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ABSTRACT 

Moving machine assemblies are generally designed to operate in full film lubrication regime to ensure high 

efficiency and durability of components. However, it is not always possible to ensure this owing to changes 

in operating conditions such as load, speed, temperature etc. The overall frictional losses in machines are thus 

dependent on the operating lubrication regimes (boundary, mixed or full-film). The present work is thus 

aimed at investigating the role of different surface modification technologies on friction of a conformal 

tribopair both in boundary and full film lubrication regimes. The conformal pair chosen is a hydrodynamic 

bearing with some hydrostatic lift.  

A special test rig comprising of two bearings was built for the experimental studies. Tribological tests were 

conducted in a wide speed range so as to enable studies in all lubrication regimes i.e., in boundary, mixed and 

full-film lubrication.  

The influence of application of different surface modification technologies on friction has been studied. In 

all, rollers with five coatings (four hard DLC coatings and one self-lubricating coating) and two rollers 

without coating having different surface finish. 

Friction measurements were made on the new as well as the previously run-in components. The different 

coatings exhibit different levels of boundary friction, with the self-lubricating coating having lowest 

boundary friction, closely followed by those with hard DLC coatings. The softer amongst the hard DLC 

coatings showed similar boundary friction compared to that with uncoated rollers. The lift-off speed, i.e., the 

transition between full-film to mixed and boundary lubrication mainly governed by the surface topography 

characteristics. A smooth surface finish can be achieved either by polishing before the test or by effective 

running in of the new surface. The effectiveness of running-in of surfaces was influenced by the surface 

roughness and hardness of the interacting surfaces. 
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1. INTRODUCTION 

The emphasis on reducing friction coefficient and 

wear in tribological interfaces has become 

increasingly important in industrial applications in 

order to enable higher loading of machine 

components, minimise energy losses and enhance 

durability of machines. In lubricated moving 

machine assemblies (MMAs), the lubricating 

conditions range from full film lubrication to 

boundary lubrication due to the changes  in the 

operating conditions such as load, speed and 

temperature  (consequently the viscosity of the 

lubricating fluids).  

 

In full film lubrication, the friction is mainly 

dependent on the rheological properties of the 

lubricant and practically there is no wear as long 

as the lubricant is free from the presence of 

contaminants. In the mixed and boundary 

lubricating regime, the surface roughness, material 

characteristics and shear strength of interacting 

tribochemical films on the operating surfaces 

determine the resulting friction and wear. 

 

Recent years have seen a very rapid development 

in surface modification and coating technologies 

for tribological applications. Hard diamond like 

carbon (DLC) coatings and several other PVD 

coatings are being explored for improving the 

tribological performance of MMAs operating in 

boundary lubrication regime. DLC coatings can be 

divided into non-doped and doped DLC coatings. 

Non-doped coatings consist of C and/or H atoms 

only while the doped ones contain additional 

metal or non-metal elements. DLC coatings can be 

further divided with respect to their hydrogen 

content and their carbon structure. Pure, non-

hydrogenated carbon coatings are called 

amorphous (a-C) if they consist of mainly sp2 

bonded carbon or tetrahedral amorphous carbon 

(ta-C) if they consist of a high degree of sp3 

bonded carbon resulting in higher hardness of the 

coating. Similarly, if the coatings include high 

level of hydrogen, they are called a-C:H or ta-

C:H.  

 

The performance of DLC coatings can be highly 

dependent on the operating environment and this 

aspect has been studied by several authors [1, 2, 3, 

4, 5]. For example, non-hydrogenated a-C or ta-C 

coatings have high friction and wear in inert 

environment while they have low friction in 

humid air and in water. Matta et al [1, 6] and Kano 

[7] have recorded extremely low friction of ta-C 

coatings when lubricated with glycerol or ester 

containing lubricant. They suggest that 

triboformed OH-terminated surfaces can provide 

low friction.  

 

DLC surfaces are often considered to be inert but 

it has been shown that their interaction with 

lubricants containing FM (friction modifiers), AW 

(anti wear) and EP (extreme pressure) additives 

result in friction reducing tribofilms on DLC 

surfaces [8, 9, 10, 11]. New types of tribofilms 

have also been discovered with DLC films. 

Podgornik et al have shown that W-DLC coatings 

form a WS2 type of tribofilm during the 

tribological process in presence of S containing 

EP lubricants [12, 13] 

 

The surface roughness of a DLC coated surface 

has been found to influence friction and wear 

owing to the high hardness of the coating. Large 

improvements in wear and friction characteristics 

have been observed after the polishing of ta-C 

coatings [14, 15]. 

 

Materials with hexagonal structure like MoS2 and 

WS2 also have the potential to reduce friction. Co-

sputtering of MoS2 with certain elements has been 

effective in improving the wear resistance of 

MoS2 films [16]. 

 

In the present work, the tribological behaviour of 

different PVD coatings (mostly DLCs,) has been 

investigated by employing a conformal (sliding 

bearing/roller) contact configuration under 

lubricated sliding conditions. The main emphasis 

of these studies have been to study the frictional 

behaviour of conformal pairs involving different 

coatings in boundary lubrication regime and also 

the transition to mixed and full film lubrication for 



different coatings. As illustrated in Figure 1, the 

main goal of this work is to reduce friction in the 

boundary lubrication regime as well as early 

transition ( i.e., at lower speeds) to mixed and full 

film lubrication regimes. 

 
Figure 1 Stribeck curve indicating the desired results of 

the work, that is reduced boundary friction but also 

lowered transition speed to mixed and full film 

lubrication. 
 

2. DESCRIPTION OF TEST RIG 

The tribological studies were conducted by using a 

specially designed test rig as shown in Figure 2. 

This rig has two conformal contact bearings 

mounted opposite to each other and are loaded 

against rotating rollers. The rollers are rotated by a 

central roller as shown in Figure 2. The rotational 

torque of the central roller is measured and it 

enables in obtaining the frictional losses in the 

bearing system. The arrangement of having two 

bearings is mainly to nullify the forces acting on 

the center roller. This allows for small roller 

bearings to support the central roller and 

minimizes the contribution from the roller 

bearings to the measured frictional torque. Torque 

up to 1000 Nm can be measured and the torque 

sensor accuracy is +/- 1 Nm. The test chamber is 

filled with oil and its temperature can be 

controlled within +/- 2°C. 

 
Figure 2 Description of test rig 

3. EXPERIMENTAL WORK 

In this work, tribological studies were performed 

on rollers with and without coatings during 

operation in the bearing under lubricated 

conditions. The coatings on the roller test 

specimens were mainly different variants of DLCs 

and in one case it was of a solid lubricant material.  

3.1. Tested specimens 

Table 1. Description of roller and bearing surfaces 

 
Test Coating 

roller 
Hardness 
roller 

surface 

Surface 
roller 

Surface 
bearing 

A DLC 1500HV Ra 0,1 Ra 0,2 

B DLC 1500HV Ra 0,1 Ra 0,2 

C DLC 4000HV Ra 0,1 Ra 0,2 

D DLC 3000HV Ra 0,1 Ra 0,2 

E Solid 

lubrication 

1000HV Ra 0,1 Ra 0,2 

F No coating 700HV Ra 0,1 Ra 0,2 

G No coating 700HV Ra 0,05 Ra 0,1 

 

 

The details of the roller and bearing surfaces are 

given in Table 1. In test A-F, lapped bearing 

surfaces were used. In test G, both the bearing and 

the roller were smoother. The material of the 

bearing is grey cast iron and its hardness is 

250HV. The different coatings on roller test 

specimens were deposited using commercial 



vacuum deposition processes. Roller C was 

polished after the deposition of the coating 

deposition since the as produced surface from the 

coating process was very rough. The substrate of 

all rollers was through hardened and tempered 

100Cr6 bearing steel having a hardness of 700 Hv. 

 

The lubricant used in all the tests was a fully 

formulated ISO VG68 mineral oil containing AW 

additives. All tests were performed at 50°C and 

the corresponding fluid viscosity was 40 cSt. 
  

3.2. Friction measurement during speed 

scanning 

The friction measurements were conducted at 

various speeds from 3 m/s down to very low 

speed. These tests were conducted at three 

different loads, 18, 36 and 54 kN. The test 

duration was 15 minutes for each load step. 

3.3. Running in 

Additional frictional studies were also carried out 

after running-in the surfaces. The surfaces were 

run-in at the highest load and low speed during 

one hour and friction measurements were 

subsequently done according to the procedure 

described above in section 3.2. 

 

3.4. Surface analysis 

The tribological surfaces were analyzed by using a 

Wyko 3D optical surface profiler both before and 

after the tests by preparing replicas of the surfaces. 

The worn surfaces of roller and bearing test 

specimens were also analyzed by using SEM.  

4. RESULTS 

4.1. Friction results 

The frictional characteristics of different 

tribological surfaces were studied in all the 

lubrication regimes by running tests at different 

speeds, see Figure 3. On the right side of the 

minimum friction is the full film lubrication and 

the friction in this regime increase with speed and 

it is mainly caused due to viscous losses. Just on 

the left side of the minimum friction is the mixed 

lubrication regime where the friction starts to 

increase as the speed is decreased. At extremely 

low speeds, the friction level out when the 

operation is in boundary lubrication and in this 

regime the load is supported by the contacting 

surface asperities.  

Comparison of the friction characteristics of 

different tribological surfaces was done at three 

different sliding speeds in order to investigate 

their behaviour in different lubrication regimes as 

indicated in Figure 3. These lubrication regimes 

are called boundary friction, mixed friction 1 and 

mixed friction 2 respectively. 

 

 
Figure 3 Typical friction result from test with indicated 

speed for friction comparison. 
 

The boundary friction is mainly dependant on 

tribochemical films formed and the composition 

of the mating materials. The boundary friction 

characteristics of the different tribopairs are 

presented in Figure 4 in which the relative friction 

coefficient is presented in comparison to the 

friction coefficient for tribopair A before running-

in. Tribopairs A, B, F and G have similar 

frictional characteristics and test D results in 5% 

lower friction compared to that in the reference 

pair. In marked contrast, tribopairs C and E result 

have shown superior friction characteristics and 

result in 30% and 50% lower friction respectively. 

The running-in of the surfaces has negligible 



effect on boundary friction in all cases except for 

tribopair E in which the running-in increases 

friction considerable. Among the DLC coatings, 

tribopairs involving the harder DLC coatings i.e., 

C and D have resulted in the lowest boundary 

friction.  

 

 
Figure 4 Boundary friction at 54 kN load. 
 

The reduction in friction when speed is increased 

is attributed to the hydrodynamic effects and as 

mentioned earlier the frictional characteristics of 

various tribopairs has been studied at two different 

speeds (both in mixed lubrication regime) 

according to Figure 3. Comparison of the friction 

coefficients of different tribological pairs at these 

two speeds are presented in Figures 5 and 6 

respectively. Tribopairs A and B have shown high 

initial friction values in mixed regime but these 

decrease after the running-in of the surfaces. The 

behaviour of tribopair D is similar to those of A 

and B but in this case the initial value is lower. 

The friction in case of tribopair C is low from the 

beginning and the running-in has only a marginal 

influence. The frictional characteristics of 

uncoated surfaces F and G are only slightly 

affected due to running-in but in case of G (with 

polished surfaces) the friction is lower in mixed 

lubrication regime.  

 

 
Figure 5 Mixed friction 1 at 54 kN load. 

 
Figure 6 Mixed friction 2 at 54 kN load. 

 

4.2. Running-in of surfaces 

Running-in of surfaces mainly takes place on the 

bearing surface because the roller is considerably 

harder and smoother except testing case of E in 

which the coating is worn. Wear of piston surfaces 

have been characterized and compared by the 

surface topography parameter ‘Rk’ (Figure 7) and 

the surface texture images as shown in Figure 8. 

Rk is one of the bearing ratio parameters and is 

the core roughness. Rk effectively describes the 

remaining original surface after wear. The 

comparison is only valid if the wear process is 

polishing and no deep scratches are produced in 

the direction of sliding. The measurements are 

made on a location where the pressure is highest, 

according to calculations. Bearings A-F are 

produced in the same batch and average and 

standard deviation of Rk from all bearings are 

used as the starting value. Five measurements 

were made on the worn bearings, and the results 

are presented as mean and standard deviation. 



When comparing the hard DLC coatings, the 

bearing surfaces are more effectively run-in with 

the hardest coatings, e.g., C and D, whereas 

coating A and B show mild wear and scratches 

from production are still visible. Tribopairs E, F 

and G show negligible running-in effects. 

 

 
 

Figure 7 Surface roughness parameter Rk before and 

after test. 
 

 
Figure 8 Bearing surfaces after test. Sliding direction is 

indicated for Test A. 
 

 

 

The bearing and roller surfaces from E were 

studied in SEM-EDS. Abrasive wear and 

delamination of coating was found on the rollers. 

Figure 9 a) shows a backscattered image with 

elemental contrast. The different contrast in the 

delaminated area proves that the coating has 

partially worn. The complete removal of the 

coating could not be ascertained owing to the 

relatively large penetration depth in SEM analysis. 

On the bearing surface, the presence of some 

oxide particles containing Mo and Ti emanating 

from the coating have been detected by EDS 

analysis, see dark spots in Figure 9 b). If the oxide 

particles are harder than the steel roller, the 

occurrence of abrasive wear may be caused by 

scratching of the roller by these particles, 

embedded in the bearing material. The ploughing 

action of the hard particles may also explain the 

increased boundary friction. 
 

  
Figure 9 Test E: a) roller surface, b) bearing surface, 

arrows indicating dark spots which has different 

chemical composition than the grey areas. 
 

  
 

Figure 10 EDS spectra from bearing surface in test E. a) 

in dark spots, b) in grey areas. 

5. DISCUSSION  

The speed scanning at the two lower loads prior to 

the presented friction at the highest load may have 

contributed to some running in. This can explain 

as to why the test C results in low mixed friction 

and smoothened surfaces but no difference in 

mixed friction before and after the running in. 

However, for tribopair G, the small difference in 

both friction and surface roughness before and 

after the running in indicates that this tribopair is 

run in before test. 

a) 

a) 

b) 

b) 



 

In Mixed 1 regime, polished surfaces have lower 

friction than surfaces run in by hard DLC 

coatings. In Mixed 2 regime, however, the 

difference is smaller and test D has actually lower 

friction compared to polished surfaces. This can 

be explained by the better conformity achieved by 

a rapid running-in by DLC coatings. Polished 

surfaces will not run in and that can be a 

disadvantage in the Mixed 2 regime where form 

rather than surface roughness influence friction. 

 

In the Mixed 1 regime the influence of boundary 

friction will be high but hydrodynamic effect is 

also important. This phenomenon is more clearly 

seen by comparing E and G in Figure 5 where the 

low friction in Mixed 1 regime for test E is 

explained by low boundary friction and for G by a 

hydrodynamic effect due to the polished surfaces. 

 

Two coatings are interesting when it comes to 

fulfilling the goal presented in Figure 1. Coating D 

gives lowest lift off speed of all the tested coatings 

and also some reduction in boundary friction. 

Coating C gives good lift off speed and 30-35% 

reduction in boundary friction. 

 

The presented friction coefficients originate 

mainly from the bearing-roller interface but some 

contribution will come from the rolling friction 

against the center roller, especially at high speed 

where the bearing-roller friction is low. 

 

These friction measurements have been made only 

once for each tribo pair and therefore any 

variation in friction depending on scatter in 

production quality has not accounted for. 

6. CONCLUSIONS 

- The test rig developed during this work 

allows friction studies on conformal 

tribopairs in all lubrication regimes i.e., in 

boundary, mixed and full film lubrication 

regimes. 

- The boundary friction characteristics of 

medium hard DLC coatings (A and B) are 

similar to that of uncoated surface but 

result in lower friction in mixed lubrication 

regime due to their effective running-in 

behaviour. 

- The boundary friction characteristics of 

hard DLC coatings (C and D) are superior 

to that of the uncoated surface and also 

result in lower friction in mixed lubrication 

regime due to effective running-in. 

- Polished surfaces are run in before test as 

indicated by their unchanged mixed 

friction and surface roughness before and 

after running-in. However, after running-in 

with hard DLC coatings, similar or lower 

friction is achieved at the entry to mixed 

regime, possibly due to improved 

conformity of the surfaces. 

- The solid lubricant coating has lower 

boundary friction initially but the friction 

increased during running in but abrasive 

wear damaged the coating. Particles 

consisting of Ti, Mn and O indicate that a 

hard oxide is formed. 
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