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Chapter 4 

 

Microscopic investigations of the lubrication mechanism of Diamond-Like 

Carbon  
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4.1 Introduction 

 

Diamond-like carbon is a well-known solid lubricant coating used in a wide 

range of industrial applications to reduce excessive wear and friction. During the 

last decades, DLC coatings have revolutionized many technologies. High hardness 

and wear resistance [1-3,10], high thermal resistivity [e.g. 4,5], a low friction 

coefficient [3] and excellent chemical inertness [9] are the common properties 

associated with DLC films. This material has strongly proven itself in modern 

bearings, machine tools, gears, artificial human joints [8], etcetera. Due to its 

chemical inertness, DLC is widely used in vapor- and oil-lubricated contacts [1-5].  

In parallel with increasing interest in its application, many research efforts 

are put into a fundamental understanding of the mechanism by which friction is 

lowered by DLC coatings with various chemical compositions. In the literature one 

finds different scenarios for the formation of a lubrication layer [e.g. 12-17, 31, 14]. 

Among these are the partial graphitization (or rehybridization) of the DLC surface 

[21-23], the passivation of the surface by water molecules [32] and the removal of a 

surface oxide [14].  

Most previously published friction experiments on DLC have been 

conducted with uneven distributions of the loading force, at high speeds and 

without detailed control over the contact geometry. This makes it difficult to 

directly observe the dynamics and development of a lubrication layer on the 

studied DLC surfaces. Therefore, the formation process of the lubrication layer on 

DLC remains subject of debate. 

In the present study, we focus on friction and wear of micropatterned DLC 

surfaces under ambient conditions, i.e. at room temperature in air at various levels 

of the relative humidity and in the absence of additional lubricants. We directly 

observe the formation of a layer of wear particles and show that its presence 

correlates with a reduction in the friction coefficient. We provide various local 

measurements on these particles that strongly favor the graphitization scenario, 

mentioned above. 
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4.2 Experimental 

 

The experiments described in this chapter are performed on Dylyn DLC 

coatings (a-C:H)). The DLC films were deposited by magnetron sputter deposition 

on disk-shaped SiSiC substrates with a diameter of 5 𝑐𝑚. The DLC films are 

hydrogenated, because they were deposited in H gas atmosphere. The resulting H 

content in the films is estimated to be about 30 𝑎𝑡.  %. The thickness of the 

deposited DLC films is approximately 800 𝑛𝑚. The hardness of the DLC films was 

measured with a nanoindenter to be 35 ± 2 𝐺𝑃𝑎. In order to limit the region where 

mechanical contact is to occur, the SiSiC substrates were micropatterned to expose 

three cylindrical mesas by means of plasma etching, prior to the deposition of the 

DLC film. The three mesas are positioned symmetrically on a 4 𝑐𝑚 diameter circle, 

as shown in Fig. 4.1. Each of the mesas has a diameter of 350 𝜇𝑚 and a height of 

50 𝜇𝑚.  
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Figure 4.1. a) Principal schematic of the DLC-coated SiSiC substrate with the symmetrically positioned 

cylindrical mesas (yellow circles). b) SEM micrograph of one of the three mesas. 

 

The topography of the SiSiC mesas prior to DLC deposition exhibits 

relatively large polished plateaus (domains) with an average roughness of 

10 ÷ 15 𝑛𝑚. After deposition of the DLC coating, the resulting surface roughness is 

nearly unchanged. A typical AFM height map of the plateaus shows long scratches 

and local pits, originating from the final, fine-grain polishing treatment of the 

substrate (Fig. 4.2).  

a) 

b) 
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Figure 4.2. 15𝑥15 𝜇𝑚2 AFM height image of the surface of a flat plateau on a DLC-coated mesa. The 

surface is composed of flat areas with scratches and pits, separated by deeper parts. An average roughness of the 

flat plateau is 10 ÷ 15 𝑛𝑚. Areas between the plateaus are lower than the plateaus. 

 

Figure 4.3 shows two optical micrographs of a DLC-coated mesa, taken with 

a Bruker Contour Elite 3D Optical microscope. The two micrographs represent an 

overview over one entire mesa and a local region of the mesa surface at higher 

magnification. Again, we recognize the flat plateaus and we see that they are 

distributed densely over the mesa and that they cover most of the surface. 

Consistent with the AFM image of Figure 4.2, the optical micrographs show that 

the regions between the plateaus are all lower than the plateaus themselves. 
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a) 

b) 

 

Figure 4.3. 3D optical micrographs of a DLC-coated mesa. a) complete mesa; b) representative, local area 

of 156 × 117 µ𝑚2 on the mesa. 
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As a counter-surface for the friction experiments we use 2 inch diameter 

Si(100) wafers with a thickness of 250 𝜇𝑚. Typically, these wafers are mildly 

warped. Using an interferometer, we measure the out-of-plane deformation to be 1 

to 5 𝜇𝑚 across the wafer diameter. The weight of a wafer is approximately 

12 ± 0.15 𝑚𝑁. The precise value is measured for each separate wafer with a 

sensitive scale, prior to each friction experiment. Most experiments are conducted 

with untreated wafers supplied by Si-Mat Company [48], for which the surface is 

known to be covered by a native oxide, SiO2, with a typical thickness of 2 ± 0.5𝑛𝑚. 

All friction experiments were conducted using a polished side of the Si wafers, 

which roughness was measured to be 0.9 ± 0.2 𝑛𝑚 (Fig. 4.4). Some of the wafers 

are covered with a DLC coating, giving us the possibility to create two different 

tribological pairs, as will be discussed later. 

 

 

 

Figure 4.4. 9 × 9 𝜇𝑚2 AFM height image of a polished side of the Si wafer. 

 

Static and dynamic friction forces are measured with a friction force 

microscope in the form of a Bruker Universal Mechanical Tester (UMT-1). The 
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microscope is equipped with a sensitive, low-noise, three-dimensional strain-gauge 

force sensor that has a resolution of 1 𝜇𝑁 for both components of the lateral force 

and for the normal force. The sensor can be operated in a force range from 

approximately 10 𝜇𝑁 to 12 𝑚𝑁. The maximum force value the microscope is able 

to measure is set by the mechanical strength of the sensor components. As a ‘probe’ 

we use a rectangular aluminum block attached to the sensor. The dimensions of 

this block are 5 × 5 𝑚𝑚2 parallel to the (horizontal) sliding interface and 15 𝑚𝑚 in 

height. A photograph of the measurement system and a schematic picture of the 

geometry are presented in Figs. 4.5 a and b. The aluminum block is used to push 

the silicon wafer back and forth along the micropatterned substrate, 

simultaneously measuring the lateral forces, exerted on the block. 

In the UMT-1 setup, the three-mesa substrates are mounted on a positioning 

stage beneath the sensor. The stage can translate along the two lateral directions, 𝑋 

and 𝑌, while the force sensor can translate along 𝑍, all using built-in stepper 

motors with an accuracy of 100 𝑛𝑚. The stage can rotate (𝛩) with an accuracy of 

10 𝑛𝑟𝑎𝑑. A very important question is how to properly align the contacting 

surfaces with respect to each other. We achieve the best possible alignment without 

any mechanical adjustments by simply positioning the slider (i.e. the silicon wafer) 

onto the substrate (DLC-coated SiSiC) under the force of gravity. The silicon wafer 

freely rests on the DLC-coated mesas with a normal force dictated by its own 

weight (12 𝑚𝑁). Friction forces are measured by using the aluminum block on the 

force sensor to apply tangential forces on the flat side (marker plane) of the wafer. 

In this way, no torque is exerted on the wafer, which therefore remains aligned and 

in proper contact with the substrate throughout the entire sliding experiment. The 

normal force can be increased by adding calibrated weights on top of the wafer.  

Some experiments are conducted in reciprocating mode, using a sequence of 

displacements of the Si wafer back and forth along the sliding direction. This 

enabled us to observe run-in behavior of the DLC films without limitations on the 

total sliding distance. We solve this problem by means of gluing two square pieces 

of silicon wafer, each with dimensions of 0.5 × 0.5 𝑐𝑚2, on top of the unpolished 

side of the sliding Si wafer. They are positioned accurately with respect to the 

center of the wafer and aligned with respect to each other. Therefore, the 

aluminum block of the UMT-1 setup can be placed between them and sequentially 

moved back and forth to conduct the measurement of the lateral force. The 
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resulting value of the lateral force is found to be in good agreement (absolute 

difference up to 5%) with the value measured by pushing against the side of the 

wafer, as described above. The additional normal load due to the square blocks is 

1 𝑚𝑁. Unfortunately, in some experiments we recognize that even a slight 

asymmetry in the gluing of the two auxiliary Si pieces with respect to the center of 

the sliding wafer results in differences between the values of the lateral forces 

measured in the forward and reverse sliding directions. On the other hand, 

differences of this type are fully systematic and remain unchanged during the 

sliding experiments. The measurement in Fig. 4.12 demonstrates such a slight 

asymmetry between the lateral force values for sliding in the two opposite 

directions.  

With this experimental arrangement, a friction measurement with the UMT-

1 setup is composed of a sequence of short, unidirectional sliding trajectories of 

typically 1 𝑚𝑚 sliding distance. At the end of each trajectory, the sliding direction 

is reversed. We plot the sequence of positive and negative lateral forces that are 

measured during a series of forward and reverse sliding trajectories into a single 

plot, from which we can see the full history of the friction force over the sequence. 

Friction experiments are conducted at temperatures of 21 ÷ 25°𝐶. The 

atmosphere in the UMT-1 chamber can be controlled by passing a mixture of dry 

nitrogen gas and moist air through it. In this way, the relative humidity (RH) in the 

chamber can be varied between 1% and 90%. The RH was measured close to the 

substrate position with a hygrometer, Vaisala HM40 [55]. 

Additional topography and friction measurements on nano- and 

microscopic levels are performed with an Atomic Force Microscope (AFM) 

Dimension Icon (Bruker). Friction force measurements with this AFM are all 

carried out with Bruker silicon nitride V-shape probes DNP-10 with normal spring 

coefficients of 0.05 to 0.2 𝑁/𝑚. 

We inspect the surfaces of the wafer and the mesas at various stages in our 

experiments with Scanning Electron Microscopy (SEM) and Energy Dispersive X-

Ray Spectroscopy (EDX), using a FEI Verios. Micro-Raman Spectroscopy is 

performed on Renishaw Raman microscope, with a laser wavelength of 514 𝑛𝑚 

and an exceptionally small laser spot size of 500 𝑛𝑚, enabling us to acquire local 

spectra on specific structural features. 
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a) 

  

b) 

Figure 4.5. a) Photograph of the Bruker Universal Mechanical Tester (UMT-1) used 

for most of the friction experiments in this chapter. Indicated are the translation-rotation 

stage on which the three-mesa substrate is mounted and the strain-gauge force sensor that 

is used to exert the lateral force on the sliding wafer. b) Schematics of the experimental 

setup, with the three mesas (yellow), the silicon wafer (grey) and the aluminum block (red) 

that is connected to the force sensor. 
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4.3 Results and discussion 

 

The first set of experiments was conducted with pristine silicon wafers as the 

counter-surface. As the wafers are nearly flat, they provide a well-defined interface 

geometry with the DLC-coated mesas. This geometry is dictated by the detailed 

pattern of asperities on the three mesas and remains unchanged, irrespective of the 

sliding direction and speed and of changes from one silicon wafer to another.  
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Figure 4.6. Initial reciprocating friction measurement with a silicon wafer on a ‘fresh’ DLC-coated three-

mesa sample. The rapid reduction in lateral force illustrates the run-in process. Normal load 13 𝑚𝑁, velocity 

10 µ𝑚/𝑠𝑒𝑐, relative humidity 45%. Black arrows point at the sliding direction. 

 

Each friction experiment with a new DLC coating began with a so-called 

‘run-in’ period, during which the friction forces started out high and gradually 

decreased to low and stable values. Figure 4.6 illustrates the run-in process for a 

new silicon wafer sliding for the first time on a substrate with freshly prepared 

DLC-coated mesas. After a total sliding distance of only 10 𝑚𝑚, the friction force is 

decreased by approximately a factor 5. This indicates that the contacting interface 

has undergone a dramatic change that causes excellent lubrication. We ascribe our 



70 

short run-in distance to our special geometry in which the sliding, flat silicon wafer 

makes contact continuously with the same asperities, which leads to their rapid 

modification. 

Directly after the first friction measurements and total sliding distance of 

15 𝑚𝑚, the surfaces of both the silicon wafer and the mesas were inspected with 

SEM and EDX in search for structural or compositional changes. The SEM images 

show that the mesas get decorated by third-body elements. Figure 4.7 shows a 

comparison of two similar regions of a DLC-covered mesa before and immediately 

after the run-in. Comparison of precisely the same locations prior to and after the 

first sliding experiment is rather difficult, because one should know beforehand at 

which exact location on the mesa the third-body particles will be formed first. In 

Fig. 4.7b one can see substantial numbers of flakes and particles distributed in 

depressions between the flat plateaus. The difference in contrast (i.e. in electron 

work function) between the SEM images in Figs. 4.7a and 4.7b indicates 

physical/chemical changes occurring in the top layer of the DLC during the initial 

sliding. We will return to this in the Results and Discussion section. 

 

 

a) 

 

b) 

 

Figure 4.7. Comparison of SEM micrographs of nearly the same area of a DLC-coated mesa before (a) and 

after the run-in process (b) of Fig. 4.6. The arrow in panel (b) indicates one of the numerous third-body particles 

that decorate the mesa after the first sliding contact. Higher-resolution images of these particles are shown in Fig. 

4.8. 

Upon closer inspection with EDX it appears that not one but two types of 

new species can be identified. The first type, Fig. 4.8a, is formed by flake-like 

silicon particles. They form a wear product of the silicon wafer, due to its contact 

with the relatively sharp nano- and micro-asperities on the mesa surface. Figure 
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4.8b shows another location where debris has developed, the EDX spectrum 

showing mostly carbon and no silicon. These carbon-based flakes must be worn off 

from the DLC surface due to the high local stresses during the initial sliding. They 

are typically in the order of 0.5 𝜇𝑚 diameter and 10 to 25 𝑛𝑚 thick. Interestingly, 

some of these particles show a different contrast in the SEM images, which 

indicates a difference in electronic structure with respect both to the substrate and 

to the other particles. We will return to this observation later. According to our 

SEM analysis, both types of flakes can easily shear across the surface, changing 

their locations during the sliding of the silicon wafer on top. We conclude this, 

based on the absence of some of the particles in the SEM images from the DLC 

mesa after the sliding experiments. We find, however, that they are not likely to be 

transferred to the silicon surface, which shows that their adhesive interaction with 

the DLC surface is significantly stronger.  
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Figure 4.8. SEM images and EDX spectra on the DLC-coated mesas after the run-in process: a) silicon 

flakes, b) carbon-based flakes. EDX spectra are measured at the locations marked with the white circles. 

 

In contrast with the carbon-based flakes, the silicon flakes are generated 

primarily within the first sliding cycles. Indeed, one can assume that during the 

run-in phase the silicon wafer makes direct mechanical contact only with a few 

microscale asperities on each of the three DLC-coated mesas. The resulting contact 

stresses may easily reach tens of GPa, thereby exceeding the fracture stress of bulk 

silicon is 10 𝐺𝑃𝑎 in humid environment [44]). After the run-in process, contact 

stresses are lower and do not result in fracture of the silicon wafer anymore, even 

though they may remain significant – a point that will be of qualitative importance 

later in this chapter. 

Hand in hand with the deposition of silicon flakes on the DLC-coated mesas, 

wear tracks are formed on the silicon wafer, in the areas where the wafer was in 

direct contact with the DLC mesas. Optical microscopy images (Fig. 4.9) show 

scratches on these locations. The total length of each wear track is equal to the 

sliding distance covered during the run-in phase. SEM images show two types of 

wear tracks, one type resulting from a continuous, smooth cutting through the 

silicon (Fig. 4.10a), while the other indicates a repeated chipping off (Fig. 4.11b), 



73 

reminiscent of stick-slip motion. Both types show the removal of silicon from the 

wafer, so that both should be expected to result in the supply of silicon flakes to the 

sliding interface. 
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Figure 4.10. Optical micrographs (dark field) of the wear tracks formed on the sliding surface of the 

silicon wafer during the run-in process on the DLC-coated three-mesa surface. Note the high density of silicon 

particle debris along each wear track.  

 

 

a) 

 

b) 

 

Figure 4.11. SEM micrographs of wear tracks on the silicon wafer: a) a small-scale region with a 

continuous cut through the silicon surface; b) a large-scale image showing the result of a ‘stick-slip’-type sequence 

of chipping events. 
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Once the run-in is complete and the friction force is low, any subsequent 

sliding of the wafer does not lead to any further wear of the silicon wafer. When 

we replace the first silicon wafer, used for running in, by a fresh wafer, the friction 

force remains low (Fig. 4.12) and the new wafer is not scratched. Note, that there is 

a consistent absolute difference between the values of the lateral force measured 

during sliding from right to left and from left to right. This is presumably due to 

slight difference in position of the Si blocks placed on top of the wafer with respect 

to its center, as discussed above in Experimental. For this reason, here we show an 

average value of the friction coefficient of the corresponding reciprocating paths 

< 𝜇 >. 
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Figure 4.12. Reciprocating friction measurement performed with a fresh silicon wafer on a DLC-coated 

substrate, after the substrate had been run in with a separate silicon wafer, similar to the friction sequence 

displayed in Figure 2. Normal load 13 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐, relative humidity 45%. Black arrows point at the 

sliding direction. 

 

During consistent inspection of the fixed locations on the DLC mesas which 

contain Si flakes we observed that Si flakes may move and disappear from their 

original position after sliding of the wafer. At the same time, we don’t find them 

being transferred back to the Si wafer surface. We may conclude that the silicon 

flakes have significant mobility at the interface. This is surprising if we assume that 
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they exhibit similarly strong wetting by water as the (oxidized) surface of the 

silicon wafer [49]. In contact with the wafer under ambient conditions, the silicon 

flakes should then be pinned to the wafer through the formation of capillary water 

bridges. But as we find that they are relatively free to slide, whereas we have not 

observed the transfer of silicon flakes back from the DLC surface to the silicon 

wafer, we have to conclude that the silicon flakes, or at least their surfaces, are 

chemically modified. We will return to this point later in this chapter.  

The dependence of the friction force on the applied normal load is measured 

to be close to linear for normal load values up to approximately 𝐹𝑁 = 40 𝑚𝑁. This 

can be recognized in Fig. 4.13, in which we plot the coefficient of friction (COF), 

defined as the ratio 𝜇 = 𝐹𝐹 𝐹𝑁⁄  between the friction force and the normal load and 

where the friction force is equal to the average lateral force 𝐹𝐹 = 𝐹𝐿̅. Up to 𝐹𝑁 =

40 𝑚𝑁, the COF is more or less constant.  
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Figure 4.13. Dependence on normal load of the friction coefficient for a silicon wafer on a DLC-coated 

substrate. The red curve represents measurements during the loading phase, i.e. while the normal load is gradually 

increased. The blue curve shows measurements during unloading. The weight of the silicon wafer was 12 𝑚𝑁. The 
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normal load was varied by means of adding extra weight on top of the silicon wafer. Relative humidity 45%, 

temperature 23°𝐶. 

 

The high lateral mobility of the silicon particles was found only within a 

certain range of normal loads. When the normal load was gradually increased 

beyond 40 𝑚𝑁 (red curve in Fig. 4.13), we observed a rapid increase of the friction 

coefficient. For 𝐹𝑁 ≥ 55 𝑚𝑁, the friction force even reached the maximum value of 

12 𝑚𝑁, at the limit of the operational range of the force sensor. In fact, the values of 

the friction coefficient in Fig. 4.13 higher than 0.2 are lower estimates. Along the 

blue curve, we gradually decreased the normal load. The wafer could slide again 

after we reduced the normal force to 𝐹𝑁 = 15 𝑚𝑁. We assume that the changes in 

friction coefficient are due to the pinning of the Si and DLC particles on the DLC 

film at high normal loads. When the load is reduced sufficiently, the particles, 

presumably, de-pin and regain their ability to shear across the surface. This 

phenomenon causes hysteresis in the loading-unloading cycle, when we load 

beyond a critical level. Along with this assumption, we cannot exclude another 

scenario which takes into account contact stresses on the surface of the silicon 

wafer. Let’s assume that the real contact on each DLC mesa takes place only via 

small number of third-body particles (and asperities) with sub-micron size 

distribution. As discussed above, at a normal load of 𝐹𝑁 = 12 𝑚𝑁 after the run-in 

process, the Hertzian contact stresses could reach a level up to several GPa, which 

is roughly comparable with the ultimate strength of bulk silicon. Hence at a 5 times 

higher normal load (Fig. 4.13), one should already expect a gradual fracture of the 

silicon surface in places of real contact. As follows, in order to rejuvenate sliding 

motion and reach the original friction coefficient, one should decrease the normal 

load. 

In order to demonstrate that silicon particles only help to bring down the 

COF by mechanical filling-in and shielding of the DLC surface, we conducted an 

experiment in which we partially removed them by cleaning the mesa structure 

after which we measured the friction force again. The cleaning was conducted in 

an ultrasonic bath with n-octane for 15 𝑚𝑖𝑛 at 20°𝐶. n-Octane as a non-polar 

solvent increases the probability for the particles to come off the surface. In fact, 

using of a polar solvent (e.g. isopropanol) didn’t result in removing of any 

particles. We assume the reason for this is an interaction of polarized solvent 
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molecules with the surface of the DLC film and the particles. Due to a strong 

dipole moment acting between them, the particles had in the particular case lower 

probability to come off. Interestingly, only silicon flakes were removed in this way, 

while C-based particles could not be removed from the mesa surface. Figure 4.14 

represents SEM images of a local area on the DLC surface before and after cleaning 

of the DLC substrate following the proposed above procedure.  

 

 

 
 

Figure 4.14. Example of the same local area on a DLC-coated mesa before (a) and after (b) ultrasonic 

cleaning with n-octane. Note that most of the silicon flakes created around an asperity are gone after cleaning, 

while the DLC flakes remain on their original positions.  
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In Fig. 4.15 we show a friction measurement with a fresh silicon wafer 

against a DLC-coated three-mesa substrate, directly after the cleaning procedure 

described above, in which the silicon flakes were removed. While the initial value 

of the COF is much lower than the starting value observed at the first run-in of the 

DLC coating (Fig. 4.6), the COF starts out higher than its value after that run-in, 

but prior to the removal of the silicon flakes. A new run-in episode is required to 

reduce the COF again. Note that in this process the ‘noise’ on the measured lateral 

force is high initially and that it is reduced nearly to zero during the run-in phase. 

After this re-run-in measurement, SEM images showed new silicon flakes at 

locations next to asperities and in relatively flat areas, where such flakes had been 

absent after the sonication. We see that the presence of the silicon flakes correlates 

with a modest reduction in the COF and with the suppression of the fluctuations in 

the lateral force.  
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Figure 4.15. Friction measurements between a fresh silicon wafer and a DLC-coated three-mesa substrate, 

immediately after ‘cleaning’ the substrate in an ultrasonic bath with n-octane. SEM-images show that initially no 

flakes were present. At the end of the test a small number of new silicon flakes were observed. Normal 

load 13 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐 and relative humidity 45%. Black arrows point at the sliding direction. 
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In order to completely exclude the influence of the silicon flakes on the 

lubrication process, in the next set of experiments we used as a counter-surface a 

silicon wafer coated with DLC, i.e. with the same type hydrogenated coating as the 

three mesas over which it was forced to slide. The thickness of the DLC coating on 

the silicon wafer amounted to 800 ± 10 𝑛𝑚. AFM topography measurements on 

the DLC-surface show that it has a local roughness of 1.1 ± 0.2 𝑛𝑚, which is similar 

to the roughness of the underlying silicon surface (Fig. 4.16). Therefore, the 

geometrical simplicity is conserved of a nominally flat counter-surface sliding over 

the rough surface landscape of the three mesas. 

 

 
Figure 4.16. AFM height measurement on the DLC-coated silicon wafer. The root-mean-square (rms) 

roughness equals 1.1 ± 0.2 𝑛𝑚, which is similar to that of the silicon wafer. 

 

Figure 4.17 presents a friction measurement with the DLC-coated silicon 

wafer against the DLC-coated mesas. During a rapid run-in process, the COF 

decreases during the first millimeters of sliding, reaching an average final value of 

0.09 ± 0.01 and remains almost unchanged even at longer sliding distances 

(> 10 𝑚𝑚).  
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Figure 4.17. Friction coefficient during the run-in process of a DLC-coated silicon wafer against a DLC-

coated three-mesa substrate. Normal load 35 𝑚𝑁, velocity 10 µ𝑚/𝑠𝑒𝑐 and relative humidity 45%. Black arrows 

point at the sliding direction. 

 

In the experiments with an uncoated silicon wafer sliding over the DLC-

coated mesas, carbon-based particles were generated in the form of submicron 

flakes. In the present case, with DLC-coated surfaces sliding over each other, we 

first observe the formation of rather large particles, with diameters up to several 

micrometers (Fig. 4.18), which we ascribe to the high interfacial hardness. They 

originated mostly from the substrate and only minor wear loss was observed on 

the DLC-coated silicon wafer. Only after sufficiently long sliding distances, these 

particles decreased in size, probably due to the milling effect between the 

contacting regions. Presumably, the milling and shear sliding of the loos particles 

causes the noise in the lateral force signal, observed in this experiment. The final 

average size of most particles does not exceed the interface roughness of 

approximately 10 to 50 𝑛𝑚, dominated by the roughness of the mesas. Though 

minor amount of the particle still have the size larger that the interface roughness, 

therefore the noise remains present even at longer sliding distances (> 10 𝑚𝑚). 
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Figure 4.18. SEM micrograph of particle debris formed during the run-in period (after the first 3 𝑚𝑚 of 

sliding in Fig. 4.10) at the interface between two DLC-coated surfaces. 

 

Similar to the silicon-against-DLC experiment, the carbon-based particles 

formed in the DLC-against-DLC experiment could not be removed by means of 

ultrasonic cleaning in n-octane, following the method described above. As long as 

these carbon-based flakes are present on the DLC mesa surface (and also on the 

sliding surface of the DLC-coated silicon wafer) and the majority of protruding 

asperities are removed, the DLC surface is in its ‘self-lubrication’ regime. The low 

friction coefficient is conserved if the counter-surface is replaced with a different 

one. For example, if after the run-in process, the DLC-coated silicon wafer is 

replaced with a new, uncoated silicon wafer, the COF remains nearly unchanged 

and no further run-in behavior is observed (Fig. 4.19). Also, no scratches are 

formed on the silicon and no material is transferred from the silicon wafer to the 

DLC-coated mesas. 
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Figure 4.19. Reciprocating friction measurement with a fresh, uncoated silicon wafer sliding over a DLC-

coated three-mesa substrate, after this substrate had been run in against a DLC-coated silicon wafer. Normal load 

13 𝑚𝑁. Reciprocating speed 10 µ𝑚/𝑠𝑒𝑐. Relative humidity 45%. Black arrows point at the sliding direction. 

 

Firstly, observed mobility of the Si flakes might tempt to idea that their 

surface got wrapped with a thin layer of carbon material transferred from the DLC 

surface during their initial shear. Similar scenarios of lubrication due to formation 

of onion-like structures on diamond particles between graphene and DLC surface 

were suggested earlier [18,19]. A micropillar geometry gives us an opportunity to 

look at individual particles in the transfer layer. Therefore we put an effort to 

characterize individual silicon and C-based flakes with micro-Raman spectroscopy, 

to find out whether above mentioned scenario could be applicable in the particular 

case. The measurements were performed on the silicon particles didn’t reveal any 

structural changes: unfortunately, due to a strong background signal from DLC no 

significant correlation of graphitic structure present on the silicon particles was 

found, though a Raman laser spot was as small as 500 𝑛𝑚 in diameter. A typical 

Raman spectrum on the silicon particle on DLC surface is presented on Fig. 4.20.  
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Figure 4.20. A typical Raman spectrum measured on a single silicon flake laying on the DLC surface. A 

part of the spectrum from ~1000 𝑐𝑚−1 to ~1750 𝑐𝑚−1 is due to the background signal from DLC.  

 

Secondly, our observations indicate that the surface of the carbon-based 

particles that are formed during the run-in phase, has undergone a dramatic 

structural or compositional change. This is consistent with many previous studies 

[e.g. 13, 21-23]. The most popular scenario is that the density of carbon atoms 

involved in sp2 bonding configurations would be increased at the surface of the 

DLC particles that are sheared off from the DLC coating. This increase in sp2 

signature would correspond to a local surface conversion from the original, hard 

diamond-like carbon phase, with sp3 bonding character, into a graphitic carbon 

network. Such a conversion is possible under sufficiently high local pressures and 

shear stresses. Many spectroscopic studies demonstrate agglomeration of 

converted carbon based particles along the wear tracks on the studied samples [e.g. 

22, 50]. For the hydrogenated DLC, this process should also be accompanied with 

some hydrogen release from the structure and a resulting lattice relaxation. Indeed, 

the friction between diamond surfaces has been measured to be extreme [51]. In 

contrast, the friction between graphite surfaces can be vanishingly low [35]. The 
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combination of high stiffness within each graphite sheet and the weak Van der 

Waals bonding between the sheets, makes it relatively easy to shear graphite or 

graphene sheets over each other, particularly when they are azimuthally 

misaligned [35]. We have to realize that the proposed diamond-to-graphite 

conversion should be expected to take place only very locally, where direct 

mechanical contact generates sufficiently high pressures. The lubricating carbon-

based particles could be decorated by graphitic carbon only over a small fraction of 

their surface. This makes it very difficult to prove experimentally that such a 

structural transformation is indeed taking place and that it is indeed responsible 

for the strong reduction in measured friction forces. 

In order to investigate the possible structural transformation of the carbon-

based particles, we performed micro-Raman spectroscopy. Special in these 

measurements was the use of a relatively small laser beam spot, enabling us to 

acquire spectra completely on a single particle or, for comparison, on the DLC 

areas between the particles. In order to ensure that the Raman spectrum for the 

particles was obtained exclusively on particles, we selected particles for this 

analysis with lateral dimensions larger than 800 𝑛𝑚. In Fig. 4.21, we compare a 

spectra in the frequency range between 900 and 1800 𝑐𝑚−1 on a pristine DLC area 

on one of the mesas with a spectrum on a single carbon-based particle. The 

characteristic bands for DLC are around 1360 𝑐𝑚−1 (‘defect’ or D-band) and 

1550 𝑐𝑚−1 (‘graphite’ or G-band) and overlap. These bands originate mainly from 

sp2-bonded carbon clusters. Their intensity ratio 𝐼𝐷 𝐼𝐺⁄ , their widths and precise 

peak positions are all sensitive to details of the bonding configuration and thus to 

possible structural changes, e.g. from sp3 to sp2. We used a standard Gaussian peak 

fitting method, which is described in detail in e.g. [24-28, 39], in order to process 

the acquired Raman spectra and analyze the D and G bands independently, in 

terms of their intensities, positions and full widths at half maximum (FWHM). A 

combination of these parameters serves as a measure for the relative amount of 

sp2-bonding [27, 29, 30, 39]. Comparing Figs. 21b (particle) and 21a (DLC), we 

observe the following: 

1) a significant increase of the ID/IG ratio on the particle with respect 

to the pristine DLC, from 0.56 to 0.91. Note that this is primarily due to a 

significant increase of ID, while IG remains almost constant; 
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2) a shift of the G band position towards higher frequency, from 

1553 to 1560 𝑐𝑚−1; 

3) no shift of the D peak;  

4) a narrowing of the FWHM of both the D and the G band.  

 

Figure 4.21. Comparison of the Raman spectra of the pristine DLC surface (a) and on top of a wear 

particle of the DLC (b). The black inner lines illustrate the Gaussian decomposition into D- and G-bands. The 

spectra are offset vertically for clarity. 

 

We note, that the penetration depth at 514 𝑛𝑚 wavelength of the laser can be 

as large as 700 𝑛𝑚 [53]. Therefore, in all measured spectra only a part of the signal 

corresponds to light interaction with the surface, while the rest is due to interaction 

of the excitation laser light with the bulk material. The Raman spectra suggest that 

the investigated particles contain a relatively high number of sp2-bonded carbon 

atoms in comparison with the DLC film. The particles originate from the asperities 

that had undergone the highest mechanical stresses due to the uneven distribution 

of normal load during the run-in phase. In turn this induces local atomic stresses in 
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the DLC, followed by transformation of metastable sp3-bonded clusters into to 

more stable sp2. In the presence of adsorbed water, the dangling bonds on the sp2-

clusters should be passivated, similar to the situation for graphite [54]. Without the 

dangling bonds, the sp2-clusters can act as an efficient lubricant. Carpick et al. have 

recently shown that in addition to some rehybridization from sp3 to disordered sp2-

bonding in non-hydrogenated amorphous carbon and ultra-nanocrystalline 

carbon, an essential ingredient in the solid-lubrication mechanism of amorphous 

carbon is the passivation of active sites (dangling bonds) with OH and H, formed 

due to dissociation of adsorbed water [15]. They have concluded this, based on 

near-edge x-ray adsorption fine structure (NEXAFS) spectroscopy measurements 

on the wear tracks. In our case of hydrogenated DLC, both processes play a 

positive role in lubrication of the solid interface. On the one hand, the increased 

number of sp2-bonded carbon clusters reorganizes the particle surface and also 

results in rupture of C-H bonds and increasing density of carbon dangling bonds, 

thus increasing the surface energy. C-H bonds are known to break mechanically by 

the high shear stresses that develop locally during sliding [52]. On the other hand, 

newly created active sites on the particles get immediately passivated with water 

from the environment, bringing down the friction coefficient [47]. The rest of the 

substrate remains enriched with H, which locally passivates all dangling bonds 

and prevents water from adsorbing [32-34]. Also, the Raman spectrum measured 

on the DLC surface next to the particles does not show any sign of increasing 

amount of sp2 clusters. Therefore, we conclude that the lubrication is mainly due to 

hybridization and/or passivation mechanisms on the wear particles, rather than a 

transformation of the entire DLC substrate. We defer the discussion of the 

dependence of friction on the relative humidity to the next Chapter, where we 

present experimental data. 

The change in electronic structure, associated with the increase in the 

proportion of sp2 bonded surface atoms on the studied particles, should be 

expected to cause a change of contrast of the particles in the SEM observations, as 

mentioned above. The reason for this is that the electronic changes should be 

accompanied by changes in the work function and, hence, in the secondary 

electron emission coefficient. A change in contrast between sp2 and sp3 clusters has 

been reported before in Transmission Electron Microscopy observations [46]. 
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One important observation from this work is that even in our special 

geometry, in which the roughness is fully concentrated on one of the two 

contacting surfaces and the asperities on that surface seem more or less fixed in 

location, all major transformations of the DLC film are very local and the final 

contact geometry is strongly dominated by the third bodies that are formed during 

the initial, run-in phase. In this extremely heterogeneous geometry, the commonly 

used term ‘wear track’ is not appropriate [6, 28]. We inspected the local variations 

in frictional behavior on the mesa surface with AFM. Figures 4.22 a and b present 

maps of the friction and height of the same local region on the DLC film. The 

combination of these images shows that some of the highest locations exhibit 

relatively low friction levels, compared to the lower regions that did not experience 

sliding contact with the counter surface. The latter means that due to the relatively 

high local contact pressure, the highest regions have undergone physical or 

chemical changes that cause the lowering of friction on them. Ahn et al [40] studied 

phase images with AFM [42, 43] on DLC wear tracks. They revealed a significant 

inhomogeneity of the wear track across the sliding direction and reported a lower 

elastic modulus on the highest asperities. The latter was associated by them with a 

transition of the diamond-like structure to a graphite-like structure. 

 

 

a) 
 

b) 

 

Figure 4.22. AFM measurements on a DLC-coated mesa after run-in. a) Friction force (dark colors 

correspond to low friction); b) Height map of the same area. White circles point at asperities on (a), which show 

low lateral force on (b); white squares indicate the corresponding locations and lateral force measured at the 

nanoscale particles. Scan size 10 × 10 𝜇𝑚2, line frequency 0,5 𝐻𝑧. Scan direction from left to right. 
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Together with the highest asperities, also the nanoscale particles exhibit a 

low friction coefficient. This is illustrated by the dark spots in Fig. 4.22a, marked 

with the white circles. One can see that some of these particles have ended up in 

the valleys, while others reside in higher regions on the surface. Like the highest 

asperities, the higher ones are probable to form part of the true contact area and 

assist in the lubrication process. We assume that, in full analogy with the larger 

carbon-based particles, investigated in Fig. 4.21, the highest asperities and these 

nanoscale particles are partially graphitized. Unfortunately, the spot size in our 

micro-Raman spectroscopy measurements was too large to directly confirm this. 

The scenario suggested by our observations resembles that of the formation of so-

called nanoscrolls, which are thought to have extremely lubricious properties. 

Berman et al [19] have recently shown that graphene patches can wrap around 

nanodiamonds. This might significantly lower the sliding friction on DLC, again 

via the effect of structural lubricity, or superlubricity between graphite surfaces, 

shown in e.g. [35-37]. Interestingly, some of the low-friction spots if Fig. 4.22a do 

not correlate with protrusions in Fig. 4.22b. We assume that these are wear sites, 

where nano-particles have originated under the influence of high shear stresses. 

Either during the shearing-off process or during subsequent sliding in contact with 

the opposing surface, these sites may have changed their carbon network structure. 

 

4.4 Summary 

 

Micropatterning of the studied DLC substrates is an essential instrument 

that helps directly to control an apparent area of contact between the sliding 

surfaces. As a result, we can observe origin, step-by-step formation and 

development of third-body elements during the sliding friction on the fixed areas 

of contact. Our observations suggest that high local stresses lead to the formation 

of DLC microparticles with increased numbers of sp2-bonded clusters, which in 

turn serve as a lubricant. In turn, the microparticles seem later to decompose into 

nanoparticles, which demonstrate the low friction coefficient too. Adding here the 

lubrication due to surface transformation at the highest asperities on the DLC, all 

together it results in lowering of the sliding friction coefficient regardless of the 

choice of counter sample. We have also shown a correlation between presence and 

absence of the particle debris from the counter, which take part in the contacting 
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interface. We suspect that the surface of e.g. Si flakes got wrapped with a thin layer 

of carbon material transferred from the DLC surface during their initial shear. The 

last could explain their mobility at the sliding interface. More research is needed to 

be done on the level of single nano- and microparticles of DLC and counter 

material in order to relate their surface properties to the low friction coefficient at 

the macroscopic level they deliver together. 
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