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Abstract 

Doped graphite-like coating (GLC) has aroused great interests as one of the promising protective 

material in marine application. However, there is a lack of systematic research on the tribocorrosion and 

antifouling performance of doped GLC coatings in harsh marine environments. Herein, a multi-functional 

(Cr, Cu)-GLC coating with combined antifouling and tribocorrosion properties was prepared via a 

magnetron sputtering method. The experimental results indicate that the resultant coatings changed from 

a dense structure to a loose columnar structure with the increment of Cr and Cu doping amount. At the 

same time, the hardness of the coating gradually decreases, but the contact angle between coating and 

seawater gradually increases. The algae adhesion test reveal that the algae density on the surface of the 

(Cr, Cu)-GLC coating decreases from about 565 to 70 /mm
2
 as the amount of doping increased. However, 

on the contrary, the friction coefficient of the coating under OCP condition increases from 0.06 to about 

0.35. Overall, the mild doped (Cr, Cu)-GLC coating exhibits the best comprehensive properties, 

combining antifouling and tribocorrosion properties. The corresponded mechanisms are discussed in 

terms of the coating microstructure, antifouling and tribocorrosion behavior.  

 

Key words:   GLC; Multi-doping; Tribocorrosion; Antifouling; Friction coefficient. 
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1. Introduction 

Mechanical friction consumes a lot of resources and energy, and this situation is more serious and 

complicated in the marine environment.
1-3

 One of the main reasons is that mechanical components will 

suffer electrochemical corrosion and friction wear at the same time under marine environment. This 

phenomenon is known as tribocorrosion and can cause severe loss of the metal components.
2, 4-6

 In order 

to enhance the tribocorrosion performance of marine mechanical components, various method have been 

proposed. One of the popular strategies is to use surface function coatings with combined lubrication and 

anti-corrosion properties.
7-10

  

Recently, amorphous carbon coatings have become a research hotspot in various applications due to 

their desirable mechanical and tribocorrosion properties. According to the content of sp
2
 and sp

3
 bonds, 

amorphous carbon coatings can be divided into graphite-like carbon (GLC) coating and diamond-like 

carbon (DLC).
11-13

 As a member of amorphous carbon family, GLC coatings have been considered as 

potential candidates for use in the marine environment owing to its high hardness, low friction and 

chemical inertness.
2
 Many studies have been conducted to investigate the tribological performance of 

GLC coatings in water environment. For example, Stallard et al.
14

 demonstrated the Graphit-iC coatings 

exhibited better tribological performance than Dymon-iC coatings under water environment. Wang et 

al.
15

 investigated the effect of interlayer design on the tribology properties of GLC coatings in seawater 

and found that the hard carbide phase and nano-interlocked microstructure were key to the tribological 

properties of GLC coatings in seawater. Recently, Li et al.
2
 systematically studied the tribocorrosion 

properties of Cr/GLC multilayered coatings in seawater by a tribometer integrated with a three-electrode 

electrochemical system. They confirm the tribocorrosion resistacne of Cr/GLC multilayered coatings 

significantly depended on the modulation period.  
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In short, many studies have been conducted to investigate the tribocorrosion performance of GLC 

coatings in seawater environment. However, the application of mechanical components in the marine 

environment faces another great challenge-biofouling.
16-18

 The attachment of marine organisms to the 

surface of mechanical components increases the frictional resistance, which not only affects the normal 

operation of marine equipment and increases energy consumption, but also easily causes microbial 

corrosion.
19,20

 There have been many studies on antifouling and many papers have been published. For 

example, Secker et al.
21

 demonstrated the doped DLC coatings significantly reduce the attachment of 

microbial and protein. Ivanov-Omskii et al.
22

 reported that copper doped DLC coating can inhibit fungi 

growth at the coating surface. Liu et al.
23

 also investigated copper doped DLC films in the simulated 

marine environment and found that copper doping can achieves anti-fouling by sustained release in 

seawater. However, little attention has been given to GLC coating. Furthermore, most research work only 

focuses on antifouling properties, and does not involve the tribocorrosion performance of the coating at 

the same time. There appears to be a lack of systematic study in the existing literature on the 

tribocorrosion and antifouling properties of GLC coatings.  

For the above reasons, we want to fabricate a multi-functional doped GLC coating with both 

tribocorrosion and antifouling properties. According to previous study, the Cr and Cu elements were 

selected as doping elements because they can improve the corrosion resistance and antifouling properties 

of the coatings, respectively.
24-26

 The influence of Cu and Cr doping on the microstructure, tribocorrosion 

and antifouling properties of the coatings was systematically investigated. The aim of the present work is 

to finally propose a new concept for the preparation of multifunctional (Cr, Cu)-GLC coating with 

excellent tribocorrosion and antifouling performance for marine application. 

2. Experimental section 

2.1 Sample preparation 

The Cu and Cr doped GCL coatings were fabricated on AISI 440C steel (Φ 25 mm × 4 mm, Ra ≤ 

0.05 µm) and silicon (100) substrates by DC magnetron sputtering method. The depositing system was 
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configured of one pure copper target (99.9%), one pure chromium target (99.9%) and two high pure 

graphite targets (99.999%). Before coating, the substrates were ultrasonically cleaned with acetone and 

alcohol for 10 minutes, respectively. The pre-treatment method are identical to those of our previous 

report.
27

 

After the base pressure reached 1.0×10
-3

 Pa, all the samples were etched by Ar ions for 30 min by 

applying a negative bias voltage of 400 V. A pure Cr buffer layer was first deposited to improve the bond 

strength between the substrate and the GLC coating. Afterwards, the graphite targets were used to deposit 

GLC coatings and the Cr and Cu targets were controlled by triggering or turning off for doping. The 

doping amounts of (Cr, Cu)-GLC coating were tuned by the current of Cr and Cu targets. During the 

deposition process, a pulse negative bias of -60 V was applied to the samples. The detailed parameters of 

the coating preparation are shown in Table 1.  

2.2 Coating characterization 

The chemical composition of as-deposited coatings was characterized by X-ray photoelectron 

spectroscopy (XPS, Escalab 250). Scanning electron microscopy (SEM, Hitachi S-4800) was used to 

observe the morphologies and thickness of the coatings. An attached energy dispersive X-ray 

spectroscopy (EDS, Oxford) was used to analysis the composition of the worn coating surface. An atomic 

force microscope (AFM, NANOSURF C3000) was used to determine the surface morphologies of the 

coatings. The coating hardness was evaluated by a nanoindentation technique (AGILENT, Nano Indenter 

XP). In order to avoid the influence of the substrate on the coating hardness, the indentation depth is 

selected to be approximately 15% of the coating thickness. Five tests were conducted for each sample to 

obtain average values. Static water contact angle tests were used to evaluate the wetting transition of the 

coating on a video-based optical system (Dataphysics OCA20, Germany). A 5 µL artificial seawater was 

dropped onto the coating surface and the corresponding static water contact angle was measured. Five 

readings were conducted for each coating, and the mean values were recorded. 

2.3 Antifouling testing 
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In this paper, adhered algae on four coatings with different content of Cr and Cu element were 

characterized by auto-fluorescence image analysis (Olympus, BX-51). Each samples were equilibrated in 

seawater prior to assay. Based on the instruction supported by Freshwater Algae Culture Collection at the 

Institute of Hydrobiology (http://algae.ihb.ac.cn/Default.aspx), green algae D. tertiolecta was cultured and 

used for settlement bioassay at 25 
o
C because they could breed in normal and maintain a high activity to 

interact with the substrate at this temperature. Typically, the coating sample was placed in a sterile water 

glass and 5 mL of algae suspension was added. After 24 h, before the characterization of attached algae 

count, the slides were washed slightly using artificial seawater three times to remove any loosely bound 

algae. A total of 10 measurement spots, each 0.14 mm
2
, were taken on each wafers. The average 

percentage of settlement algae are calculated. 

2.4 Tribocorrosion investigations 

The tribocorrosion performance of the coatings was evaluated on a liner reciprocating tribometer 

integrated with a three electrode cell configuration (MFT-R4000, Lanzhou Institute of Chemical Physics, 

China). The schematic diagram of the tribocorrosion test is presented in Fig. 1. An Al2O3 ball (Φ 6 mm) 

was used as the counterpart for its high hardness and excellent corrosion resistance. The 3.5-wt% NaCl 

solution was chosen to simulate seawater environment. The tests were conducted at the normal load of 10 

N, amplitude of 5 mm and frequency of 0.1 Hz. The coated samples were first stabilized in solution for 

about 15 minutes prior to loading. The open circuit potential (OCP) was measured for 5min before a 30-

min sliding test was conducted. The OCP was continuously recorded until the end of the test. After the 

sliding, the corrosion and morphology of the wear tracks were investigated by SEM. 

3. Results and discussion 

3.1 Structure and morphology 

The chemical composition of the coating was analysed by XPS and the results are shown in Table 2. 

In order to facilitate the subsequent discussion, the samples are numbered S1, S2, S3 and S4 respectively, 

depending on the amount of doping. Sample S1 is a Cr doped GLC coating for comparison. Samples S2, 
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S3 and S4 are the Cr and Cu multi-doped GLC coating, and the doping amount is gradually increased. 

The doped Cr and Cu elements are evenly distributed in the coating, which can be reflected in the EDX 

mapping results of the (Cr, Cu)-GLC coatings found in the Supporting Information (Figure S1). Fig. 2 

presents the surface and cross-section morphologies of the as-deposited (Cr, Cu)-GLC coatings. The 

thickness of as-deposited coatings in this work is between 2.2 and 2.9 µm, and the thickness of the Cr 

buffer layer is controlled at about 150 nm. The structure of the Cr doped GLC coating (S1) is dense and 

has small particles on the surface. However, the Cr-Cu multi-doped GLC coatings exhibit a columnar 

structure with a loose surface morphology. As the amount of Cr-Cu doping increases, the columnar 

crystal size of the coating becomes larger, and the particle shape gradually changes from spherical to 

island-like. It is well known that there is a strong bond between Cr and C, whereas Cu and C are weakly 

bonded.
23,28,29

 Therefore, as the amount of Cu doping increases, the Cu nanoclusters are more easily 

segregated from the amorphous carbon matrix to from two phase structures. To better probe changes in 

the surface morphology of the prepared coatings, AFM micrograph was employed as shown in Fig. 3. 

AFM images of the coatings are consistent with the SEM results. It can be clearly seen that the surface 

roughness of the coating gradually increases with the increment of Cr-Cu doped amount. 

XPS technology is a reliable means to obtain surface information of materials. Fig. 4a shows the 

deconvoluted of Cu 2p core level spectra of the as-deposited (Cr, Cu)-GLC coatings. A strong Shake-up 

satellite is observed can be ascribed to the CuO, which absent for Cu2O and metallic copper.
30

 Therefore, 

two deconvoluted peaks of Cu 2p3/2 corresponding to Cu (931.9 eV) and CuO (933.7 eV). The presence 

of CuO phase into the coatings may be mainly caused by the deposition process or by the adsorption of 

oxygen in the air. In addition, with the increase of Cu doping amount, the CuO phase in the coating also 

shows an upward trend. Similar results were also found in the spectra of Cr 2p3/2 as shown in Fig. 4b. The 

left peak of Cu LM2 comes from the Auger spectra of Cu. The content of Cr2O3 phase also increases with 

the increment of Cr doping amount.  
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It is well known that the chemical states of carbon in the GLC coating has a large effect on the 

performance of the coating. Hence, we deconvoluted the C 1s spectra into three peaks around 284.4, 

285.2 and 288.6 eV shown in Fig. 4c, which correspond to sp
3
 carbon atoms, sp

2
 carbon atoms and C=O 

contamination, respectively.
31,32

 The obtained sp
2
/sp

3
 ratio of the coatings is present in Fig. 4d. It can be 

found that the sample S1 has the lowest sp
2
/sp

3
 ratio of 1.96. This means the content of sp

2
 carbon atoms 

of the coating is about 66%, suggesting a GLC coating was deposited. As the doping amount increases, 

the sp
2
/sp

3
 ratio of the coatings peaks at 3.70 (sample S3), and then it decreases to 2.70 (sample S4).  

3.2 Hardness and wettability 

The hardness of the (Cr, Cu)-GLC coatings was evaluated, as shown in Fig. 5. It can be found the 

sample S1 has the highest hardness of about 17 GPa, which is higher than those GLC coatings (about 12 

GPa) reported in the literatures.
33,34

 This is mainly due to its dense structure and lowest sp
2
/sp

3
 ratio. As 

the amount of Cu and Cr doping increases, the hardness of the coating gradually decreases. The decrease 

in coating hardness is mainly due to the loosening of the coating structure by introduction of Cu 

nanoclusters into the matrix. In addition, the increase of sp
2
/sp

3
 ratio in the coating caused by doping can 

also result in a decrease of the coating hardness.
35

 Fig. 6 shows the static contact angle between the (Cr, 

Cu)-GLC coatings and artificial seawater at room temperature. It can be clearly observed that the sample 

S1 (only Cr doped GLC coating) exhibited smallest contact angle of about 86.0
o
. However, after 

incorporating Cu into the GLC coatings, the contact angle of the sample S2 increased to about 91.8
o
. 

Continue to increase the doping amount of Cu and Cr, the contact angle of the coating gradually rises to 

about 96.2
o
 of sample S4. According to the literatures, the wettability of the coating is related to the 

sp
2
/sp

3
 ratio.

36
 Generally, as the amount of Cr doping increases, the proportion of sp

2
 in the coating also 

increases.
37

 The surface of the coating with a high sp
2
 content has a lower number of dangling bonds. 

Therefore, the surface energy has less polar component and the hydrophobicity of the coating is 

increased.
38

 In addition, as shown in Fig. 4 a and b, the oxides of Cu and Cr gradually increased with 

increasing doping amount. This also reduces the polar surface energy of the coatings, which reduces the 
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adsorption of polar molecules such as seawater.
38,39

 Besides these, the wettability of the coating is also 

affected by its surface morphology. As shown in Fig. 2, the particle size and roughness of the coating 

increase obviously after doping with Cu and Cr. All of these factors lead to an increase in the 

hydrophobicity of the coating. 

3.3 Antifouling and tribocorrosion properties 

Fig. 7 presents the SLCM observation of the D. tertiolecta attached on the surface of the (Cr, Cu)-

GLC coatings. Obviously, the amount of algae attached on the S1 coating with only Cr doping is the 

largest. After doping Cu into the coatings, the (Cr, Cu)-GLC coatings exhibited antifouling feature. The 

statistical algae density results are shown in Fig. 7e. It can be seen from the figure that the algae density 

of the coating is reduced from about 565 /mm
2
 at S1 coating to 305 /mm

2
 at S2 coating after 

incorporating Cu element. This is mainly due to the toxicity of copper ions, which can inhibit cell 

division and photosynthesis of algae.
40-42

 As the amount of Cu and Cr doping increases, the algae density 

gradually decreases to about 70 /mm
2
 at S4 coating, which is about eight times lower than S1 coating. 

Therefore, the (Cr, Cu)-GLC coatings with higher Cu content exhibited more pronounced antifouling 

performance. It will be appreciated that inhibition of bacterial adhesion and the toxicity of copper all 

contribute to improve the antifouling performance of the coating. But in this case, we believe that the 

toxic effects of Cu is more dominant. As we all known, copper has been widely used as an important 

antifouling agent for decades and is still widely used today.
26,43,44

 The bactericidal ability of doping 

copper has also been demonstrated in diamond-like carbon based coating.
22

 This is also the main reason 

for the choice of doping Cu in this work. In addition, as can be seen from Fig. 6 and 7, from S3 to S4 

samples, the algae density on the surface of the coating is reduced by more than three times. However, the 

change in coating contact angle is not obvious, only increasing from about 95.1° to 96.2°. This indicates 

that the improvement of the antifouling ability of the (Cr, Cu)-GLC coating is mainly dominated by the 

bactericidal action mechanism of copper.  
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The friction coefficient curves of the (Cr, Cu)-GLC coatings as a function of time are displayed in 

Fig. 8 (bottom) along with their corresponding OCP results in Fig. 8 (top). In the initial soaking stage, as 

the amount of Cu and Cr doping increases, the OCP of (Cr, Cu)-GLC coating peaks at +0.075 V (S2 

coating), and then gradually decreases to -0.002 V (S4 coating). The surface passivation layer is more 

easily formed in a high metal doped GLC coating, which helps to increase the OCP of the coating. 

However, too high metal doping can lose the coating surface and introduce open grain boundaries, 

resulting in a decrease of OCP.  

When the load is applied, the tribocorrosion test was started. It can be found that no fluctuation in 

the OCP curve of the S1 coating and the friction coefficient of S1 coating is kept at a small value of about 

0.06. This means that the S1 coating was not destroyed under current friction condition. Compared to the 

S1 coating, the friction coefficient of S2 coating fluctuates greatly at the beginning of the sliding. At the 

same time, the OCP of the S2 coating suddenly drops from to a lower value of -0.002 V. In this case, the 

changes of friction coefficient and OCP are mainly attributed to the removal of the passivation film in a 

rapid run-in period. After the transfer film is formed, the friction coefficient of the coating drops to about 

0.08, tending to be stable. In short, the prepared S1 and S2 coatings exhibit excellent frictional 

performance in seawater.  As shown in Fig. 9, blue columns represent the friction coefficient of our 

prepared S1 and S2 coatings, and columns of other colors represent the results reported in the 

references.
2,37,45-47

 It can be found that the friction coefficient of the S1 and S2 coatings is less than 0.1, 

which is lower than the results reported in most literatures.  

 In the case of S3 and S4 coating, the coatings show a relatively high OCP, which is close to that of 

S2 coating. However, the coefficient of S3 and S4 coatings increased significantly. The change of the 

friction coefficient of S3 coating at the late stage of sliding is mainly due to its low hardness and the 

coating was quickly worn out. After the sliding stops, the OCP values of the S2, S3 and S4 coatings are 

all increased, suggesting that a passivation layer is formed on the surface.  

3.4 Wear morphology and mechanisms 
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To better understand the tribocorrosion behavior of the coatings, SEM images of the wear track were 

taken as present in Fig. 10. It can be observed that the surface of the S1 coating has almost no wear, 

which is related to its high hardness and low friction coefficient in seawater. However, a careful look 

reveals that there are many tiny corrosion spots along the wear track of the S1 coating as shown in the 

enlarged vies of Fig. 10a. EDS results (point A in Tab. 3) show that these spots mainly contain C, Cr, Na 

and Cl. The XPS analysis of the wear track of the S1 coating after tribocorrosion test are provided as 

Supporting Information in Figure S2. Only the peaks of the coating elements were observed. 

After copper is incorporated into the coating, the width of the wear track of the coating increased 

significantly. In the case of the S2 coating, the resultant wear track morphology is smooth with some 

shallow scratches as shown in Fig. 10b. There is no obvious spallation of the coating was found in the 

wear track, suggesting a good wear resistance of the S2 coating. In addition, the enlarged view in Fig. 10b 

shows that there are some black bonds in the wear scar, and EDS analysis (point B in Tab. 3) show that 

they mainly contain C, Cu, Cr and O. Therefore, the wear mechanism of the S2 coating can be classified 

as groove and adhesive wear. 

Conversely, the S3 and S4 coatings experienced more severe wear after sliding. It can be clearly 

observed that there are coating flaking and a large amount of adhesion in the wear track. In addition, there 

are more wear debris and cracks on the edge of the wear track as shown in the enlarged view of Fig. 10c 

and d. Due to the loose columnar structure and low hardness of the S3 and S4 coatings, cracks are easily 

generated during sliding under a large load of 10 N in this test. At the same time, chloride ions are more 

likely to penetrate into the coating along the open grain boundaries, accelerating coating wear. Moreover, 

the wear track of both S3 and S4 coatings exhibited two colors under a secondary electronics detector. 

The middle white region of wear track (point D and F in Tab. 3) was found by EDS analysis to contain 

more than 75% Fe element, which can only come from the 440C substrate. This means that most of the 

coating in the middle of the wear track has worn out. The XPS analysis also found the Fe element in the 

wear track of the coating 3 (see Figure S3 in Supporting Information). The EDS results show that the gray 
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regions (point E and H in Tab. 3) on both sides of the wear track mainly contain C, Cr, Cu and O, 

suggesting an oxidative wear mechanism. In short, the S1 coating (Cr doped GLC) show the best 

tribological performance in artificial seawater. However, it has no effective antifouling ability of algae, 

and has a relatively low OCP value. After the incorporation of Cu, the coating achieves excellent 

antifouling properties. Moreover, this anti-fouling ability is multiplied as the amount of doping increases. 

Unfortunately, the coefficient of friction of the coating also increases as the amount of doping increases. 

On the whole, the S2 coating exhibits the best comprehensive properties, combining antifouling, 

corrosion resistance and tribological properties. 

4. Conclusions 

The (Cr, Cu)-GLC coatings have been developed by magnetron sputtering in this work. The resultant 

coatings changed from a dense structure to a loose columnar structure with the increment of Cr and Cu 

doping amount. At the same time, the particle shape gradually changes from spherical to island-like, 

resulting in a larger roughness. As the amount of Cu and Cr doping increases, the hardness of the coating 

gradually decreases, but the contact angle between coating and seawater gradually increases. The 

hardness is primarily controlled by the microstructure and the sp
2
/sp

3
 ratio of the coatings. The 

antifouling test revealed that the S4 coating with the highest doping amount has the best antifouling 

performance, which is about eight times higher than that of S1 coating. However, on the contrary, the 

tribological properties of the coating under OCP condition decreases as the amount of doping increases. 

In summary, the mild doped (Cr, Cu)-GLC coating shows the best comprehensive properties, combining 

antifouling, corrosion resistance and tribological properties. 
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Fig. 1. The scheme diagram of the tribocorrosion test. 

 

Fig. 2. SEM images of the coatings: (a-d) surface micrograph of S1 to S4 coatings and (e-h) cross-sectional micrograph of S1 to S4 coatings. 
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Fig. 5. Hardness of the (Cr, Cu)-GLC coatings. 

 
Fig. 6. Static contact angle between the (Cr, Cu)-GLC coatings and artificial seawater 

 
Fig. 7. SLCM images showing adhesion of D. tertiolecta on the surface of (a-d) S1 to S4 coatings. (e) the algae cell density of D. tertiolecta. D. 

tertiolecta was counted by optical microscope at 20× magnification and each value is the average of ten measurements. 
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Fig. 8. Tribocorrsosion results of (Cr, Cu)-GLC coatings. 

 
Fig. 9. Comparison of the friction coefficient of the as-deposited coatings and the reported GLC coatings. 
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Fig. 10. SEM images of wear tracks of the (Cr, Cu)-GLC coatings. (a) S1, (b) S2, (c) S3, and (d) S4. 

 

Table 1 Deposition parameters for the coatings 

Coatings 

S1  S2  S3  S4 

Cr 
Cr-

GLC 

 
Cr 

(Cu,Cr)

-GLC 
 Cr 

(Cu,Cr)

-GLC 
 Cr 

(Cu,Cr)

-GLC 

Cr target power (DC, A) 4 0.5  4 0.5  4 1.0  4 1.5 

Cu target power (DC, A) ̶ ̶  ̶ 0.5  ̶ 1.0  ̶ 1.5 

C target power (DC, A) ̶ 3.5  ̶ 3.5  ̶ 3.5  ̶ 3.5 

Bias voltage (V) -60 -60  -60 -60  -60 -60  -60 -60 

Pressure (Pa) 1 1  1 1  1 1  1 1 

Ar flow rate (sccm) 20 20  20 20  20 20  20 20 

Deposition time (min) 5 400  5 280  5 167  5 125 

 

Table 2 the chemical composition of the (Cr, Cu)-GLC coatings 
Sample C (at. %) Cr (at. %) Cu (at. %) 

S1 96.46 3.54 — 

S2 83.24 4.29 12.47 

S3 77.01 6.23 16.76 

S4 73.00 6.99 20.01 
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Table 3 EDS results of the different coatings after tribocorrosion test 

Point C (at. %) Cr (at. %) Cu (at. %) Fe (at. %) Na (at. %) Cl (at. %) O (at. %) 

A 70.34 19.96 -- -- 6.85 2.85 ̶ 

B 42.34 10.60 25.41 -- -- -- 21.65 

C 46.80 13.25 31.44 -- -- ̶ 8.51 

D 7.06 15.82 -- 75.47 -- ̶ 1.65 

E 29.97 19.26 34.13 2.87 -- -- 13.77 

F 5.73 13.58 -- 78.85 -- -- 1.84 

G 13.06 1.27 7.61 0.72 20.40 13.83 43.11 

H 12.10 13.73 8.62 2.00 7.06 0.34 56.15 
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