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Abstract 

DLC-coatings are commonly used in industry as a wear protective layer and as a solid 

lubricant for highly loaded tribological contacts. In order to evaluate the wear performance of 

different DLC-coatings under unlubricated oscillating sliding wear conditions and to validate 

the reliability of coated components, many wear-tests with simple model-geometries as well 

as expensive endurance-tests with the real application conditions have to be performed. This 

is because the transfer of the wear results to different contact conditions (variation of load, 

application geometry) is not yet possible. In an earlier paper a novel unified dissipated energy 

model for the ball-on-plate-geometry was developed and its transferability to different types 

of coatings was verified. In this paper the model was applied to different load steps and a 

piston-cylinder-geometry in order to verify its generality. The analytical wear calculation tool 

- the Global Incremental Wear Model (GIWM) - was revised by considering different load 

steps and by implementing a new approach for the calculation of wear in the piston-cylinder-

contact. Based on the good agreement between the experimental results and both wear and 

friction simulations, the validity of the unified wear model regarding its transferability to 

different loading histories and geometries was successfully proven. 

 

Keywords 

Wear-modelling, carbon-based coatings, sliding wear, ball-on-plate-contact, piston-cylinder-

contact 



 

1. Introduction 

  
During the last twenty years, Diamond-like Carbon- (DLC-) coatings have attracted 

considerable attention in tribological applications due to their characteristic properties of high 

wear resistance, high hardness, low friction coefficient, enhanced counterpart protection and 

chemical inertness. Especially in highly loaded tribological contacts, DLC has the function of 

a wear protective coating, as it acts as a solid lubricant [1, 2, 3]. 

A reliable prediction of the coating’s lifetime and a determination of the limitations of 

application represent a great challenge, as they would permit a decrease in the number of 

endurance tests and consequently lead to cost reductions and faster development.  

Since no reliable wear models exist for the calculation of complex DLC-contacts, the 

coating’s performance is currently derived through a sequence of numerous wear tests with 

different levels of simplification. They range from expensive endurance tests on the real 

application to simple oscillating ball-on-plate experiments under accelerated conditions 

(unlubricated, high loads). The simplified experiments allow a rapid classification of the 

coatings for a specific application, but the transfer of these results to the real application 

geometry is very difficult.  

 
The derivation of wear models for different materials and contact geometries have been 

intensively studied in the recent years and numerous, mainly empirical wear models have 

been developed to calculate the wear [4-12]. However, most of these existing wear models are 

restricted to the specific contact conditions used for their development. They do not provide 

the possibility of transferring the model to different geometries or – caused by different 

processing conditions – to a variation of materials, as it is usually the case in industrial 

applications. This also applies to the modelling of DLC-contacts [13, 14].  

 
In a previous work [15], we therefore developed an enhanced unified wear model, which was 

developed and validated with the help of experiments in a ball-on-plate-geometry. It 

calculates the wear and friction behaviour of DLC-coatings of different roughness, hardness 

and Young’s modulus as well as the wear behaviour of the steel counterpart in an unlubricated 

oscillating sliding test. We achieved this with an iterative process including modelling, 

simulations and experiments. The model was validated by means of three different types of 

DLC-coatings with different degrees of surface roughness.  



 

In this paper, we will prove that our wear model can be transferred to different loading 

histories and geometries without any further adjustments. It enables lifetime predictions of a 

component based on accelerated model experiments and allows the designer of a component 

to evaluate the applicability of a certain coating for a specific application.  

 

The model is based on the dissipated energy approach [11, 12] and the assumption that the 

dimensional wear coefficient cpm

Dk /~
 of a specific material m sliding against a counterpart cp is 

the product of a general material- and roughness-independent dimensional wear coefficient *~
Dk  

and the ratio of the hardnesses cpH and mH of the contacting surfaces. For the calculation of 

the wear depth we obtained the differential equation 
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where hm/cp is the wear depth of the material m sliding against a counterpart cp, µ(s) the 

friction coefficient and p(s) the contact pressure. The wear calculation is then realized with 

the extended analytical numerical tool named Global Incremental Wear Model (GIWM) [15]. 

It integrates the unified wear model in dependence of the applied load and sliding velocity 

based on the present average contact pressure. The average contact pressure is calculated from 

the global geometry change due to wear and due to the current elastic deformation in contact 

[14]. In the extended tool [15], important wear influencing contact variables describing the 

wear- and friction-mechanisms are implemented in form of evolution equations. 

They describe, in addition to the development of the linear wear, the surface roughness of the 

DLC-coating, the oxidation of the steel-counterpart as well as the graphitisation of the DLC-

coating based on a single set of material parameters characterising the DLC/steel tribo system. 

The effect of different coatings is included by easy to access parameters, such as surface 

roughness, hardness and Young’s modulus. The resulting generality of this unified wear 

model reduces the parameters, which are responsible for the description of wear, to the 

identification of a single wear coefficient *~
Dk . The validity of this modelling approach was 

carefully validated for different types of DLC-coatings and different degrees of surface 

roughness [15]. 

 

In this study, the model is used to predict the friction and wear behaviour for different loading 

histories for the ball-on-plate-geometry and the piston-cylinder-geometry. The predicted wear 
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behaviour is compared with experimental results with reduced idealisation and different 

geometry. This represents a further validation of the unified wear model for wear conditions 

closer to the real application (load variation, component-geometries) and proves its 

transferability.  

 

 

2. Experiments 

 

2.1 Experimental setups 
 
To prove the generality of the unified wear model for a modified loading history as well as for 

a modified geometry we used a standard SRV oscillating sliding wear tester manufactured by 

Optimol Instruments Prüftechnik GmbH, once with (i) a ball-on-plate geometry, as shown in 

Figure 1, as well as with (ii) a piston-cylinder-geometry, as shown in Figure 2. 

  

2.1.1 The ball-on-plate-geometry 

For the ball-on-plate-geometry, a 100Cr6-steel-ball with a radius Rb = 2 mm slides against a 

flat sample, which can be coated with two different types of DLC-coatings (A and B). The 

investigated DLC-coatings, differing in elastic modulus and hardness, were deposited on flat 

100Cr6-steel samples. The coating’s and the 100Cr6 steel’s micro-hardness values were 

measured according to EN ISO 14577-1:2002 and have the following values: A: 24 GPa, B: 

42 GPa, and 100Cr6: 14 GPa.  

 

2.1.2 The piston-cylinder-geometry 

 

For the piston-cylinder-geometry, a X90CrMoV18-steel-cylinder with an inside radius of 

4.497±  0.00135 mm is tested against two different types of DLC-coatings (A and B) on a 

steel piston with an outside radius of 4.499 ± 0.0005 mm after deposition. The micro-

hardness of the cylinder is 14 GPa, the coatings are the same as for the ball-on-plate-

geometry.  

 



 

 

Figure 1: Testing device for oscillating  

ball-on-plate experiments 

 

 

Figure 2: Testing device for oscillating piston-

cylinder experiments 

 

 

2.2. Experimental test parameters 
 

All sliding wear tests are preceded by a running-in phase in order to increase the 

reproducibility of the measured wear results. The change of the main testing-parameters 

(force, amplitude and frequency) during the running-in phase and during the subsequent wear 

test is displayed in Figure 3 respectively 4.  

For the ball-on-plate geometry, three different loading conditions are applied after the 

running-in phase with a mean load of 40 N. Due to its higher wear resistance in comparison to 

coating A, the load steps for coating B last 10 min longer. The first type of test (1) starts with 

a sequence of three increasing load steps of 20 N, 40 N and 60 N, where each step lasts 20 

min for coating A and 30 min for coating B. The second test (2) applies a constant load of 40 

N for 60 min for coating A and 90 min for coating B respectively, and the third test (3) 

consists of three decreasing load steps of 60 N, 40 N and 20 N, where again each step lasts 20 

min for coating A and 30 min for coating B. The frequency and the amplitude are kept 

constant at 40 Hz and 400 µm, respectively. 

The wear of the piston-cylinder-contact is investigated at two different constant loads of 150 

N (1) and 300 N (2) for duration of up to 160 h.  



 

Figure 3: Standard test-parameters  

for the running-in phase and the subsequent  

wear test for the ball-on-plate geometry.  

After 48m of sliding, the parameters are set to the 

desired test conditions for the wear tests  

 (1) - (3) . 

 
Figure 4: Standard test-parameters for the 

running-in phase and the subsequent wear test for 

the piston-cylinder geometry.  

After 24m of sliding, the parameters are set to the 

desired test conditions for the wear tests  

 (1) and (2). 

 

For the ball-on-plate-test, it is not possible to interrupt a test in order to measure the wear, so 

that the wear depth of the coating is measured only at the end of each individual test. The next 

test has to start with a new pair of samples. In the case of the piston-cylinder-experiment, a 

continuation after measurement was possible. The wear depth was measured by means of cuts 

of calottes in the centreline of the wear track.  

In this study, we consider only the coating’s wear. For the ball-on-plate-geometry, this is due 

to the fact that the main proportion of the counterpart’s wear takes place during the running-in 

phase [15]. Thus, the effect of the different loading histories on the counterpart’s wear is too 

small and vanishes in the testing scatter. For the piston-cylinder-geometry, the cylinder’s wear 

is not measurable with available measurement technology. 

 

 

3 Extension of the GIWM 
 
3.1 Loading history for ball-on-plate-geometry 

 



To model different loading histories, the GIWM-routine [15] had to be extended to simulate 

intervals of different load, different frequency and different endurance as presented in Fig. 3. 

As the GIWM was already extended from [14] to [15] by adding the running-in phase with 

linearly increasing load at different frequency, the present modification with adding testing 

segments at different forces was straight forward and needs no detailed elaboration. 

 

3.2 Transfer to the piston-cylinder-geometry 

The original GIWM for ball-on-disc [16] assuming that only the ball wears was extended in 

earlier works by including the discs wear [14] and for predicting wear in a twin wheel 

tribometer [17]. 

In this work, the GIWM is adapted to the piston-cylinder-geometry in order to evaluate the 

transferability of the unified wear model in accordance to the available validation 

experiments. The piston-cylinder-geometry is typical for applications of DLC in industry and 

represents a more realistic situation compared to the ball-on-plate model experiment, which 

was used to develop the unified wear model and to identify the model parameters. 

The initial contact situation in the piston-cylinder-geometry represents a Hertzian line contact, 

which allows estimating the initial contact area and contact pressure by an analytical solution 

[18]. The maximum contact pressure maxp along the centreline of the contact can be calculated 

according to Hertz with 
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Here NF is the normal load, l is the contact length, which corresponds to the length of the 

cylinder and b is the half width of the contact, given by 
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In Eq. (3) RP is the outside radius of the piston, RC
  the inside radius of the cylinder and E* the 

reduced elastic modulus. The contact width a, which marks the edge of the wear track A (with 

dhm/cp/ds=0), is approximated by 10-times the half width b of the contact, such that the 

pressure at A  is less than 10 percent of the initial pressure [18] and can be considered as zero.  

Due to the wear, both the outer surface of the piston and the inner surface of the cylinder will 

rapidly adapt to each other. This leads to a change in contact geometry, which is represented 

by CR and PR . This conformation is implemented in the GIWM-routine as described in the 
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following subsections. As the GIWM calculates the wear incrementally in dependence of the 

sliding cycles i, the equations are formulated appropriately. 

The relevant amount of wear relevant is limited to the coating thickness, which is small 

compared to the dimensions of the piston and cylinder. Thus we can assume that Eqs. (2)-(3) 

are applicable during the whole lifetime simulation. We calculate the new inner radius C
iR  of 

the cylinder and the new outside radius P
iR  of the piston with each wear increment, i.e. 

C
iR and P

iR  are the radii at the current wear increment i. For the calculation loop at step i we 

use C
iR 1−  and P

iR 1−  to determine the half width bi due to Eq. (3) and the contact width ai= 10bi. 

The adaptation of C
iR and P

iR  are described in the following two subsections. Once they are 

given, we can calculate (pmax)i from Eq. (2) and ihΔ  from Eq. (1). 

 

 

3.2.1 Adaptation of the inner radius of the cylinder 

From the previous wear increment, we assign C
iR 1−  and P

iR 1− . The inside of the cylinder is 

characterized by a circle of radius C
iR 1− with centre point C

iM 1−  at )0/0( . As demonstrated in 

figure 5 (a) and (b), we select for the following considerations two points 1−iP  and Ai-1, the 

first in the middle of the contact and the second at the edge of the wear track. 

We assume that the cylinder’s wear of C
ihΔ  is fully effective along the centreline at the 

contact point )/0( 11
C
ii RP −− . Thus the old point 1−iP  is displaced to the new point iP  with the 

coordinates iP  : ( C
i

C
i hR Δ+−1/0 ). This implies that the piston will gradually rub itself into the 

cylinder. The new worn position of the cylinder, respectively of the circle is described with 

the new cylinder radius C
iR  and the new centre point ))/(0(: CM

i
C
i yM . In order to recalculate 

both radius and centre point, we further suppose that the point Ai remains in its position. 

According to Pythagoras’ theorem, its coordinates are determined by the contact width of 2ai 

and are given by =)/(: A
i

A
ii yxA ( ) )/( 22

1 i
C
ii aRa −− . As both Ai and Pi lie on the circle 

determined by C
iR  and C

iM , we obtain the following.  
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This is an explicit solvable system of equations. With the above constraints, the solutions are 
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Figure 5: Scheme of the conformation of the piston-cylinder-contact. (a) Adaptation of the inside radius of 

the cylinder. (b) Adaptation of the outside radius of the piston. 
 
 
3.2.2 Adaptation of the outer radius of the piston 

The adaptation of the outside radius of the piston is realized analogously to the adaptation of 

the inside radius of the cylinder. Again we describe the outside of the piston by means of a 

circle with central point P
iM 1−  at the coordinates )0/0( and a radius P

iR 1− . Additionally, we 

select the points )/0(: 11
P
ii RP −− and =−−− )/(: 111

A
i

A
ii yxA ( ) )/( 22

1 i
C
ii aRa −− lying on the circle. 

As shown in figure 5 (b), the point 1−iP  on the centreline of the contact moves along the 

negative y-axis with P
ihΔ , the edge point Ai-1=Ai remains in its position. Solving the resulting 

system of equations, we obtain the following expression for the y-coordinate PM
iy )(  of the 

new central point ))/(0(: PM
i

P
i yM of the outside of the piston in wear increment i, 
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and the new outside radius of the piston P
iR , 
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4. Verification of the unified wear model 

In this section, the transferability of the unified wear model will be validated by comparing 

the wear calculations with the experimental results for different loading histories for a ball-on-

plate-geometry and for a piston-cylinder-geometry with different but constant load. 

As mentioned above, this is realized by comparing the wear calculations - all carried out with 

the same constant wear coefficient *~
Dk - with the experimental results.   

 

4.1 Loading history for ball on plate 

Figure 6 and 7 demonstrate the calculated and the experimentally measured wear depths hc of 

coating A and B in dependence on the sliding distance s for the above mentioned loading 

histories.  For both coatings we observe a very good agreement between the experimental 

results and the predicted wear behaviours. The effects of the varying loading history are 

clearly visible in the experimental data points and the observed phenomena are predicted 

correctly including the shape of the curves as well as the quantitative effect. 

Figure 6: wear depth of the coating A  
in dependence on the sliding distance  

for different loading histories. 
 

 
Figure 7: wear depth of the coating B  
in dependence on the sliding distance  

for different loading histories. 

 

If we would assume a constant friction coefficient µ and contact area Areal in equation (1), we 

would expect that the wear depends only on the applied normal load and duration. Since all 

three different loading histories have the same mean normal load, this would lead to an 

intersection of the wear curves at the end of the third wear step at point X. However, Figure 6 

and 7 show that this is not the case. The results clearly support our approach of using 

evolution equations, which allow integrating the current conditions for friction and wear in 

form of state variables over the whole loading history. 

 

Interestingly, the results indicate that it is an advantage to induce the high loads in the early 

part of the loading history.  



As the counterpart wears mainly during the first few cycles of the running-in and as the 

polishing of the surface roughness mainly proceeds during both the running-in and the first 

load step [15], the predicted real contact pressure realp  at the asperities can be assumed to be 

approximately constant during the second and the third wear step as shown in figure 8 and 9 

for the coatings A and B respectively.  

 
Figure 8: predicted real contact pressure  

at the asperities of coating A in dependence of 
sliding distance for different loading histories  

in ball-on-disc-geometry. 
 

 
Figure 9: predicted real contact pressure  

at the asperities of coating B in dependence of 
sliding distance for different loading histories  

in ball-on-disc-geometry. 
 

 

Since the oxide layer is formed within the first cycles, also the ratio of contact hardnesses can 

also be presumed to be constant. Altogether, this implies that the load- and roughness-

dependent friction coefficient is responsible for the advanced intersection of the curves, 

leading to a lower final wear for the type (3) loading history. The comparison between the 

predicted and the experimentally measured friction coefficient is presented in Figure 10 for 

coating A and in Figure 11 for coating B. Both are in good agreement. Only for coating A 

with type (3) loading history, the experimental measured friction coefficient increases at the 

end at load step 3 while the predicted behaviour remains at a constant low level. Comparing 

the curves within Fig. 10 and 11, the initially high load of 60N evidently accelerates the 

decrease of the friction coefficient in the early stage of the experiment. The higher load 

increases both the wear of the surface asperities and the contact temperature, leading to an 

accelerated transformation of the DLC-coating. The agreement with the experimental results 

verifies the approach of the roughness- and graphitisation-dependent friction coefficient of the 

unified wear model, as it has been proposed in [15]. 
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Figure 10: Comparison of predicted and measured 

friction coefficient µ as a function of sliding 
distance for coating A and different loading 

histories. (a) increasing load steps, 20N-40N-60 N, 
(b) decreasing load steps, 60N-40N-20 N 

 

Figure 11: Comparison of predicted and measured 
friction coefficient µ as a function of sliding 
distance for coating B and different loading 

histories. (a) increasing load steps, 20N-40N-60 N, 
(b) decreasing load steps, 60N-40N-20N 

 
4.2 Piston-cylinder-geometry 

In order to prove the transferability of the unified wear model, we use the extended GIWM as 

described in Sect. 3.2 to apply the wear model to the piston-cylinder geometry. The GIWM’s 

predictions and the experimentally measured wear depths for the coatings A and B (piston) 

are presented in Figure 12 and 13. For coating A, the wear behaviour has been investigated 

for 150N and for 300N. For coating B, only data for 300N are given, as the high wear 

resistance would lead to extremely long test durations at the lower load.  

We find a remarkable good agreement between the experimental results and the simulated 

wear prediction. Only in the case of coating A tested at 150N, the experimental results are 

below the prediction for very large sliding distances of more than 6000 m. It can not be 

excluded that inaccuracies during the reassembly after each wear measurement can cause 

errors in the experiments, which sum up and lead to lower amounts of wear particularly under 

small load. Despite this uncertainty these results nicely confirm the geometry-independency 

of the unified wear model and its potential for precise wear and lifetime predictions under 

conditions as they are present in industrial applications. 



Figure 12: wear depth of coating A in dependence 
on the sliding distance for 150N and 300N in 

piston-cylinder-geometry. 
 

 
Figure 13: wear depth of coating B in dependence 
on the sliding distance at 300N in piston-cylinder-

geometry. 
 
 

 

Figure 14 demonstrates the real contact pressure realp  in dependence of the sliding distance s 

for both coatings A and B in the piston-cylinder-geometry. We can see that after the 

adaptation of the contacting surfaces and after the polishing of the surface roughness the real 

contact pressure is stabilized at around 10 N/mm2. This pressure level is between one and two 

orders of magnitude smaller compared to the pressure in the accelerated ball-on-plate model 

experiment (see Figure 8 and 9). The fact that the pressure range used for the model 

development does not drop near to the level present in the piston-cylinder-geometry 

underlines the importance of the quantitatively correct predictions presented in Figs. 12 and 

13. Hence, the validity of the unified wear model for both geometries is a further 

demonstration of the generality of the unified wear model. 

 

 
Figure 14: predicted real contact pressure at the asperities of coating A (150N / 300N)  

and B (300N) in dependence of sliding distance in piston-cylinder-geometry. 

5. Conclusions 
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In this study we successfully validated a novel unified model, which allows predicing the 

behaviour of friction and wear in DLC/steel contacts for various loading histories and 

geometrical configurations. In the case of a ball-on-plate-geometry different types of loading 

histories were applied ranging from steps with increasing, constant, and decreasing load. It 

was shown that the GIWM implementation of the model accurately predicts both friction and 

wear behaviour for the different loading histories. Moreover, we could show that higher loads 

in the initial stages accelerate the generation of graphite, leading to an improved lubrication 

and lifetime of the component.  

The transferability of the wear model to other geometries was shown using a piston-cylinder-

geometry with constant load after running-in. The predictions for the different geometry were 

performed by the extension of the GIWM for the new geometry only and without any 

adaptation of the wear model or its parameters itself. The agreement between the 

experimental results and the predictions obtained from the GIWM validates the unified 

friction and wear model and underlines the importance of considering the whole evolution of 

the important physical phenomena, such as surface roughness, graphitisation, and oxidation of 

the counterpart throughout the lifetime of a component.  
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