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Abstract 

This work explores the effect of surface modification of stainless steel with a carbon nitride (CNx) film, under sliding 
wear of the UHMWPE/steel. Wettatibility of CNx coatings is assessed by means of the sessile drop method using two 
different liquid media. Microhardness and stiffness of CNx coatings are estimated by depth-sensing indentation. The 
sliding performance of UHMWPE against stainless steel and CNx was evaluated using a pin on disk tribometer. It is 
demonstrated that CNx surface properties are quite different from those of stainless steel, with a concomitant substantial 
reduction of the coefficient of friction of UHMWPE/CNx in comparison with the one of UHMWPE/steel under sliding 
conditions. Even tough imposed sliding conditions do not conduct to wear mass loss in UHMWPE, wear track patterns 
against steel and CNx are quite different.  
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1. Introduction 

Thermoplastics are increasingly displacing metals in many gear and bearing applications. The ability to 
absorb shock and vibration and to operate with less power and noise without lubrication  with little or no 
maintenance  are advantages gained with thermoplastics. Polyethylenes (PE) are olefin polymers 
manufactured in the largest tonnage of all the thermoplastic materials. Several well established families of PE 
are available at the market, each having a different structure and very different behavior, performance and 
applications (Feldman and Barbalata, 1996). Among them, UHMWPE is widely used in a variety of bearing 
applications because of its good wear performance.  

During the last decade, carbon nitrides (CNx) have been posed (Broitman, 2007; Wang, 1997; Bull, 1995; 
Grill and Patel, 1993) as a potential material for many tribological uses because of their particular mechanical 
properties, including hardness, wear resistance, solid lubricity, chemical inertness and cold cathode electron 
affinity (Guruz et al, 2001; Tajima et al, 2000; Wei et al, 1998). Amorphous CNx films with low N 
concentration are already industrially applied by the computer magnetic disk industry as a protective overcoat, 
and as a protective coating in special tools (Bogy et al, 2002; Schlatter, 2002). There are several studies on the 
wear rate and friction coefficient of CNx films (Neidhardt et al, 2004; Zocco et al, 2002; Broitman et al, 2001; 
Kato et al, 1999; Kusano et al, 2000). CNx has been shown to exhibit a higher scratching and wear resistance 
while retaining the low-friction properties (Scharf et al 1999; Wiens et al, 2000).  

In this work, the effect of the surface modification of stainless steel with a CNx film, under sliding wear of 
the UHMWPE/steel is explored for the first time.  

2. Experimental 

2.1. Materials 

coated CNx steel.  
UHMWPE (GUR 1050) was provided by Poly Hi Solidur, Germany, with molecular weight Mw=5.5  10 

millon g/mol, density =0.930 g/cm3, Young modulus E=0.8 GPa and yield stress y=36.0 MPa. Discs 60 mm 
diameter were machined in a lathe from a 25 mm thickness plate.  

Steel pins were made of AISI 316L austenitic stainless steel. The surface finish of the steel was the result 
of an abrasive polishing process to 600 grit and fine polishing with a series of diamond suspensions ranging in 
particle size from 3 to 1 μm. CNx pins were the same stainless steel balls on which a CNx film was deposited 
in a DC magnetron sputtering system as described previously (Broitman et al, 2010). The CNx coating was 
carried out in a CC-800/9 industrial system manufactured by CemeCon AG in Würselen, Germany. The metal 
substrates were cleaned using a sequence of ultrasonic washing stages with alkaline detergents (Decon-90 at 
5%), de-ionized water rinsing and air-drying. Prior to loading into the chamber, all the substrates were 
ultrasonic cleaned with acetone and isopropanol, and blow-drying with nitrogen gas. A pre-treatment was 
carried out prior to the deposition of the CNx films to increase the adhesion of the coatings to the steel. The 
substrates were biased to a High Power Impulse Magnetron Sputtering (HIPIMS) source with peak voltages 
of in the range of 500 V, a frequency of 150 Hz, and a pulse width of 200 s. A Cr target was connected to a 
second HIPIMS source operated at a pressure of 3 mTorr, with a peak target voltage in the range 500-1100 V, 
a frequency of 150 Hz, and a pulse width of 100 s, during 30 minutes. Both HIPIMS power supplies were 

 (Broitman et al, 
2008). The voltage pulse in the target was programmed to start 10 s after the pulse in the substrate. No 
heating treatment was used during the pretreatment. The coating step was carried out by DC magnetron 
sputtering of a C target in a reactive atmosphere of Ar and N2 (partial pressure ratio of 84:16 and total 
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pressure of 3 mTorr), target power of 1800 W, substrate temperature of 200 oC, and a negative bias voltage of 
25 V.  

2.2. Coating characterization methods 

Static contact angle measurements were performed on steel and CNx 20x20x1 mm3 samples by the sessile 
drop method at room temperature using a Ram´e-Hart goniometer (Ram´e-Hart, Inc., Mountain Lakes, USA) 
to determine the wettability (Battle and Nerín, 2004). A 5 l drop of water (hydrophilicity) or PBS (Phosfate 
Buffered Saline, important for biocompatibility) was placed manually onto the surface. A sequence of images 
was obtained every minute with a photo camera and the shape variation was analyzed by image processing 
software.  

Depth sensing indentation measurements were performed using a Triboindenter Hysitron equipped with 
MRNP device to determine the surface mechanical properties of CNx. Indentations were made using a 
diamond Berkovich tip under load controlled conditions. A trapezoidal loading function was used to minimize 
creep effects on the unloading response. A maximum load of 50mN was applied at a rate of 10mN/s, then the 
load was held during 5s and finally the load was removed at 2mN/s. A pattern of 25 indentations was applied 
to cover all the sample thickness and this was repeated at 4 different locations. Indentation load-penetration 
depth data were analysed following the procedure outlined by Oliver and Pharr (Oliver and Pharr, 1992) to 
obtain the reduced elastic modulus, Er, and the indentation hardness, HN. 

2.3. Sliding of UHMWPE/steel and UHMWPE/CNx pairs 

The sliding performance of UHMWPE against stainless steel and CNx was evaluated using a pin on disk 
tribometer. Polymer discs with a 400 grid abrasive paper surface finish where tested against steel and CNx 
balls. Test normal load was 20 N, while the disc angular speed was 120 rpm. The tests were conducted with a 
radial pin position of 24 mm, which lead to a tangential velocity of 0.3 m/s. Test duration of 278 minutes was 
calculated in order to reach a total sliding distance (L) of 5000 m. The pin on disk tribometer is equipped with 
a load cell that allows measuring the friction force (F) during the test. With these values and the normal load 
(P) it is possible to determine the friction coefficient ( ) as eq. 1. 

P
F

app   (1) 

POD test allows determining also the wear rate given by 

PL
VWs   (2) 

Surface profiles across the grooves in UHMWPE were determined using a Taylor-Hobson Surtronic 3+ 
profilometer. Four profilometer measurements were obtained across the wear track at 0, 90, 180, and 270° 
positions with the notch located at 0°. The wear volume, V, defined as the difference between the grooved 
volume, V , and the pile-up volume, V+, was estimated from topographic measurements as shown in Fig. 1 
and then multiplying by the circumference of the track (Cayer-Barrioz et al, 2006). 

Abraded samples (UHMWPE) and counterparts (steel and CNx coated steel) were examined using 
scanning electron microscopy (SEM). SEM observations were made by using a Jeol JSM-6460LV scanning 
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electron microscope operating at an accelerated voltage of 15 kV. Sample surfaces were coated with a thin 
layer of gold prior to observation. 

3. Results and discussion 

3.1. Properties of CNx Coatings 

A typical drop shape evolution with time over the steel substrates is shown in Fig.2. It has been shown 
previously (Broitman et al, 2000) that the increase in blood wettability on Ti coated CNx bearing surfaces, due 
probably to a change in the polar part of the surface energy, can help to improve the lubrication of the 
bearings of total joint arthroplasty components during function. In this study, in which the wettability 
measurement were focused to the comparison of affinity with liquids of CNx and stainless steel, there were 
not contact angle measurements obtained, but initial and the evolution of the contact angles were compared 
under identical testing conditions, thus allowing a critical contrast between fluids and samples behaviors. Fig. 
3 shows this evolution of contact angles of water and PBS on steel and CNx. In table 1, the instantaneous 
contact angles at a random time of 15min are depicted. There is a clear decrease in instant contact angle on 
the CNx in comparison with steel, thus indicating a better wettability of the coating. This result demonstrates 
the better affinity between fluids and CNx coatings. 
 

 

Fig. 1. Schematic of profile of groove on UHMWPE surface of 
samples after POD test. The profile is perpendicular to the side and 
goes through the center of the groove.  

 

 

Fig. 2. Water drop shape evolution with time over the steel substrate  

Reduced hardness (HN) and reduced elastic modulus (Er) values are listed Table 1. In summary, CNx 
surface properties are quite different from those of stainless steel. Thus, a difference between tribological 
behavior of UHMWPE/steel and UHMWPE/CNx is expected. 

      

Table 1. Comparison of properties of CNx with those of steel. 

Property Steel CNx  

Contact angle  at 15 min (°) Water 76.1 39.2 

PBS 42.6 20.1 

Reduced elastic modulus Er (GPa) - 87.9 

Hardness HN (GPa) - 3.1 
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3.2. Sliding of UHMWPE/steel and UHMWPE/CNx pairs 

Fig. 4 shows the coefficient of friction (COF) recorded during the 5000 m sliding for the CNx pin and the 
steel pin. In both cases a progressive increase with time is observed, with the difference that in the 
UHMWPE/CNx the equilibrium COF resulted to be of 0.09 while for UHMWPE/steel was of 0.12, showing a 
substantial improving (25%)  in this value for the coated specimen. 

Wear track profiles on UHMWPE disks after POD testing obtained by profilometry are shown in Fig.5. 
The profiles for 0º, 90º, 180º and 270º were practically identical. It was found that V is almost zero for both 
UHMWPE/steel and UHMWPE/CNx pairs. In both cases a wear mechanism was present which only involves 
plastic deformation, and a wear track with depression and pile-up material at both sides (ploughing) is 
generated. When UHMWPE surface is exposed to unidirectional linear sliding motion, randomly oriented 
polyethylene molecules are stretched by the tangential force and aligned parallel to the sliding direction. The 
resultant molecular orientation in the direction of sliding induces the anisotropic strain hardening of the 
polyethylene surface and subsequently increases the wear resistance to the unidirectional sliding (Sawae, 
2009).   
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Fig. 3. Evolution of contact angles with time of water and PBS        Fig.4. Evolution of COF with sliding distance during POD tests. 
on steel and CNx. 

As a reference, with a completely elastic behavior as considered by Hertz, the maximum contact pressure 
calculations between disk and pin is 40.2 MPa in the center of an apparent contact area of 0.98 mm of 
diameter. From the observation of SEM micrographs of abraded discs and corresponding counterpart (Figs. 6 
and 7), it emerges that the wide of wear track is about 1 mm, for both UHMWPE discs (Figs. 6a and 6b) and 
spherical pins (Fig. 7b). This is to say that the wide track wear is a function of the apparent contact area, 
directly related to the applied load during testing. 

It is evident that no differences in wear behavior emerge from profilometry measurements. Nevertheless 
further SEM examination of wear tracks and pins indicated differences in the deformation patterns display by 
UHMWPE while sliding against steel and CNx. Figure 6 shows different SEM magnifications of the wear 
scars obtained in the UHMWPE disks. By comparing Figs. 6a) and 6c) with Figs. 6b) and 6d), respectively, it 
seems that wear takes place with a greater severity for the UHMWPE/steel pair than for the UHMWPE/CNx 
pair. In fact, it can be observed the apparently deeper plies obtained in the disk of the former pair (Fig 6c) 
than those in the later (Fig 6d). 

Figure 7 shows the corresponding wear scars obtained in the counterpart balls. Figs. 7a) and 7b) shows all 
the wear surface for the steel against UHMWPE and CNx against UHMWPE pairs, respectively, where it can 
be noticed that patches of a continuous transfer film are apparently only obtained in the later case. This can be 
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resolved at higher magnifications, where patches of transferred polymer to the CNx counterpart seem to be 
coherent and continuous (Figs 7d and 7f), whereas a lumpy and non-coherent transfer film (Figs 7c and 7e) is 
observed for the UHMWPE/steel pair. This is in accordance with the lower steady state COF obtained for the 
UHMWPE/CNx pair than for the UHMWPE/steel pair, since formation of coherent and continuous transfer 
film on the counterface is associated with low friction whereas lumpy and non-coherent transfer is associated 
with high friction (Biswas and Vijayan, 1992). 
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Fig. 5. Wear track on UHMWPE as determined by profilometry (a) steel pin (b) CNx coated steel pin.  

 

Fig. 6. UHMWPE disks wear scars, obtained against steel and CNx balls. 
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Fig. 7. Wear scars obtained for uncoated and CNx coated stainless steel balls sliding against UHMWPE disks. 

4. Conclusions 

Trough this work the effect of the surface modification of stainless steel with a CNx film, under sliding 
wear of the UHMWPE/steel was explored.  

It was found that CNx surface properties  wettability, and stiffness  are quite different from those of 
stainless steel.  

The difference in surface properties was accompanied of a substantial reduction of the coefficient of 
friction of UHMWPE/CNx in comparison with the one of UHMWPE/steel under sliding conditions. Even 
tough imposed sliding conditions do not conduct to wear mass loss in UHMWPE, wear track patterns against 
steel and CNx were quite different. It seems that wear takes place with a greater severity for the 
UHMWPE/steel pair than for the UHMWPE/CNx pair. Deeper plies were observed in the disk of the former 
pair than those in the later. Also patches of coherent and continuous transferred polymer to the CNx 
counterpart was seen, whereas a lumpy and non-coherent transfer film was observed for the UHMWPE/steel 
pair. 

Results seem to indicate that this CNx coating would be useful for sliding against UHMWPE under more 
sever conditions like moving cyclically pins which conduct to wear mass loss as well. Other Enginering 
Polymers/CNx pairs are currently under evaluation. 
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