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 The aim of this study is to analyse the wear behavior of different type of 

DLC films (ta-C, a-C and a-C:H) under diluted bovine serum as an 

attempt to simulate synovial fluid in artificial joints. The surface 

wettability of films was investigated. The wear behavior of DLC films 

and its counterpart, ultra-height molecular weight polyethylene (PE) was 

assessed by reciprocating tribo tester. There is correlation between 

surface wettability and wear behavior, and in this study, it has been 

found that the surface of a hydrophobic a-C:H film tend to bind more 

protein from diluted bovine serum through “hydrophobic interactions”. 

Based on the present results, an appropriate structure of DLC film which 

can contains a significant amount of hydrogen should be consider for the 

use as protective coating on an implant material. 

 
1. Introduction 

The use of protective coatings in 

biomedical field is an ongoing scientific 

challenge. Among different materials, carbon-

based film coatings such as diamond-like 

carbon (DLC) is considered a potential surface 

treatment for total hip and knee replacement 

devices.  DLC film offers a hard, wear resistant, 

inert and low friction surface engineered 

solution to enhance implant performance [1]. 

The tribological properties of DLC film has 

been reported in many papers, and the 

relationship between the properties and film 

structure and deposition method is now well 

understood [2,3]. However, it is not clear 

whether this relationship is also similar in an in 

vivo joint where synovial fluid (body fluid) are 

found to have a crucial influence on the friction 

and wear value. The proteins that are present 

within the synovial fluid could prevent the 

adhesion between the sliding materials by 

creating 'solid-like' films onto material surface. 

The differences structure and wettability of 

DLC films can influence the outcome of a wear 

test under protein lubricated condition. 

In this work, a comparative study on the 

wear behavior of different types of DLC films 

coated titanium alloy (Ti–6Al–4V) deposited 

by different methods under bovine serum (BS) 

lubricated condition. BS is commonly used as a 

model of synovial fluid lubricant for 

interpretation of wear and friction properties of 

artificial joints. In general, BS contains protein 

namely albumin, which is also present in 

normal synovial fluid [4]. The protein-surface 

interactions might have governed different wear 

mechanisms on the surface of different structure 

of DLC films. This phenomenon is important, 

because it can provide a new perspective on 

wear mechanism of certain type of DLC film 

under protein lubricated condition. This 

mechanism can give the idea to the implant 

manufacturers and surgeon for implant 

selection in future. 

 

2. Experimental Procedure 

A filtered cathodic vacuum arc (FCVA) 

and sputtering machine systems were used to 

deposit non-hydrogenated DLC films (ta-C and 

a-C), respectively, and chemical vapor 
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deposition (CVD) method was used to deposit 

hydrogenated DLC films (a-C:H) on Ti6Al4V 

substrates. The deposition was done at Tokyo 

Institute of Technology, Tokyo, Japan. The 

contact angle (θ) was measured under 

atmospheric conditions at room temperature 

with a contact angle meter (OCA 15EC, 

DataPhysics Instruments, Germany.) using 

distilled water, diiodomethane, and hexadecane 

as the tested liquids. A droplet of the tested 

liquids with a volume of 3 μL was released onto 

the surface of a sample. For each surface, at 

least three droplets were measured. The surface 

energy of the sample was calculated based on 

the measured contact angles using the extended 

Fowkes theory [5]. 

The wear resistance of DLC films was 

evaluated using the reciprocating machine with 

pin-on-disc method (TR 283 Series, DUCOM, 

India) under 10 ml diluted BS lubricated 

condition (fully immersed). The composition of 

diluted BS was BS 30 vol.% + distilled water 70 

vol.% + sodium azide 0.3 wt.%. Ultra-height 

molecular weight polyethylene (PE) pin with 

size of 6 mm diameter and length was pressed 

against the films with a normal load of 50 N. 

The tests were conducted under the constant 

frequency of 10 Hz and sliding wear duration 

lasted for 42,000 cycles. The stroke length used 

in the reciprocating sliding tests was 2 mm and 

the resultant sliding speed was 0.04 ms-1.  After 

the wear test, the samples were rinsed with 

distilled water, then dried in dirt free 

surrounding in room temperature to remove 

contaminants. Stylus profilometer (P-6, KLA 

Tensor, United States) was used to obtain the 

cross sectional area of the worn trace. This area 

was used to calculate the wear volume loss. The 

wear rates were calculated as wear volume 

divided by sliding distance. The worn surfaces 

of the deposited films and UHMWPE pins were 

characterized using scanning electron 

microscopy (SEM)(JSM-6010PLUS/LV, 

JEOL, Japan). The chemical composition on the 

DLC worn surfaces were analyzed via the 

energy dispersive spectrum (EDS, Oxford 

Instruments, United Kingdom) attached to the 

SEM. 

 

3. Results and Discussion 

The wettability of the films was predicted 

using a contact angle between a liquid and a 

solid surface and surface energy measurement. 

The results of surface energy of deposited films 

are shown in Figure 1.  The total surface energy 

(γT) of the films is estimated as the sum of the 

dispersion component (γd the polar component 

(γp), and the hydrogen-bonding component (γh) 

[5]. In this study, higher surface energy was 

observed on ta-C film, followed by a-C:H and 

a-C film. The increasing surface energy was 

due to the increase in the polar and hydrogen-

bonding components due to strong dipole-

dipole and hydrogen-bonding interaction at the 

surfaces. In this study, the best hydrophobic 

surface occurred at the a-C film with lowest 

surface energy approximately at 40.08 mN.m-1.  

 

 
Figure 1: Surface energy of deposited films. 

 

 

 
 

Figure 2: Wear rate of DLC films and PE 

(counterpart). 

 

In order to evaluate the wear performance 

of different type of DLC films wear tests were 

carried out. Figure 2 shows the wear rate of 

DLC films and PE as counterpart in ambient air. 

The highest wear rate was a-C and its 
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counterpart. Both ta-C and a-C:H films show 

relatively low wear rates indicate films had 

demonstrated similar wear resistance. 

Nevertheless, the wear of the PE as counterpart 

was strongly reduced when testing against a-

C:H film. SEM images of wear traces (Figure 

3a and b) were obtained for ta-C and a-C films 

after wear test.  The EDS detection of the white 

particles on all film surfaces denote that it 

contains distinguished elements from DLC film 

which is N, Cl, Ca and Na elements. These 

elements were precipitated from diluted BS. In 

this case, we are able to revealed the adsorption 

of protein occurs onto those surfaces. There is 

element of nitrogen (N) which attributed to the 

amino acid residue or peptide bond in the 

protein are observed to confirm the occurrence 

of protein adsorption [6]. Figure 3(b) shows 

clearly that the adsorbed protein was dominant 

on a-C:H film surface. Researchers have 

identified a correlation between surface 

wettability and wear rate [3], and in this study, 

it has been found that the surface of a 

hydrophobic a-C:H film tend to bind more 

protein from diluted BS through “hydrophobic 

interactions” and decrease the wear of PE by 

protects the surface from damage. a-C:H film is 

effective for protein absorption and the driving 

force of this phenomena is mainly the hydrogen 

bonding between the protein and the film [7]. In 

addition, the hydrogen component of the total 

surface energy for a-C:H film was significantly 

larger than those of ta-C and a-C films. Thus, 

the presence of hydrogen in film may allow 

control of protein adsorption to the surface. 

 

4. Conclusion 

In this work, DLC films were prepared by 

different deposition method and systematically 

investigated the surface wettability and wear 

behavior under protein lubricated condition. 

The surface wettability was different depending 

on the deposition method. Under protein 

conditions, the highest wear rate was a-C, 

whereas ta-C and a-C:H films show relatively 

similar wear resistance. Clear correlation was 

found between surface wettability and wear 

behavior for ta-C and a-C:H films. The 

comparison between worn surface conditions 

revealed that more protein was absorbed on the 

hydrophobic a-C:H film surface. The protein 

adsorption makes a favorable contribution to 

low wear rate of PE as a counterpart in sliding 

system. In conclusion, hydrogen bonds in a-

C:H film contribute favorably to protein 

absorption layer and protects the surface of 

tribopairs from damage. 

 

 
Figure 3: SEM images and elemental ratio 

obtained of the DLC worn surfaces. 
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