 

ng thermal assisted magnetic storage [ 17 , 18 ], machining of Al al- 

oy [19] and glass molding [20] simultaneously involve mechani- 

al load and high temperature (30 0–70 0 °C), which poses a great 

hallenge for the ta-C protective coating. At present, the high tem- 

erature behaviors of the ta-C film have been reported [21–24] . 

eng et al. [21] proposed that the degraded friction performance 
f ta-C film exceeded 400 °C was contributed to the deteriora- 

https://doi.org/10.1016/j.jmst.2021.04.028
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Fig. 1. Structure diagram of the multilayer ta-C films. 
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ion of toughness, in which the increase of crack nucleation posi- 

ion and crack growth led to serious film delamination. Bhowmick 

t al. [22] found that a-C and ta-C-F friction pairs could maintain a 

ow friction coefficient (0.1–0.2) at 300 °C, which originated from 

he formation of fluorine-containing carbon transfer layer and the 

assivation of carbon atoms on the contact surface. Miyake et al. 

24] found that the durability of the ultra-thin ta-C film decreased 

t temperature higher than 300 °C due to the complex action 

f friction and high temperature. It was concluded that the ta-C 

lm maintained a good friction performance within 400 °C, which 

ailed to meet the demand of special fields with higher temper- 

ture. More importantly, there is little research on the high tem- 

erature friction performance of multilayer ta-C film, and its high 

emperature friction mechanism remains unclear. Compared with 

oom temperature friction, the positive effects of graphitized trans- 

er film at high temperature is questionable, in which serious ad- 

esion may occur. 

The main purpose of this work was to investigate the friction 

echanism of the multilayer ta-C at high temperature. The struc- 

ure of the aforementioned multilayer ta-C film in our previous 

ork was optimized by top-layer design, where a hard top layer 

sp 

3 -rich layer) or a soft top layer (sp 

2 -rich layer) was added. The

esults could benefit the deep insight into the wear mechanism of 

a-C film at high temperature and provide guidance for the high 

emperature-oriented applications of ta-C film. 

. Experimental 

Multilayer ta-C films were fabricated by a home-made 45 °
ouble-bent filtered cathodic vacuum arc (FCVA) system, using YG8 

emented carbide with 26 mm in diameter as substrates. As re- 

orted in our previous work [12] , the four period multilayer ta-C 

as realized by alternating the high bias voltage of −150 V and 

ow bias voltage of −50 V, and the modulation ratio was 1:1. Be- 

ides the previous multilayer ta-C film, a hard top layer (sp 

3 -rich 

ayer) or a soft top layer (sp 

2 -rich layer) was deposited on the pre-

ious multilayer structure at bias voltage of −50 V and −150 V, 

espectively. The hardness of the hard and soft top layer measured 

y nano-indentation tests were 55.2 GPa and 36.7 GPa, respectively 

as shown in Table S1 in the Supporting Information). Fig. 1 shows 

he structure diagram of the three kinds of multilayer ta-C films. 

he deposition system and fabrication processes were carefully de- 

cribed in the previous work. The thickness of the hard/soft top 
30 
ayer was controlled at about 120 nm by changing the deposition 

ime. The specific parameters were shown in Table 1 , and the sam- 

les were labeled as S1-S3 according to the structural design. 

A high temperature rotating ball-on-disk tribometer (Anton 

aar, THT) was employed to acquire the coefficients of friction 

COF) and wear rates of the multilayer ta-C films at an applied 

oad of 2 N for 10,500 revolutions. The counterparts were Al 2 O 3 

alls with the diameter of 6 mm. Friction tests were conducted at 

liding velocity of 5 cm/s and sliding radius of 3 mm. The test tem- 

eratures were 40 0, 50 0 and 60 0 °C. The cross-sectional profiles of 

he wear tracks were characterized by a surface profilometer (Al- 

ha Step-IQ), and the profiles were measured for five times to im- 

rove accuracy. The wear rates were calculated by the Eq. (1) : 

 = V/F L (1) 

here V is the wear volume loss (mm 

3 ), F is the normal load (N),

 is the sliding distance (m). The wear volumes of the films were 

cquired by the Eq. (2) [25] : 

 film 

= 2 πR × S (2) 

here R is the friction radius (mm), S is the cross-sectional area of 

he wear track (mm 

2 ). The wear volumes of the counterpart balls 

ere determined by the Eqs. (3)-(4) [26] : 

 ball = πh/ 6 ×
(
3 d 2 / 4 + h 

2 
)

(3) 

 = r −
(
r 2 − d 2 / 4 

)1 / 2 
(4) 

here d is the diameter of the wear scar (mm), r is the radius 

f the counterpart balls (mm). The wear tracks on ta-C and wear 

cars on Al 2 O 3 ball were comprehensively evaluated by a scanning 

lectron microscopy (SEM, FEI Quanta FEG 250), and the areal dis- 

ributions of Al, O, C, W and Co elements on the Al 2 O 3 counterpart

ere ascertained by energy dispersive X-ray spectroscopy (EDS). 

n optical microscope (LSM700) was utilized to acquire the sur- 

ace morphologies of the contact areas, and the typical positions 

n the wear tracks and wear scars were analyzed by the Raman 

pectroscopy with laser wavelength of 532 nm (Renishaw inVia- 

eflex, UK). 

The post-annealing treatment was conducted in a tube furnace 

ith annealing temperature of 40 0, 50 0 and 60 0 °C. After anneal-

ng for 30 min, the samples were naturally cooled down. The evo- 

ution of chemical composition and carbon atomic bonds were an- 

lyzed by the X-ray photoelectron spectroscopy (XPS, Axis ultradld, 
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Table. 1 

Specific parameters of the designed multilayer ta-C films. 

Samples Alternated bias voltage (V) Bias of top layer (V) Total thickness(nm) 

S1 −150/ −50 / 245 

S2 −150/ −50 −50 (hard) 360 

S3 −150/ −50 −150 (soft) 368 

Fig. 2. Friction curves of multilayer ta-C films at 400 °C (Inset shows the schematic 

diagram of the friction test). 
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apan) using a monochromatic Al X-ray source. The XPS apparatus 

ad an energy resolution of 0.48 eV. The C 1s peak at 284.6 eV 

as used to calibrate the binding energy. 

. Results and discussion 

The friction tests of ta-C films sliding against Al 2 O 3 counterpart 

t 400 °C were carried out to elucidate the role of top layer in the

igh temperature friction behaviors. Fig. 2 shows the typical evo- 

ution of the friction coefficient against sliding cycles. The friction 

oefficients of all the samples firstly exhibited a downward trend, 

evealing a run-in process. The S1 film exhibited a friction coef- 

cient of 0.12 before a sudden increase at 4600 cycles, which in- 

icated that it was worn out. After sliding for about 500 cycles, 

he S2 film obtained a stable friction curve and a low friction co- 

fficient of 0.11. The friction curve of the S3 film fluctuated evi- 

ently during the friction test, and its friction coefficient after run- 

n stage increased rapidly from 0.30 to 0.45, and then gradually 

ecreased to 0.21. Therefore, the addition of a hard top layer con- 

ributed to improved friction performance of the multilayer ta-C at 

00 °C, while a soft top layer surprisingly deteriorated the friction 

ehavior. 

Fig. 3 shows the representative SEM surface morphologies and 

ross-section profiles of the wear tracks on the multilayer ta-C 

lms. Wear track, with width 117 μm and depth 282 nm, was ob- 

erved on the S1 film, and local peeling was noticed at the edge 

f the wear track, indicating a severe damage. The wear of the S2 

lm was mild that the wear track was barely discernible. The wear 

rack of the S3 film was 75 μm in width and 107 nm in depth,

hich was comparable to that of S2 film. However, the degree of 

ear was unevenly distributed on the wear track of the S3 film, 

nd the deep grooves implied the possible occurrence of plough 

ffect. It was concluded that the addition of a hard top layer re- 

arkably abated the wear degree of the multilayer ta-C film. 
31 
The average wear rates of different multilayer ta-C films and 

l 2 O 3 counterparts were summarized in Fig. 4 . The S1 film was 

orn through after 4600 cycles, leading to severe wear. The 

ear rates of the S2 film and the Al 2 O 3 counterpart ball were 

.0 × 10 −7 mm 

3 /(N m) and 3.2 × 10 −7 mm 

3 /(N m), respectively. A 

lightly higher wear rate of 4.8 × 10 −7 mm 

3 /(N m) was observed 

or the S3 film, and the corresponding Al 2 O 3 ball also obtained a 

uch higher wear rate of 5.3 × 10 −7 mm 

3 /(N m). Therefore, the S2 

lm with a hard top layer exhibited the optimum wear resistance 

nd effectively reduced the wear of Al 2 O 3 counterpart at 400 °C, 

evealing that the composition of the top layer in the multilayer 

tructure controlled the whole wear behavior at high temperature. 

The surface morphologies and elemental distributions on the 

ontact region of Al 2 O 3 balls were characterized to elucidate the 

riction mechanism. Fig. 5 (a) shows the contact surface of Al 2 O 3 

all sliding against the S1 film. The wear scar with a diameter 

f 189 μm was found, and a lot of wear debris was accumu- 

ated around the wear scar. A slight transfer film was also ob- 

erved in the middle of the wear scar. The EDS mapping revealed 

hat the main component of the wear debris was C element, and 

he appearance of substrate elements such as W, Co indicated that 

he S1 film was worn out. For the S2 film, the contact region on 

he Al 2 O 3 counterpart ( Fig. 5 (b)) exhibited a diminished wear scar 

ith 144 μm in diameter. The surface of the wear scar was quite 

mooth and free from wear debris. Weak EDS signal of C element 

uggested a faint transfer layer, and the absence of W and Co el- 

ments reflected the high protective efficacy of the S2 film. For 

he S3 film, the contact area on the Al 2 O 3 ball shown in Fig. 5 (c)

emonstrated that the wear scar had a diameter of 205 μm, and 

 large number of wear debris appeared in the periphery of the 

ear scar. A compact transfer film could be found inside the wear 

car. The EDS results showed that the main component of the wear 

ebris was C element, and a strong Co signal was observed at the 

enter of the wear scar, indicating the film failure. Consequently, 

he hard top layer restrained the wear failure of ta-C film and re- 

uced the damage of the friction pair. Moreover, it was worth not- 

ng that the wear failure of the S1 film and the S3 film were sim-

larly accompanied by a large number of wear debris and the for- 

ation of transfer film on the wear scar, while wear debris and 

ransfer layer failed to be observed on the wear scar of the S2 film 

ith excellent antifriction property and wear resistance. Thus, it 

as proposed that the emergence of wear debris and transfer film 

eteriorated the high temperature friction properties. 

Fig. 6 shows the optical images of wear tracks on the multi- 

ayer ta-C films and wear scars on the Al 2 O 3 counterpart. The S1 

lm suffered severe damage in the contact area with a wide wear 

rack ( Fig. 6 (a)). Deep grooves and local peeling were observed in 

he middle of the wear track and at the edge of the wear track, 

espectively. The corresponding wear scar was large, and abundant 

lack wear debris appeared around the wear scar ( Fig. 6 (d)). Some 

urrows were also found inside the wear scar. In contrast, the S2 

lm obtained a faint wear track ( Fig. 6 (b)) and a small wear scar

 Fig. 6 (e)). The contact region possessed a smooth surface and no 

ear debris was found. However, enlarged wear track and wear 

car were noticed for the S3 film. Partial spalling was observed in 

he wear track ( Fig. 6 (c)), and the accumulation of black debris oc- 

urred around the wear scar ( Fig. 6 (f)). The results of optical im- 

ges were in good accordance with those of SEM. 
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Fig. 3. Surface morphologies and cross-section profiles of (a) S1, (b) S2, (c) S3. 

Fig. 4. Wear rates of different multilayer ta-C films and Al 2 O 3 counterparts. 
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The typical positions on wear tracks and wear scars were char- 

cterized by Raman spectroscopy to analyze the friction mecha- 

ism. As shown in Fig. 6 , position A, B, C and D represents the

utside of the wear track, the middle of the wear track, the wear 

ebris and the center of the wear scar, respectively. Fig. 7 shows 

he Raman spectra at different positions of wear tracks and wear 

cars. The as-deposited films were used as contrast samples. The 

omparison of positions A and the as-prepared films suggested 

hat the heating at 400 °C in air exerted little influence on the 

tomic bonds of the multilayer ta-C film. For region B, the Raman 

ignal of the S1 film changed significantly, and the characteristic 

eak of amorphous carbon appeared to be widened, while the Ra- 

an spectra of the S2 film and the S3 film differed a little. Hence,

t was inferred that the hard/soft top layer enhanced the stability 

f carbon bonding structure in the friction contact area. For region 

, all the films exhibited two discrete peaks of amorphous carbon, 

ndicating that region C was rich in sp 

2 carbon bonds. For region D, 

aman signal of amorphous carbon was weakly detected for the S2 

lm, while typical Raman signals of amorphous carbon located at 

0 0 0–20 0 0 cm 

−1 were observed in the S1 and S3 film, indicating

hat the wear debris was comprised of sp 

2 -rich amorphous carbon. 

The Raman spectra were decomposed into two peaks, namely D 

eak and G peak, by Gaussian fitting to analyze the atomic bonds 

f the multilayer ta-C films. The D peak located at 1380 cm 

−1 and 

 peak located at 1560 cm 

−1 were ascribed to the breathing vi- 

ration and stretching vibration of the sp 

2 carbon bonds, respec- 

ively. The I D /I G value, defined as the area ratio of two peaks, could 

e conducive to clarify the friction mechanism. A higher I / I ra- 
D G 

32 
io suggests an amorphous carbon matrix with larger sp 

2 cluster 

nd enhanced bonding order [ 27 , 28 ]. Accordingly, a high sp 

2 con-

ent could be qualitatively inferred by a high I D / I G ratio. Thus, the 

ncreased I D / I G value after friction could be interpreted as an in- 

ensified graphitization degree. Fig. 8 shows the I D / I G values of the 

s-deposited film and different positions of wear tracks and wear 

cars. For all the films, the I D / I G value outside the wear track dif-

ered a little with that of the as-deposited film, indicating that the 

eating at 400 °C in air had little influence on the carbon bond- 

ng structure of the designed multilayer ta-C film. For the S1 film, 

he I D / I G value in the middle of the wear track increased signifi-

antly to 1.83 compared with that of 0.77 outside the wear track. 

his change in bonding structure could stem from the sliding trig- 

ered graphitization. Meanwhile, the debris around the wear scar 

nd the center of wear scar obtained an I D / I G value of 3.72 and

.61, respectively, which revealed that the multilayer ta-C film in 

he contact region experienced graphitization transformation and 

p 

2 -rich carbon transfer film and wear debris were formed on the 

l 2 O 3 counterpart. For the S2 film, the I D / I G value in and outside

he wear track nearly unchanged, and the I D / I G value of the wear

ebris was 1.25. The weak signal of amorphous carbon in the mid- 

le of the wear scar indicated that transfer film was barely formed. 

or the S3 film, the I D / I G values in and outside the wear track were

lso basically the same. However, wear debris with high I D / I G value 

f 3.12 was formed, and the center of wear scar obtained an in- 

reased I D / I G value of 1.20 compared to that of S2 film. The above

aman analysis suggested that adding a hard/soft top layer attenu- 

ted the friction induced graphitization in the contact region of the 

ultilayer ta-C film. The soft top layer promoted the formation of 

p 

2 -rich carbon wear debris and carbonaceous transfer film, while 

he hard top layer restrained the graphitized carbon both on the 

ear track and the wear scar. 

For the friction tests conducted at 400 °C, the multilayer ta-C 

lm exhibited limited friction life and quickly worn out, while the 

ddition of a top layer effectively regulated its friction behavior. 

t should be noted that the multilayer structure with alternating 

ard and soft sub-layers provided a vital foundation for the su- 

erior friction properties under high temperature. The as-prepared 

ultilayer ta-C acted as an important role in stress relaxation and 

uaranteed a good adhesion between the substrate and the top 

ayer. More importantly, many interfaces and soft sub-layers were 

mbedded in the multilayer structure, which endowed multilayer 

a-C film with excellent mechanical properties. Introduction of a 

ard or soft top layer could modify the friction performance of the 

otal system. Results showed that a hard top layer contributed to 

uperior lubrication effect and wear resistance at 400 °C, while a 

oft top layer displayed a high friction coefficient. At room temper- 

ture, the soft amorphous carbon film was prone to peel off under 
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Fig. 5. Surface morphologies and EDS energy spectra of the wear scars for (a) S1, (b) S2, (c) S3. 
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he action of friction shear, thus forming a graphitized transfer film 

o reduce the friction coefficient [29–31] . Moreover, the multilayer 

morphous carbon film with soft top layer was verified to present 

uperior antifriction and wear resistance under high contact stress 

ompared to that of multilayer film with hard top layer [16] , which 

as inconsistent with the results under high temperature in this 

ork. 

In our work, the multilayer ta-C film with hard top layer pre- 

ented superior friction performance at high temperature ( Fig. 4 ). 

raphitization transformation was hardly observed in the middle 

f the wear track, and carbon transfer film was barely detected in 

he middle of the wear scar ( Fig. 8 ). Therefore, it was the passiva-

ion of carbon dangling bonds at the sliding interface instead of the 

riction-induced graphitization dominated the low-friction mecha- 

ism of the ta-C film at high temperature. More importantly, the 

p 

2 -rich carbon transfer film appeared in the wear scar of the mul- 

ilayer ta-C film with soft top layer ( Fig. 7 ), which accompanied by

 high friction coefficient ( Fig. 2 ). These results indicated that the 

raphitization and carbon transfer film exerted unfavorable effects 

n the antifriction and lubrication of ta-C film at high temperature. 
33 
oreover, the production of graphitized debris ( Fig. 6 ) could ex- 

aust the ta-C film in the contact area during friction, which grad- 

ally resulted in lubrication failure. In addition, the load-bearing 

apacity of the top layer may play a certain role. The as-prepared 

ultilayer ta-C benefited a high hardness of 54.6 GPa, while the 

ddition of a hard or soft top layer resulted in slight changes of 

ardness at 56.1 GPa and 51.9 GPa, respectively (as shown in Table 

1 in the Supporting Information). Noted that despite of the tiny 

hanges in hardness, the hard top layer with improved hardness 

ould improve the load-bearing capacity of the film and diminish 

he contact area during friction, which consequently benefitted the 

ow-friction behaviors. 

Multiple molecular dynamics simulations have revealed the 

ontact dynamics and interface chemistry of the amorphous car- 

on film during friction and wear from the nanoscale. The local- 

zed shear effect during the sliding could trigger the sp 

3 to sp 

2 

ehybridization [29] . Furthermore, the transition of the local stress 

rom highly compressive to tensile could also drive the sp 

3 -to-sp 

2 

ransformation [32] . It was inferred that the friction-induced struc- 

ural evolution, especially the transformation of sp 

3 -to-sp 

2 bond- 
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Fig. 6. Optical images of wear tracks and wear scars of (a, d) S1, (b, e) S2, (c, f) S3 (The squares indicate the positions for Raman analysis). 

Fig. 7. Raman spectra at different positions of wear tracks and wear scars for (a) S1, (b) S2, (c) S3. 
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ng states and the formation of sp 

2 -rich transfer layer, activated 

he sliding interface. The tribochemical reaction could occur be- 

ween a sp 

2 carbon atom and a radical-containing carbon atom un- 

er continued sliding, leading to the formation of a covalent bond 

33–35] . Therefore, a high portion of sp 

2 -bonded carbon at the in- 

erface would contribute to high friction force and severe wear 

ue to the remarkable adhesion interactions. Moreover, the ten- 

ile stress stemmed from the inhomogeneous contact during the 

riction could also induce the formation of interfacial C 

–C bonds 

etween the unsaturated sp 

2 -bonded carbon atoms, resulting in 

 high-friction behavior [36] . Thus, the friction induced sp 

3 -to- 

p 

2 transformation and the formation of graphitized transfer layer 

romoted the tribochemical reaction and deteriorated the friction 

roperties of ta-C film at high temperature. 

In summary, the friction mechanism of the multilayer ta-C films 

t 400 °C was described in Fig. 9 . The S1 film with alternating hard

nd soft sublayers performed well before the sudden failure, due to 

he good mechanical properties and thermal stability of ta-C. Un- 

er the continual action of friction shear force, the S1 film in the 
34 
ontact region was gradually consumed. The exfoliated ta-C film 

ould experience the friction induced graphitization and transfer 

o the Al 2 O 3 counterpart, forming abundant wear debris. Once the 

1 film worn through, the friction coefficient increased abruptly. 

or the S2 film, the hard top layer provided sufficient load-carrying 

apacity and wear resistance during the friction process, thus de- 

reasing the generation of wear debris and the depletion of film. 

oreover, the robust sp 

3 bonded carbon restricted the graphiti- 

ation transformation, which attenuated the adhesion force at the 

liding interface. The unpaired dangling bonds on the sp 

3 -rich ta- 

 surface were effectively passivated by the active species in the 

tmosphere, which resulted in the weak interaction with the inert 

l 2 O 3 counterpart. These combined factors accounted for the supe- 

ior friction properties of the S2 film at high temperature. For the 

3 film, the soft top layer offered limited mechanical properties 

nd inadequate load-carrying capacity, leading to enlarged contact 

rea and severe friction action. Meanwhile, the poor wear resis- 

ance of the sp 

2 -rich top layer promoted the formation of wear 

ebris and graphitized transfer layer. The active C 

–C sp 

2 carbon 
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Fig. 8. I D / I G values of as-deposited film and different positions of wear tracks and 

wear scars. 
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onds interacted severely with the graphitic transfer layer formed 

n the counterpart at high temperature, resulting in severe adhe- 

ive interaction and undesirable friction behavior. 
Fig. 9. Schematic diagrams of wear mechanism of the 

35 
In order to further explore the high-temperature friction mech- 

nism, the friction tests of the S2 film were carried out at dif- 

erent temperatures. Fig. 10 (a) shows the friction curves at differ- 

nt temperatures. The run-in periods of friction were observed at 

ll temperatures. The S2 film obtained a stable low friction coef- 

cient of 0.11 at 400 °C. When the test temperature increased to 

00 °C, the friction coefficient of the S2 film still remained at a 

ow value of 0.12, but the friction curve exhibited a certain fluctu- 

tion. As the temperature reached 600 °C, the friction coefficient 

ncreased rapidly at 1600 cycles, indicating that the S2 film was 

orn through. Fig. 10 (b) shows the optical images after friction 

ests. The S2 film remained intact without visible surface damage 

fter the friction test at 400 °C and 500 °C, while serious damage 

f the film was observed after the friction test at 600 °C, which in- 

icated that the critical thermal stable temperature of the S2 film 

as below 600 °C. High temperature could induce the transforma- 

ion of sp 

3 bonded carbon into sp 

2 bonded carbon in ta-C film, re- 

ulting in the decreased hardness. Moreover, the high temperature 

xidation could bring fatal damage to the ta-C film. 

The post-annealing treatment of the S2 film at 40 0, 50 0 and 

00 °C for 30 min was conducted to shed light the failure mech- 

nism. The hardness of the S2 film after annealing at 400 °C and 

00 °C was 54.3 GPa and 53.8 GPa, respectively, which was slightly 

ifferent from the 56.1 GPa of as-prepared film (as shown in Ta- 

le S2). However, a low hardness of 13.5 GPa was observed after 

nnealing at 600 °C, indicating the severe damage of the S2 film. 
designed multilayer ta-C films S1, (b) S2, (c) S3. 
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Fig. 10. (a) Friction curves of S2 at different test temperature; (b) optical images after friction tests. 

Fig. 11. (a) The XPS C 1s spectra of the as-prepared and annealed S2 film, (b) the relative content of sp 3 , sp 2 and C –O fractions acquired from peak-fitting. 
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he evolution of chemical composition and carbon atomic bonds 

ere analyzed by XPS tests. Fig. 11 (a) shows the XPS C 1s spec-

ra of the as-prepared and annealed S2 film. The peak positions 

nd peak intensities were summarized in Table S3. When the S2 

lm was annealed at 400 °C and 500 °C, the binding energy of 

he C 1s peak gradually increased to 285.7 eV and 285.8 eV com- 

ared to 285.4 eV of the as-prepared film, while the peak intensity 

howed non-dependence on temperature. Since the binding energy 

f sp 

3 -hybrided carbon atom was higher than sp 

2 -hybrided car- 

on atom [37] , it could be concluded that the up-shift of the C

s peak was possibly ascribed to the enhanced proportion of sp 

3 - 

onded carbon. However, the C 1s peak down-shifted to 285.3 eV 

nd the peak intensity was reduced by an order of magnitude af- 

er annealing at 600 °C, suggesting that the S2 film was partially 

olatilized from the substrate. In addition, different with the sta- 

le atomic percentages of C and O elements within 500 °C, the C 

tomic percentage sharply decreased and the proportion of oxygen 

toms substantially increased in case of annealing temperature at 

00 °C (as shown in Table S3), indicating the severe oxidation of 

he S2 film. The C 1s spectra were deconvolved into three peaks, 

amely C 

–C sp 

2 bond located at 284.3 ± 0.2 eV, C 

–C sp 

3 bond lo-

ated at 285.2 ± 0.2 eV and C 

–O bond located at 286.5 ± 0.3 eV.

he relative content of the different carbon bonds was calculated 

y the area ratio. Fig. 11 (b) shows the evolution of relative content 

f sp 

3 carbon bonds, sp 

2 carbon bonds and C 

–O bonds with an- 

ealing temperature. In contrast to the as-deposited film, anneal- 
t

36 
ng at 400 °C and 500 °C promoted the C 

–C sp 

3 bonds and re-

uced the C 

–C sp 

2 bonds. This counterintuitive result could be at- 

ribute to the fact that the thermal stability of the C 

–C sp 

3 bonds

as superior to the C 

–C sp 

2 bonds. Hence, the C 

–C sp 

2 bonds was

referentially oxidized at high temperature, leaving the robust C 

–C 

p 

3 bonds. Beyond 600 °C, the content of C 

–O bond increased evi- 

ently, while the percentage of sp 

3 carbon bond diminished, indi- 

ating that the critical thermal stable temperature of the C 

–C sp 

3 

ond was lower than 600 °C. 

According to the results of post-annealing treatment, it was in- 

erred that the degraded friction performance of the multilayer ta- 

 film at 600 °C was mainly due to the oxidation and volatiliza- 

ion of carbon atoms induced by the high temperature. At the same 

ime, friction may accelerate the oxidation failure of ta-C film. 

. Conclusion 

The high temperature friction behaviors of the ta-C films with 

ifferent multilayer structures were systematically analyzed. Re- 

ults revealed that the top layer of the multilayer structure domi- 

ated the high temperature friction performance of the ta-C film. A 

ard top layer contributed to superior lubrication effect and wear 

esistance at 400 °C, while a soft top layer deteriorated the fric- 

ion properties. The low-friction mechanism of the ta-C film at 

igh temperature was proposed to be dominated by the passiva- 

ion of carbon dangling bonds at the sliding interface. However, 
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he friction-induced structural evolution, especially the transfor- 

ation of sp 

3 -to-sp 

2 bonding states and the formation of sp 

2 -rich 

arbon transfer layer, induced strong C 

–C bonding interaction at 

he sliding interface and thus led to the deteriorated friction be- 

aviors. The multilayer ta-C film with a hard top layer maintained 

esirable friction properties below 500 °C, while the degraded fric- 

ion behavior at 600 °C was mainly ascribed to the oxidation and 

olatilization of carbon atoms induced by the extra-high tempera- 

ure. 
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