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A B S T R A C T   

Cr-doped graphite-like carbon (Cr-GLC) coatings and Cr-doped diamond-like carbon (Cr-DLC) coatings were 
prepared by PVD and PECVD, respectively. The lubrication behaviour of the solid-liquid composite lubrication 
systems was investigated using two ionic liquids (ILs) as lubricants. The results show that the friction coefficient 
was reduced by approximately 40% compared with that under the dry condition, and the composite system 
exhibited a good synergistic lubrication effect. The Cr-DLC coating showed better tribological behaviour than the 
Cr-GLC coating, which can be ascribed to a better physicochemical film formation under friction and the compact 
microstructure of the Cr-DLC coating. The synergistic effect of the composite systems was affected by the vis-
cosity and corrosiveness of the ILs and the microstructure of the coatings.   

1. Introduction 

Amorphous carbon coatings have been widely used in aerospace, 
microelectronic systems, and other fields [1,2] owing to their excellent 
mechanical and tribological properties. Carbon is present in the amor-
phous carbon coatings mainly in the hybridised sp2 or sp3 form. The 
presence of diamond-like or graphite-like structures depends on the 
sp2/sp3 ratio. DLC coatings contain more sp3-bonded carbon, which has 
a higher hardness and elastic modulus, resulting in excellent tribological 
behaviour. Therefore, they can be widely applied in cutting tools, 
bearings, automobiles, and other applications [3–6]. GLC coatings 
contain more sp2-bonded carbon, which results in a self-lubrication ef-
fect and high antiwear properties in several applications. They can be 
used as the working surface for moving parts used in seawater envi-
ronments [7–9]. Li et al. [10] investigated the load-carrying capacities 
of DLC, GLC, and CrN coatings under sliding friction in different envi-
ronments and found that the load-carrying capacity was closely related 
to the surface roughness, coating thickness, and mechanical properties. 
Aboua et al. [11,12] studied the friction and wear properties of DLC 
coatings under boundary lubrication conditions; the results indicated 

that carbon diffusion was an important parameter affecting the tribo-
logical behaviour of hydrogenated amorphous carbon coatings under 
boundary lubrication. Fan et al. [13,14] showed that friction-induced 
graphitisation at the sliding interface was the key condition for 
obtaining excellent tribological behaviour of Cr-DLC-grease lubricant 
coatings. Therefore, the tribological behaviour of carbon coatings is 
affected by many factors, in particular the structure of the carbon 
coating, so it is useful to study the tribological properties of carbon 
coatings with various sp2/sp3 ratios to further understand the wear 
mechanism. 

Solid lubricants exhibit good antifriction and wear resistance prop-
erties. However, long-term stable maintenance of these properties is 
difficult when the lubricants are subjected to vacuum or heavy loads. 
Conversely, liquid lubricants can easily reduce the wear loss, but their 
volatility and strong environmental dependence limit their application. 
Consequently, traditional single solid or liquid lubricants cannot effec-
tively tolerate the harsh environment of modern equipment. Solid-liquid 
composite lubrication systems composed of solid coatings and a fluid 
can effectively combine the advantages and minimise the shortcomings 
of each component, resulting in a synergistic effect; thus, they have 

* Corresponding author. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Science, Lanzhou, 730000, China. 
** Corresponding author. State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Science, Lanzhou, 730000, China. 

E-mail addresses: suixudong@licp.cas.cn (X. Sui), jyhao@licp.cas.cn (J. Hao).  

Contents lists available at ScienceDirect 

Tribology International 

journal homepage: http://www.elsevier.com/locate/triboint 

https://doi.org/10.1016/j.triboint.2019.106067 
Received 14 July 2019; Received in revised form 5 November 2019; Accepted 6 November 2019   

mailto:suixudong@licp.cas.cn
mailto:jyhao@licp.cas.cn
www.sciencedirect.com/science/journal/0301679X
https://http://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2019.106067
https://doi.org/10.1016/j.triboint.2019.106067
https://doi.org/10.1016/j.triboint.2019.106067
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2019.106067&domain=pdf


Tribology International 143 (2020) 106067

2

attracted considerable attention. ILs are organic salts consisting of an-
ions and cations; they are polar and have high thermal stability and low 
sensitivity to environmental changes compared to traditional lubricants 
[15]. Previous research on the effect of the chain length of the cation, 
temperature, and lubrication properties on the tribological behaviour 
has yielded valuable information. Feng et al. [16] studied the tribolog-
ical properties of Ti-DLC coatings under ILs or perfluoropolyether 
(PFPE) in a composite lubrication system. The composite system 
exhibited excellent antifriction performance when the ILs were used, 
and the friction coefficient was reduced by 47% compared with that 
when PFPE was used. Tariq et al. [17] investigated the tribological 
behaviour of gold with different ILs and found that the alkyl chain length 
of the cation significantly affected the tribological properties. Yao et al. 
[18] reported that ILs bearing long alkyl side chains have excellent 
friction-reducing and antiwear properties resulting from the formation 
of high-quality boundary films during friction. Most importantly, 
solid-liquid composite lubrication systems consisting of carbon coatings 
have been widely investigated. However, the effects of two types of 
carbon coatings (DLCs and GLCs) on the tribological properties of 
solid-liquid composite lubrication systems are rarely compared. There-
fore, the tribological properties of a composite lubrication system of GLC 
and DLC coatings and the ILs 1-methyl-3-allyl imidazole tetra-
fluoroborate (LAB103) and 3-methyl-1-butylimidazolium tetra-
fluoroborate (LB104) are systematically studied in this work. 

The Cr-GLC and Cr-DLC coatings were deposited by magnetron 
sputtering. The tribological properties of the two coatings were inves-
tigated using a ball-on-disc tribological tester under a dry condition and 
under lubrication by LAB103 and LB104, and the wear mechanisms 
were systematically analysed. The result further illuminates the syner-
gistic lubrication behaviour of Cr-doped amorphous carbon coatings 
with various sp2/sp3 ratios in the presence of an IL. 

2. Experimental section 

2.1. Material characteristics 

Steel (9Cr18, φ25 mm � 8 mm) was used as the substrate in the 
tribological tests because of its high antiwear performance. A Si(100) 
wafer was used as the substrate for studying the chemical compositions 
of the two coatings. The 9Cr18 steel was polished to a mirror surface 
before deposition. All the substrates were ultrasonically spun in a bath of 
petroleum ether and absolute alcohol for 15 min. 

The Cr-GLC coatings were deposited on the 9Cr18 steel and Si wafer 
by PVD, and the Cr-DLC coatings were deposited on these substrates by 
PECVD. There were four target positions in the deposition system, and 
the vacuum was controlled by a mechanical pumping and molecular 
pumping system. To remove the oxides, the steel and Si wafers were 
cleaned by Arþ bombardment when the vacuum reached 4.0 � 10� 4 Pa, 

with a cleaning time of 10 min and a bias voltage of � 400 V. To improve 
the adhesion force, a Cr layer was prepared as a buffer layer. The carbon 
was provided by a pure graphite target for Cr-GLC coating and by butane 
for Cr-DLC coating. The detailed deposition parameters are shown in 
Table 1. 

The structural compositions of the ILs are shown in Fig. 1. The anion 
in both LAB103 and LB104 is BF- 4, and the cations of LAB103 and 
LB104 differ in that LAB103 has a double bond structure, whereas LB104 
has a long chain structure. The viscosity of the LAB103 and LB104 used 
in this study was 6.11 and 0.14 Pa s at 20 �C, respectively. The contact 
angles were measured at room temperature to analyse the wettability of 
the ILs on the two coating surfaces using a contact angle system (OCA20, 
Dataphysics, Germany). 

2.2. Structure and mechanical properties of investigated coatings 

Field emission scanning electron microscopy (FE-SEM, JSM-7610F, 
JEOL, Japan) with energy-dispersive X-ray spectroscopy (EDX) was 
used to characterise the surface and cross-sectional morphologies as well 
as the chemical composition of the coatings. The centerline average 
roughness Ra of the as-deposited coatings on the Si wafer was obtained 
from a 1 μm � 1 μm area by atomic force microscopy (SPM-9700HT, 
Shimadzu, Japan). The bonding structure of carbon atoms in the coat-
ings was investigated by Raman spectroscopy (LabRAM HR Evolution, 
Horiba, France) with an Ar þ laser source at 532 nm. X-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific, USA) was 
applied to analyse the chemical bonding states of the two coatings. 

The hardness and elastic modulus were characterised by a Nano 
Indenter II system (MTS, USA) with an indentation depth of 200 nm, and 

Table 1 
Deposition parameters of Cr-GLC and Cr-DLC coatings.  

Coating Cr target (kW) C target (kW) Ar (sccm) C4H10 (sccm) Bias voltage (V) Deposition technique 

GLC Cr 0.1 0.05 16 – 400 PVD 
Cr–C 1.2 0.3 16 – 60 
Cr-GLC 0.1 2.0 16 – 60 

DLC Cr 0.07 – 26 0 400 PECVD 
Cr–C 1.2 – 24 10 40 
Cr-DLC 0.1 – 21 20 40  

Fig. 1. (a) Structural composition of ILs (b) cation of LAB103 (c) cation of LB104 (d) anion of ILs.  

Fig. 2. Schematic diagram of the contact mode and direction of rotation dur-
ing friction. 
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each sample was measured five times to ensure the reliability of the 
data. The adhesion force between the coatings and substrates was 
measured by a scratch tester (MFT-4000, Lanzhou Huahui Instrument 
Technology, China) with a maximum loading force of 100 N, a length of 
5 mm, and a rate of increase of 100 N/min. Each sample was measured 
three times. 

2.3. Friction and wear test 

The tribological tests were conducted on a ball-on-disc tribometer 
(CSM, Switzerland) in rotation mode under a dry sliding condition and 
lubricated conditions with 0.05 mL of one of the ILs. The counterpart 
ball was made of 9Cr18 steel and had a diameter of 6 mm. The mode and 
rotation direction during the test are shown in Fig. 2. The test conditions 
were as follows: temperature, ~19 �C; relative humidity, ~35%; sliding 
speed, 300 rev/min (approximately 0.09 m/s); load, 3 N; total sliding 
distance, 1700 m. 

The morphology of the worn surfaces was examined using FE-SEM, 
and the wear volume was measured on a 3D noncontact surface pro-
filer (MicroXAM-800, KLA-Tencor, USA). The chemical composition of 
the wear track was evaluated using the EDX analyser. The wear rate was 
calculated as [19]. 

w ​ ¼ ​ V=NS  

where w is the wear rate, V is the wear volume, N is the load, and S is the 
total distance. 

3. Results and discussion 

3.1. Structure and morphology 

3.1.1. SEM investigation results 
The surface and cross-sectional morphologies of the two coatings are 

shown in Fig. 3. The surfaces of both coatings consisted of small, dense 
particles, as shown in Fig. 3a and c. The cross section of the Cr-GLC 
coating showed a Cr buffer layer, Cr–C interlayer, and Cr-GLC top 
layer, all of which were identified using EDX. The Cr buffer layer is 
composed of pure Cr element. The Cr–C inter layer is composed of Cr and 
C, and the content of Cr decreases from inside toward outside the buffer 
layer. The Cr-GLC top layer is composed of 6.81% of Cr and 93.19% of C 
elements (point A in Fig. 3b). Content in Cr and C were identified using 
EDX. The cross section of the Cr-DLC coating showed a Cr buffer layer, 
columnar Cr–C layer, and dense Cr-DLC layer, all of which were iden-
tified using EDX. The Cr buffer layer was composed of pure Cr. The 
columnar Cr–C layer consisted of Cr and C, and the Cr content also 
decreased gradually from the interior to the exterior. The dense Cr-DLC 
layer consisted of Cr and C at contents of approximately 6.32% and 
93.68%, respectively (point B in Fig. 3d). For accurate analysis of the 
effects of the structure on the performance, the coating thickness should 
be as consistent as possible. The thickness of the Cr-GLC coating was 
1.91 μm and the thickness of the Cr-DLC coating was 1.92 μm. 

3.1.2. AFM investigation results 
A good surface morphology is beneficial for tribological behaviour 

Fig. 3. FESEM images of (a) Cr-GLC coating surface; (b) cross-section of Cr-GLC; (c) Cr-DLC coating surface; (d) cross-section of Cr-DLC.  

Fig. 4. AFM images of (a) Cr-GLC surface; (b) Cr-DLC surface.  

M. Yan et al.                                                                                                                                                                                                                                     

Administrator
高亮



Tribology International 143 (2020) 106067

4

[20–22], so it is necessary to analyse the surface morphology. The sur-
face roughness and microstructure of the coatings are shown in Fig. 4. 
The coatings had dense morphologies, and the particle size distribution 
was uniform. The surface roughness of the Cr-GLC and Cr-DLC was 
6.667 and 0.806 nm, respectively, which indicated that the Cr-DLC 
coating has a smoother surface. This result is in good agreement with 
FE-SEM results showing that the Cr-DLC coating is finer than the Cr-GLC 
coating. 

3.1.3. Raman investigation results 
The characteristic Raman peaks of the DLC coating are the D peak at 

1350 cm� 1 and the G peak at 1580 cm� 1 [23], whereas those of the GLC 
coating are the D peak at 1350 cm� 1 and G peak at 1560 cm� 1 [10,24]. 
Fig. 5 shows the Gaussian-fitted Raman spectra of the coatings. The 
characteristic D and G peaks of the Cr-GLC coating were located at 
approximately 1372.9 and 1554.3 cm� 1, respectively. However, the D 
peak and G peak of the Cr-DLC coating appeared at approximately 
1310.8 and 1527.2 cm� 1, respectively. The G peaks moved towards 
lower wavenumbers in both coatings compared to their typical G peaks, 
indicating an increase in disorder in both coatings [25]. The charac-
teristic G peak of the Cr-GLC coating was located at approximately 
1554.3 cm� 1, and that of the Cr-DLC coating appeared at approximately 
1527.2 cm� 1. The G peak of the Cr-DLC coating was wider and shifted to 
a lower wavenumber than that of the Cr-GLC coating owing to increases 
in the sp2 C hybrid bond angle disorder and sp3 C hybrid bonds in the 
Cr-DLC coating. Both the position and width of the G peak decreased, 
which is related to selective π-π* resonant Raman scattering of 
sp2-bonded carbon clusters of various sizes and the sp3 fraction of carbon 
atoms in the coatings [26,27]. The ID/IG ratio can qualitatively indicate 

the relative content of sp3 C bonds. The calculated ID/IG ratio was 
approximately 4.81 for the Cr-GLC coating and 0.55 for the Cr-DLC 
coating, indicating that the Cr-DLC coating has a higher sp3 C bond 
content. 

3.1.4. XPS investigation results 
Both coatings were analysed using XPS to investigate their chemical 

structure. The C1s level and Lorentzian-Gaussian fitting results of the 
coatings are shown in Fig. 6a. The C1s peak of the Cr-GLC coating can be 
fitted by four components, which are centred at approximately 283.8, 
284.8, 285.8, and 287 eV and correspond to C–Cr, sp2 C–C, sp3 C–C, and 
C–O bonds [28–30], respectively. The components of the C1s peak of the 
Cr-DLC coating appeared at 283.9, 284.5, 285.3, and 286.3 eV, and were 
attributed to the C–Cr, sp2 C–C, sp3 C–C, and C–O bonds, respectively. 
The positions of the sp2 C and sp3 C bonds of the Cr-DLC coating were 
shifted compared with those of the Cr-GLC coating, mainly because of 
the presence of C–H bonds in the Cr-DLC coating. The presence of C–O 
bonds in the two coatings may result from oxidation during deposition 
[31]. The integral area ratios of the sp2 and sp3 C bond peaks to the total 
C1s peak area indicates the content of that type of carbon bond in the 
coating. The bond contents of the two coatings are shown in Fig. 6b. The 
ratios of sp2 C and sp3 C peaks in the Cr-GLC coating were approximately 
55.3% and 12.3%, and those of the sp2 C and sp3 C peaks in the Cr-DLC 
coating were 39.3% and 32.8%, respectively. The results showed that 
Cr-DLC coating has more sp3-hybridised carbon bonds, which is 
consistent with the Raman results. The mechanical properties were 
affected by the sp3 C bond content. The hardness of a coating generally 
increases with increasing sp3 C bond content [32]. 

Fig. 5. Corresponding Raman spectra of (a) Cr-GLC coating; (b) Cr-DLC coating.  

Fig. 6. XPS analysis of (a) C1s peak of Cr-GLC coating and Cr-DLC coating; (b) bond content of Cr-GLC coating and Cr-DLC coating.  
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Fig. 7. Contact angles of ILs on the surface of the two coatings.  

Fig. 8. (a) Hardness of the two coatings; (b) Elastic modulus of the two coatings.  

Fig. 9. (a) Friction force curve of Cr-GLC coating during the scratch test; (b) friction force curve of Cr-DLC coating during the scratch test; (c) the optical microscopic 
image of Cr-GLC coating after the scratch test; (d) the optical microscopic image of Cr-DLC coating after the scratch test. 
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3.2. Wettability investigation results 

Wettability refers to the ability of a liquid to spread on the surface of 
a solid. An adsorption film can easily be formed when a liquid has better 
wettability. The adsorption film can reduce the contact between the 
friction pairs and thus reduce the friction coefficient. To investigate the 
cause of the observed differences in the tribological behaviour of the two 
IL lubricants, the wettability was assessed by measuring the contact 
angles [33]. Fig. 7 shows the contact angle measurements of each IL on 
the surfaces of the two coatings. The contact angles of LAB103 on the 
Cr-GLC and Cr-DLC coatings were 55.8� and 62.9�, and those of LB104 
were 47.1� and 51.9�, respectively. A surface with low wettability would 
generally exhibit a high contact angle. The results showed that LB104 
has lower contact angles on the surfaces of both coatings, indicating 
better wettability. The better wettability of the LB104 lubricant may 
correspond to a more stable friction coefficient. 

3.3. Hardness and elastic modulus investigation results 

Coatings typically exhibit good tribological properties when they 
possess good hardness [34]. To avoid the effect of the matrix, the ratio of 
the indentation depth and the thickness of each coating is approximately 
10% [35]. Fig. 8 shows the hardness (H) and elastic modulus (E) of the 
two coatings. The hardness and elastic modulus of the Cr-GLC coating 
were 13.80 and 148.45 GPa, and those of the Cr-DLC coating were 20.50 
and 177.54 GPa, respectively. The Cr-DLC coating had a higher hardness 
and elastic modulus because it had more sp3 bonds and formed a 
compact layer. The H/E ratio is directly related to the toughness [36,37]. 
Specifically, the toughness is proportional to H/E according to formula 
K ¼ δ(P/c3/2) (E/H)1/2 [36], where K is the critical stress intensity for 
crack propagation. K is not an intrinsic parameter for direct measure-
ment of the toughness; however, it can indicate the magnitude of the 
toughness. H3/E2 characterises a coating’s resistance to plastic 

deformation [38,39]. The resistance to plastic deformation Py and H3/E2 

are proportional to each other according to the formula Py ¼ 0.78r2 

(H3/E2) [39], where r is he contacting sphere radius. The Cr-DLC coating 
exhibits higher H/E and H3/E2 values (Fig. 8b), indicating that it has 
improved fracture toughness and better resistance to plastic 
deformation. 

3.4. Adhesion force investigation results 

The adhesion force between the coating and substrate can reflect the 
structure and crack resistance of the coating, where a high adhesion 
force indicates better crack resistance [40,41]. The normal load at which 
the friction force suddenly changes (that is, the critical separation point 
of the coating and substrate) indicates the adhesion force [42,43]. The 
adhesion force of the Cr-GLC coating was approximately 28.6 N, and 
that of the Cr-DLC coating was approximately 44 N (Fig. 9). This result 
shows that the Cr-DLC coating has better crack resistance than the 
Cr-GLC coating. 

3.5. Friction and wear properties 

3.5.1. Friction coefficient of the dry condition 
The friction coefficient versus the sliding distance of each coating 

under the dry condition is shown in Fig. 10a. The friction coefficient 
curve of the Cr-GLC coating tested against 9Cr18 steel under the dry 
condition can be divided into two stages. In the running stage, the 
friction coefficient of the Cr-GLC coating first increased and then grad-
ually decreased as a transfer film formed. In the second stage, the fric-
tion coefficient of the Cr-GLC coating increased sharply and then 
decreased slowly, possibly because of the effect of furrows in the Cr-GLC 
coating produced by abrasive particles under friction. 

The friction coefficient curve of the Cr-DLC coating under the dry 
condition decreased gradually up to 700 m, and the curve showed a 

Fig. 10. Friction and wear properties of coatings: (a) friction coefficient of dry condition; (b) friction coefficient of composite lubrication system; (c) average friction 
coefficient; (d) wear rate. 
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certain amount of fluctuation with increasing sliding distance. One 
reason is that it is difficult for the graphitised transfer film to form owing 
to its higher sp3 C bond content, which results in a lengthy stage before 
the friction coefficient becomes stable. Another reason is that the 
hydrogen in the Cr-DLC coating eliminates the free σ bonds, making it 
difficult to form C––C bonds and thus reducing the π–π* effect [44]. The 
friction coefficient of the coating is decreased by surface passivation. 
The initial friction coefficient of the Cr-GLC coating was much higher 
than that of the Cr-DLC coating, mainly owing to the large surface 
roughness of the Cr-GLC coating. 

3.5.2. Friction coefficient of the ILs condition 
Fig. 10b shows the friction coefficients of the two coatings under IL 

lubrication. In the Cr-GLC/IL system, the friction coefficient fluctuated, 
possibly because the chemical reaction film and friction transfer film 
had mutual influence on the friction pair during the friction process. In 
addition, the increased roughness of the friction surface caused the 
curve to fluctuate owing to corrosion of the ILs and the shearing force 
under friction. By contrast, there was little fluctuation in the Cr-DLC/ 
LAB103 system, mainly because of the dense structure, lower surface 
roughness and high sp3 C bond content of the Cr-DLC coating [36]. The 
Cr-DLC/LB104 composite system had a relatively stable friction coeffi-
cient compared to Cr-DLC/LAB103 owing to the superior adsorption 

Fig. 11. The relations between the structures and lubricant properties: (a) solid-coatings; (b) ILs.  

Fig. 12. Worn surfaces at dry condition of (a) Cr-GLC coating 3D topographies; (b) Cr-DLC 3D coating topographies; (c) cross-section of Cr-GLC; (d) cross-section of 
Cr-DLC. 
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film that formed because of the smaller contact angle. In addition, the 
boundary lubrication film may be more stable in the LB104 system 
owing to the absence of C––C structure. However, the coefficient of 
friction of LAB103 was lower than that of LB104 in both the Cr-GLC/IL 
and Cr-DLC/IL systems. Owing to the higher viscosity, LAB103 sup-
ported the formation of a more orderly, thicker film [15]. 

Fig. 10c shows the average friction coefficient of each coating under 
different lubrication conditions. The friction coefficients of the two 
coatings were approximately 0.10 under the dry condition. By contrast, 
the friction coefficient was approximately 0.045–0.06 for the solid- 
liquid composite systems, which was approximately 40% lower than 
that under the dry condition. This is because the surface of the friction 
pairs can form a good boundary lubrication film and adsorption film 
when an IL is added. The Cr-DLC coating had a lower average friction 
coefficient than the Cr-GLC coating under all conditions, mainly because 
of the passivation effect on the surface of the Cr-DLC coating. 

3.5.3. Wear rate 
Fig. 10d presents the wear rates of the two coatings under different 

lubrication conditions. The wear rate of the Cr-DLC coating was lower 
than that of the Cr-GLC coating under all conditions owing to the higher 
hardness caused by the high sp3 C bond content of the Cr-DLC coating. 
Furthermore, the Cr-DLC coating had higher H/E and H3/E2 values, 
which made crack propagation difficult and improved the anti-wear 
properties. The wear rate of the Cr-GLC/IL system was 26.67% and 
91.25% lower than that under the dry condition for Cr-GLC/LAB103 and 
Cr-GLC/LB104, respectively. The wear rate decreased by 62.23% for the 
Cr-DLC/LAB103 system. The results demonstrated that the solid-liquid 
composite lubrication systems exhibited greatly improved antiwear 
properties. The reason is probably the passivation of the free σ bonds on 
the surface of the coatings by the polar radical in the IL [45], which 
improved the wear resistance. In addition, the friction pairs can form a 
tribochemical reaction film and an adsorption film when an IL is added 
to the friction surface, and the films can isolate the wear surfaces and 
reduce wear. Note that the wear rate was difficult to calculate for the 
Cr-DLC coating with LB104 lubrication because the wear marks were 
very light. This can be explained by the high polarity of LB104, which 
enabled its anion to better react with the steel ball to form a stable tri-
bochemical reaction film and thus reduce wear. Further, the good 
wettability of LB104 is also advantageous for reducing the wear rate 
[45]. To summarise the above results, the lubrication behaviour of the 
solid-liquid composite lubrication systems was affected by the physi-
cochemical properties of the ILs and coatings. The relationship between 
the structure and tribological properties is illustrated in Fig. 11. 

4. Discussion 

4.1. Wear mechanism of the two coatings tested against 9Cr18 in dry 
condition 

To clearly observe the wear surface, the 3D topography and FE-SEM 

morphology were characterised. Fig. 12 shows the 3D topography and 
cross-sectional profiles of the two coatings under the dry condition. 
Many deep furrows appear in the wear track of the Cr-GLC coating, 
indicating that the sharp increase in the friction coefficient was caused 
by the furrow effect. The wear track of the Cr-DLC coating shows wear 
debris and furrows (Fig. 12b). The depth and width of the wear track of 
the Cr-GLC coating are both larger than those of the Cr-DLC coating, as 
shown in the cross-sectional profiles in Fig. 12c and d. The reason is that 
hard particles from the steel ball can form deep furrows by the action of 
the shear force during sliding owing to the lower hardness of the Cr-GLC 
coating. Furthermore, more sp2 C bonds, which mainly composed of 
large number of nano-graphite and graphite-like clusters [46], could 
facilitate the formation of graphitised transfer films. By contrast, more 
wear debris and fewer furrows were produced in the Cr-DLC coating 
owing to its higher hardness. The presence of furrows on the wear track 
indicated that the main wear mechanism for the two coatings is abrasive 
wear. 

Large amounts of debris and furrows on the surfaces of the two 
coatings were observed in the FE-SEM morphologies, and the Cr-DLC 
coating generated more debris, as shown in Fig. 13a and Fig. 13b. 
Table 2 shows the chemical composition of the debris and wear scars. In 
addition to C and Cr, a higher Fe content was detected in the Cr-GLC 
coating, which was probably derived from wear debris from the ball 

Fig. 13. SEM morphologies at dry condition of (a) Cr-GLC coating wear track; (b) Cr-DLC coating wear track.  

Table 2 
EDX results of the wear track and debris.  

Point C (at. %) O (at. %) Fe (at. %) Cr (at. %) 

A 68.4 9.36 9.34 9.57 
B 74.64 1.61 14.76 8.99 
C 65.13 4.00 0.48 30.40 
D 65.16 4.42 30.13 0.28  

Fig. 14. Schematic diagram of wear mechanism of the two coatings with 
dry condition. 
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embedded in the wear track. Both coatings contained some O, which 
may result from the chemical reaction of the friction pair with the ox-
ygen under friction [47]. A schematic diagram of the wear mechanism of 

the two coatings is shown in Fig. 14. 

Fig. 15. Worn surfaces at ILs condition of (a) Cr-GLC/LAB103 3D topographies; (b) cross-section of Cr-GLC/LAB103; (c) Cr-GLC/LB104 3D topographies; (d) cross- 
section of Cr-GLC/LB104; (e) Cr-DLC/LAB103 3D topographies; (f) cross-section of Cr-DLC/LAB103. 

Fig. 16. SEM morphologies at ILs condition of (a) Cr-GLC/LAB103 system wear track; (b) Cr-GLC/LB104 system wear track; (c) Cr-DLC/LAB103 system wear track.  
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4.2. Wear mechanism of the two coatings tested against 9Cr18 under 
ionic liquid lubrication condition 

The 3D topographies and cross-sectional profiles of the two coatings 
under lubrication by each IL are shown in Fig. 15. Obvious furrows and 
protrusions were observed in the wear track of the Cr-GLC/LAB103 
system, and some shallow grooves appeared in the Cr-GLC/LB104 sys-
tem. A comparison of the depths of the wear tracks under all conditions 
revealed that the tracks were deepest under the dry condition and 
shallowest under lubrication by LB104, indicating that the wear resis-
tance can be effectively improved by using a solid-liquid composite 
lubrication system. The reason are as follows. First, the coating exhibited 
good boundary lubrication when the ILs were added, which is beneficial 
for decreasing the wear. Second, the addition of the IL can effectively 
enhance the plastic deformation resistance, which can reduce the shear 
force and improve the antiwear properties [48]. Finally, the free σ bonds 
on the surface of the Cr-GLC coating can react with ions in the IL to 
generate a covalent bond structure and thus reduce wear [16]. The wear 
track in the LAB103-containing system was deeper than that in the 
LB104-containing system, which can be attributed to the continuous and 
stable isolation film favoured by the better wettability of LB104 for the 
Cr-GLC coating. 

The FE-SEM morphology of the Cr-GLC coating under lubrication by 
each IL is shown in Fig. 16. In addition to shallow grooves, discontin-
uous debris from massive spallation and wear debris also appeared in 

the solid-liquid composite lubrication system. The reason is that the 
corrosive IL may penetrate the coating through the coarse columnar 
structure, which can cause massive spallation in combination with the 
friction shear effect. A schematic diagram of the corrosion and wear in 
the Cr-GLC/IL systems is shown in Fig. 17. The chemical composition is 
shown in Table 3; points B and E both showed a high Fe content, which 
indicated that the coating was broken. The presence of O, Fe, and other 
elements, which indicates that a tribochemical reaction occurred during 
sliding, can reduce wear [18]. The antiwear performance of LB104 was 
better than that of LAB103 owing to the poor shear resistance of LAB103 
resulting from the C––C structure. By contrast, the adsorption film of 
LB104 was stable, and the anion in LB104 was more likely to react with 
the steel ball to form fluoride owing to the high polarity, which can 
further reduce wear. 

A comparison of the Cr-GLC and Cr-DLC coatings under LAB103 
lubrication showed that the wear track of the Cr-GLC coating was wider 
and had more obvious furrows. The presence of the furrows indicated 
that abrasive wear occurred in both coatings under LAB103 lubrication. 
Both coatings showed no obvious plastic deformation, indicating that 
boundary lubrication and solid lubrication in the solid-liquid composite 
lubrication systems had a good synergistic effect [49]. The depth of the 
wear tracks showed that the Cr-DLC/IL systems had a better composite 
lubrication effect. A schematic diagram of the Cr-DLC/IL systems is 
shown in Fig. 17. As indicated by the FE-SEM morphologies, more wear 
debris and almost no massive spallation were observed in the Cr-DLC 
coating. The reason is the lower hardness of Cr-GLC caused by the 
presence of more sp2 C bonds, which reduced the shear resistance. In 
addition, the IL can pass through the columnar structure of the Cr-GLC 
coating more easily, which can weaken the bonding force for the 
corrosion effect and thus reduce the wear resistance of the coating. 
However, the dense layer of the Cr-DLC coating can effectively resist the 
corrosive effects of the ILs, ensuring superior tribological performance. 

5. Conclusions 

In this study, the mechanical and tribological properties of Cr-GLC 
and Cr-DLC coatings under lubrication using different ILs were 

Fig. 17. Schematic diagram of wear mechanism of the two coatings with ILs.  

Table 3 
EDX results of the wear track and debris.  

Point B (at. 
%) 

C (at. 
%) 

N (at. 
%) 

O (at. 
%) 

F (at. 
%) 

Cr (at. 
%) 

Fe (at. 
%) 

A  69.02 0.98 3.74 1.06 18.42 8.43 
B 4.33 9.62 0.43 0.45 2.75 15.75 66.67 
C  80.38 1.17 0.72  14.20 13.19 
D  74.88  0.89  9.52 14.71 
E  11.64   4.10 14.62 68.34 
F  63.97 0.47 7.49 0.38 27.45 0.23 
G  66.21    33.43 0.36  
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investigated. The following conclusions were drawn: 
The prepared Cr-GLC and Cr-DLC coatings both exhibited good 

adhesion force to the substrate, as well as good mechanical properties, 
and the dense layer in the Cr-DLC coating contributed to the improve-
ment in the mechanical properties. 

Both coatings exhibited better antifriction and antiwear effects in the 
solid-liquid composite lubrication systems, and the better synergistic 
lubrication effect was explained. The lubrication effect of the ILs was 
closely related to their viscosity and wettability. LAB103 showed a 
better antifriction effect, and LB104 exhibited a better antiwear effect. 

The Cr-GLC/IL systems were strongly affected by the corrosive effect 
of the IL, whereas the Cr-DLC/IL systems were barely affected. Abrasive 
wear was the main wear mechanism in the Cr-DLC/IL composite lubri-
cation systems, whereas abrasive wear and corrosion wear were both 
involved in the Cr-GLC/IL systems. 
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