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Abstract 

Solid lubricants such as polytetrafluoroethylene (PTFE) are used in rolling-element bearings (REBs) 
when conventional lubrication (i.e. by fluids or greases) cannot be applied owing to extreme operating 
conditions (e.g. high temperatures or vacuum). Often a double transfer film mechanism is used with a 
cage acting as a lubricant reservoir resupplying the REB with solid lubricant by cage wear. An increase 
in service life of such bearings requires a better understanding of the transfer processes in the sliding 
and rolling contacts. Here, we investigate the effect of PTFE resupply on friction and lubricant film 
formation in a steel/steel and steel/glass rolling contact by tribometry and classical molecular dynamics 
(MD). A ball-on-disk tribometer is enhanced by a pin-on-disk sliding contact that transfers PTFE to the 
disk. The experiment allows simultaneous in situ measurement of friction and film thickness by white 
light interferometry in the rolling point contact. Increasing the pin load results in an increased PTFE 
film thickness in the rolling contact accompanied by a significant decrease in friction. To elucidate the 
observed film transfer and friction mechanism, sliding MD simulations with a newly developed density-
functional-based, non-reactive force field for PTFE-lubricated iron oxide surfaces are performed. A 
strong adhesion of PTFE chains to iron oxide drives transfer film formation, while shear-induced chain 
alignment within PTFE results in reduced friction. The simulations reveal an anti-correlation between 
PTFE film thickness and friction coefficient – in agreement with the experiments. These investigations 
are a first step towards methods to control PTFE transfer film formation in REBs. 
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1 Introduction 

Rolling-element bearings (REBs) are commonly lubricated with oils or greases to ensure low friction 
and wear losses. However, these conventional lubricants fail under extreme conditions, for instance due 
to their volatility and instability at elevated temperatures or under vacuum operation. Under such 
circumstances, solid lubrication of REBs is considered a viable alternative [1–3]. In recent years, several 
groups studied the behaviour of REBs lubricated by pure PTFE or PTFE composites [4, 5]. 
Unfortunately, attempts to lubricate a REB with an initially applied PTFE layer fails, since the latter is 
removed within short time by high pressure and shear in the rolling contacts [6]. Consequently, another 
lubrication concept is required. By constantly resupplying PTFE using the double transfer mechanism, 
an effective and durable lubrication of a rolling contact can be achieved [7]. Several authors report REBs 
with double transfer film PTFE lubrication of the contacts between rolling elements and races [4, 5, 8]. 
From the cage, which is manufactured from the polymer or its composites, material is transferred to the 
rolling elements, which in turn transfer material to the inner and outer races [8].  
 
In order to optimize PTFE lubrication of REBs, a detailed understanding of the mechanisms underlying 
double transfer film lubrication in highly loaded rolling contacts is required. To achieve this, two 
separate processes have to be elucidated: a) the formation of the transfer films from a sacrificial PTFE 
reservoir (e.g. the cage) and b) the lubrication of the roller-element/race contacts by the PTFE transfer 
films. Process a) has been addressed in several experimental studies that were conducted on the transfer 
mechanisms attributed to PTFE in sliding contacts with a single counter body [9, 10] The low friction 
coefficient of PTFE sliding on a surface results from transfer film formation on the counter surface as 
well as from chain reorientation at the sliding interface [9]. The formation of the transfer film is affected 
by the physical properties of the counter surface. For instance, the average roughness [11] or surface 
texturing [12] can have a great impact on the formation of the transfer film. There is a general consensus 
about the observation that in sliding PTFE/steel contacts the friction coefficient decreases while the wear 
rate increases with increasing contact pressure [9, 10, 13].  
 
Interestingly, little attention has been paid to process b) namely the lubrication in a highly loaded point 
contact with a PTFE transfer film confined between two counter surfaces. Neither the spatial distribution 
and characteristic thickness of the confined film nor the velocity accommodation mode within the PTFE 
are known. The aim of this article is to close this gap by elucidating the nano-tribological processes in 
PTFE-lubricated rolling contacts using a combination of experiments in model contacts and classical 
molecular dynamics (MD) simulations. An enhancement of a classical ball-on-disk tribometer allows 
simultaneous in-situ measurements of the friction coefficient and the film thickness in a rolling contact. 
The film thickness is measured by white light interferometry (WLI), which is a well-established method 
for fluid lubricants [14]. Although WLI has already been used to measure the film thickness of PTFE 
transfer films [15], this is the first time that it is applied for the in-situ observation of the PTFE film in 
a rolling contact. Our experimental setup allows to display the spatial PTFE distribution within the 
contact region and provides an accurate measure for the central film thickness in the rolling contact. 
This film thickness is used as an input parameter for MD sliding simulations.  
 
Atomistic simulations of PTFE systems have emerged in the past 15 years as a valuable tool to provide 
insights into their tribological behaviour [16, 17]. In particular, the orientation of the PTFE chains was 
found to play a crucial role for their frictional response [17]. So far, most atomistic simulations 
considered pure PTFE systems [16–19], with only few exceptions investigating PTFE in contact with 
other materials [20, 21]. Despite the technological relevance of PTFE-lubricated steel contacts, to the 
best of our knowledge, there is no classical MD study in the literature that addresses the tribology and 
transport of PTFE in contact with iron oxide, a model frequently used for steel surfaces in atomistic 
simulations [22]. One possible reason for this could be the lack of a suitable force field to describe the 
interaction between iron oxide and PTFE. In this work, we develop a density-functional-theory-based 
force field that is specifically tailored for the present tribological situation. Using this newly developed 
force field, we perform MD simulations that show how shear deformation induces structural 
transformations within PTFE resulting in alignment of PTFE chains that minimizes the shear stress. 
Moreover, we demonstrate that the PTFE - α-Fe2O3 adhesion is strong enough to ensure that PTFE sticks 
to both surfaces of a PTFE-lubricated α-Fe2O3 contact upon separation of the two surfaces. Explicit 
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simulations of the transfer of PTFE from the pin to the contact show that this enables the resupply of 
PTFE in the ball-disk contact. Finally, we rationalize the experimentally observed relation between film 
thickness and friction coefficient by explicitly calculating the friction coefficients for varying amounts 
of PTFE in the contact. 
 

2 Material and Methods 

2.1 Experimental Setup 

To study the friction and PTFE transfer film formation in a rolling point contact, we modified a ball-on-
disk tribometer (EHD2, PCS Instruments). The sketch of the tribometer in Figure 1 illustrates the 
experimental setup.  
 

FPin
FBall

TBall

Glass disk

Pin
Steel ball

Lens

Spectrometer / RGB camera Light source

Central film thickness

 

Figure 1. Schematic experimental setup: In the contact between a pin and a rotating glass disk, a 

PTFE transfer film is created in the sliding track. A steel ball runs on the transfer film and develops a 

ball running track within the sliding track. The effect of this lubrication mechanism is examined by 

friction and film thickness measurements in the rolling point contact. 

The original tribometer with a polished steel ball (diameter 19.05 mm) loaded against a steel or a glass 
disk is extended by a PTFE pin that acts as a solid lubricant reservoir. The pin has a diameter of 4.3 mm 
and is also loaded against the disk with a force 𝐹𝑃𝑖𝑛. In each experiment, a new polished steel ball is 
pressed against the disk with a load of 𝐹𝐵𝑎𝑙𝑙 = 20 N. The roughness and the elastic material properties 
of the specimens are provided in Table 1. With the given test rig, it is possible to measure the friction 
coefficient and PTFE film thickness in-situ during operation. The friction coefficient can be calculated 
from the measured torque at the ball drive shaft. The film thickness is measured by the principle of WLI, 
which is described in detail in Ref. [14] and shortly summarised here for the reader’s convenience. White 
light is focused by an optic through the glass disk onto the rolling contact and is split into two parallel 
beams at a semi-transparent chromium layer. One beam is reflected at the chromium layer while the 
other travels through a SiO2 spacer layer and the PTFE film to the surface of the steel ball, where it is 
reflected. The additional SiO2 layer increases the distance travelled and thus ensures a sufficiently large 
path difference for interference, which is otherwise limited by the wavelength of the light. Depending 
on the phase offset, refractive indices and interference order, the thickness of the lubricating film is 
determined by identifying the wavelength of greatest gain. 
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Table 1. Material properties of specimens 

Parameter Glass Disk Steel Disk Steel Ball 

Young’s modulus 75 MPa 207 MPa 207 MPa 

Poisson ratio 0.22 0.29 0.29 

Surface roughness (Ra) 20 nm 20 nm 20 nm 

 
Before each measurement, an initial PTFE layer is created on the disk by loading the PTFE pin against 
the glass disk (rotating with a speed of 400 mm/s) for 15 minutes. Thereafter, the ball is positioned in 
the clearly visible sliding track of the pin and is pressed against the glass disk. For all measurements, 
the ball was placed on a disk radius between 36 and 42 mm. Both the ball and the disk are driven at 
constant circumferential speeds of 380 mm/s and 420 mm/s, respectively. Consequently, the rolling 
speed is 400 mm/s and the slide-roll-ratio is 10%. The ambient temperature is 23°C. Each measurement 
is performed 3 times to ensure reproducibility.  

2.2 Atomistic sliding simulations  

 
The following two types of classical MD sliding simulations are performed. 
 
i) To study structural transformations within a PTFE lubrication layer, we simulate the sliding of a α-
Fe2O3 (0001)/PTFE/α-Fe2O3 (0001) contact (Figure 2a). The hematite surfaces are either Fe- or OH-
terminated and slide along the [101̅0] direction at constant pressure 𝑃𝑛. After initial temperature and 
pressure equilibration, an upper 4-Å-thick atoms layer is driven rigidly at constant velocity 𝑣𝑥 while the 
atomic positons of a lower rigid layer with the same height are kept fixed. The normal load of the system 
is controlled using the pressure-coupling algorithm described in Ref. [23]. During sliding the forces on 
the upper rigid layer are recorded and their sum is divided by the lateral surface area – resulting in the 
frictional shear stress experienced by the tribosystem.   
 
ii) Transfer and transport of PTFE are studied by shear simulations of a PTFE block sliding against an 
iron oxide surface (Figure 2b). In these simulations a Fe- or OH-terminated α-Fe2O3 (0001) slab is 
brought into contact with a PTFE slab (mimicking the PTFE pin – disk contact) with a constant velocity 𝑣𝑧 applied to an upper rigid atomic layer (thickness 4 Å) that is simultaneously driven at a constant 
velocity 𝑣𝑥. A 2-nm-thick layer at the bottom of the PTFE slab is kept fixed. After reaching a normal 
load of 100 MPa, 𝑣𝑧 is inverted and the system is separated. Afterwards, in an analogous way, the 
resulting (now PTFE-covered) α-Fe2O3 (0001) slab is brought into contact with a second α-Fe2O3 (0001) 
slab and separated again (mimicking the ball – disk contact). 
 
In both types of simulations the α-Fe2O3 (0001) slabs consists of 12960 atoms in the Fe-terminated case 
and of 13392 atoms in the OH-terminated case, resulting in a slab size of 6.086 × 5.270 × 43 nm3. 
Atoms in 5-Å-thick regions adjacent to the rigid layers are thermalized using Langevin thermostats with 
a time constant 𝜏 = 1 ps and a target temperature of 300 K. Thermalization is only performed in the 
direction normal to the loading and the sliding directions. The equations of motion are integrated using 
at time step of 0.5 fs. Periodic boundary conditions are applied in the interface plane directions. Details 
of the interatomic interactions are given in the Appendix. All classical MD simulations are carried out 
with LAMMPS [24].  
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Figure 2. (a) Setup for the MD sliding simulations under a normal load 𝑃𝑛. The upper rigid layer is 

driven at constant velocity 𝑣𝑥, while the lower rigid layer is kept fixed. (b) Setup for the MD transport 

simulations, where a α-Fe2O3 (0001) slab approaches a PTFE slab with constant velocity vz. Once the 

system reaches a target normal pressure Pn, vz is inverted and the system is separated. H, O, Fe, C, F 

atoms are shown as white, red, brown, grey and green spheres, respectively. 

 
The PTFE in our tribosystems is represented by an all-atom oligomer model. This choice is motivated 
by a previous study with polyether ether ketone [25] showing that the mechanical and tribological 
response of a thermoplastic polymer can be reasonably described by finite chains. To create an 
amorphous PTFE sample we initially randomize 400 C40F82 PTFE oligomer molecules at 1500 K using 
a Langevin thermostat with time constant 𝜏 = 1 ps for 1 ns within a simulation box with fixed volume 
corresponding to a density of 0.1 g/cm3. As boundary condition in the direction 𝑧 normal to the 
designated sliding interfaces, we use two purely repulsive harmonic walls separated by 23.2 nm. Atoms 
whose distances to walls 𝑟 < 𝑟𝑐 interact with the wall via a parabolic potential 𝐸𝑤𝑎𝑙𝑙 = 𝐾𝑤𝑎𝑙𝑙(𝑟 − 𝑟𝑐)2, 
where 𝑟𝑐 = 0.1 nm and the spring constant is 𝐾𝑤𝑎𝑙𝑙 = 20 eV/ Å2. Periodic boundary conditions are used 
in the 𝑥𝑦 plane. Afterwards, the cell size in the 𝑥 and 𝑦 directions is linearly decreased to achieve a final 
density of 1.5 g/cm3 within 0.5 ns while the 𝑧 coordinates of the walls are kept fixed. In a third step, the 
system is equilibrated at 500 K and the cell is allowed to relax in the 𝑥𝑦 plane using a Berendsen barostat 
with target pressure 𝑃𝑏𝑎𝑟𝑜𝑠𝑡𝑎𝑡 = 0 MPa for 3 ns. Finally, the temperature of the system is linearly 
decreased to 0 K with a rate of 0.25 K/ps and the sample is relaxed.  
 

3 Results 

In this section, we present the results of the experimental measurements and of the MD simulations. We 
first focus on the influence of sliding time and pin load on friction coefficient and film thickness of a 
PTFE-lubricated rolling point contact. Next, the atomistic mechanisms within the sliding and rolling 
contacts are clarified by means of the MD simulations.  

3.1 Friction and film thickness measurements 

During a running-in phase, the PTFE pin slides on the disk with a pin load of 80 N and a velocity of 
400 mm/s to create an initial transfer film. For the subsequent measurements, the steel ball is loaded 
against the disk with 20 N. The transient friction coefficients are shown for the contact between the steel 
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ball and a steel disk in Figure 3a and between the steel ball and a SiO2-coated disk in Figure 3b. Within 
the first 500 seconds, the PTFE pin load is kept at 80 N in order to constantly resupply the rolling 
contact. For both disks (steel or coated glass) the measured friction coefficients have average values of 
0.026. When the PTFE pin is removed, the friction coefficient measured on the steel disk shows a 
gradual rise and reaches within 400 sec a constant value of 0.07, while it immediately increased to a 
steady state value of 0.056 for the glass disks. 
 
The transient values of the central film thickness measured during an experiment on the glass disk are 
presented in Figure 3c. When the rolling contact is resupplied with PTFE by the pin sliding on the disk 
within the first 500 sec, the central film thickness values scatter in the range between 5 and 64 nm with 
an average of 23.9  ± 1.9 nm. When the PTFE pin is removed after 500 sec, the film thickness decreases 
to an average of 12.5 ± 1.0 nm with values ranging between 2 and 49 nm. Even though the scattering 
between the data points is high, the average values of the film thickness suggest a clear influence of the 
pin load.  

 
Figure 3. Evolution of coefficient of friction and lubricant film thickness in a rolling ball-on-disk contact 

when the PTFE pin load changes from 80 N to 0 N; (a) coefficient of friction in the steel/steel contact 

(b) coefficient of friction in steel/glass contact (c) central film thickness in the steel/glass contact. 

Figure 4 shows WLI images of the rolling point contact between a glass disk and a steel ball at a ball 
load of 𝐹𝐵𝑎𝑙𝑙 = 20 N. The circular area represents the contact region and the interference patterns 
indicate the increase of the gap height between disk and ball outside the contact. The colours in the 
contact zone can be correlated to the PTFE film thickness. The WLI image of an unlubricated contact 
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at a speed of 0 mm/s serves as a reference (presented in Figure 4a). The film height in the contact region 
is zero, which is represented by the light blue colour. Figures 4b-e show the film formation in the rolling 
contact at a rolling speed of 400 mm/s when PTFE is resupplied with a pin load of 80 N. The colours in 
the contact region vary from blue to yellow and red, indicating an inhomogeneous film thickness within 
the contact zone ranging between 0 and 80 nm. When the load on the PTFE pin is removed, the colour 
in the contact zone is light blue to yellow, indicating a more homogeneous PTFE film with a thickness 
of few nanometres (Figures 4f-h). The interference patterns in rolling direction in the lower part of 
Figure 4f-h indicate the formation of side bands next to the ball running track with a thickness of more 
than a micrometre.  
 

 
Figure 4. WLI images of ball/disk contact at a ball load of 20 N and a slide-roll ratio of 10 %: (a) 

reference of an unlubricated contact at vRoll= 0 mm/s captured before measurement; (b-e) the film 

formation at vRoll=400 mm/s and FPin=80 N is inhomogeneous within the contact cross section and varies 

within the measurement intervals of 500 sec; (f-h) the film formation at vRoll=400 mm/s and FPin= 0 N is 

more homogeneous and shows PTFE residues even without relubrication.  

To determine the effect of the PTFE quantity which is transferred from pin to disk, the pin load is 
increased stepwise from 0 to 100 N. Each step has a duration of 500 seconds, during which the pin load 
is kept constant while friction and film thickness are measured every 5 seconds. From all measured 
values of the friction coefficient and film thickness recorded within a single load step an average value 
is calculated. In Figure 5 these averages are shown as a function of the pin load. While especially the 
film thickness values scatter strongly, as can be seen in Figure 3c, the resulting averages are highly 
reproducible, indicated by the error bars obtained as standard error of the mean of three independent 
measurements. The average friction coefficient decreases from 0.048 at a pin load of 0 N to 0.025 at pin 
load of 80 N. At a pin load of 100 N, the friction coefficient is slightly higher compared to the value at 
80 N. The film thickness increases from 7 nm at 0 N pin load to 22 nm at 100 N pin load. 
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Figure 5. Coefficient of friction (COF, blue) and average film thickness (green) as a function of the load 

on the PTFE pin. The error bars are the standard error of the mean of three independent measurements. 

3.2 Simulation results 

 
Non-reactive MD simulations are performed to gain atomic-scale insights into the tribology of PTFE-
lubricated steel contacts and to investigate the transfer of PTFE films on steel. We start by considering 
PTFE between two Fe-terminated α-Fe2O3 (0001) surfaces (Figure 6a). Following Ref. [22], these 
surfaces are chosen as representative models of oxidised steel surfaces. In order to assess the influence 
of the surface chemical termination on the tribological properties of the PTFE/steel system, additional 
simulations with hydroxylated α-Fe2O3 (0001) surfaces are conducted. The PTFE-lubricated model 
system is obtained by inserting the 21-nm-thick, amorphous PTFE slab (modelled with 400 C40F82 
oligomer; see Section 2.2) between two α-Fe2O3 (0001) slabs. Even though PTFE is typically semi-
crystalline a purely amorphous sample is considered as a limit case to explore whether shear can result 
in ordering of the molecules [25].  
 
The PTFE molecules are modelled using the OPLS all-atom force field with the parameters devised by 
Watkins and Jorgensen [26]. To study the tribological behaviour of PTFE/steel systems, we extend this 
PTFE interatomic potential by developing a force field for Fe- and OH-terminated α-Fe2O3 (0001) 
surfaces and their interaction with PTFE. The force-field parameters are fitted to DFT results to 
accurately describe the elastic response of Fe2O3 and the adsorption of PTFE oligomers on the Fe2O3 
surface (as explained in detail in the Appendix).  
 
Upon shearing at 𝑇 = 300 K, with 𝑃𝑛 = 100 MPa and 𝑣𝑥 = 100 m/s, for both the Fe- and the OH-
terminated systems, we observe a shear-induced alignment of the molecules resulting in pseudo-
crystalline arrangements reminiscent of the hexagonal Phase II [27] (see snapshots in Figure 6b and the 
Supplemental Videos). The spatial extension of the aligned phase grows gradually with time along the 𝑧 direction. To quantify the alignment, the C–C bond unit vectors of the molecules are determined and 
projected on the sliding direction. The average absolute value of this projection is shown as solid lines 
in Figure 6c. While initially this value is close to 0.5 (corresponding to the isotropic case), it rapidly 
increases with time and slowly approaches the fully aligned case (upper dashed lines). Even though we 
obtain qualitatively identical results for both terminations, the alignment in the OH-terminated case is 
significantly faster.  
 
To elucidate the faster alignment in the hydroxylated α-Fe2O3 system, we investigate the time evolution 
of the shear stress (dotted lines in Figure 6c) and of the PTFE velocity profiles (Figure 6d). At the onset 
of sliding, the shear stress in the OH-terminated system is significantly higher than in the Fe-terminated 
system. The corresponding velocity profile reveals that the shear is localized between the molecules and 
the surface termination. The lower friction in the Fe-terminated case can be attributed to the atomic-
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scale smoothness of this surface, while hydroxyl groups act as steric obstacles [28] that increase friction 
in the OH-terminated case. As sliding progresses, the shear deformation becomes localized within the 
PTFE film and the PTFE/Fe2O3 wall slip disappears. In the OH-terminated case this transition occurs 
faster due to the larger shear stress and atomic surface roughness. Eventually, as soon as the entire shear 
stress is accommodated in PTFE, the shear stresses are approximately identical for both surface 
terminations and are close to the shear stress of entirely aligned PTFE molecules (lower dashed line in 
Figure 6c). We note that the alignment of molecules occurs in the region where the shear stress is 
localized.  
 

 
Figure 6. (a) Snapshot of the 𝛼-Fe2O3/PTFE/𝛼-Fe2O3 system prior to sliding. (b) Snapshots of the system 

after 22 ns sliding at a normal load 𝑃𝑛 = 100 MPa. (c) Time evolution of the shear stress 𝜏 (dotted lines, 

left scale) and average orientation of the molecules (solid lines, right scale) for OH-terminated (green) 

and Fe-terminated (blue) 𝛼-Fe2O3 slabs. The shear stress curves represent a running-average over 

0.4 ns. The orientation is measured by the average absolute projection of the normalized carbon-carbon 

bond vectors on the sliding direction. The upper horizontal solid line indicates the average orientation 

of a reference simulation with hydroxylated surfaces and a complete alignment of all PTFE molecules 

prior to sliding. The lower dashed line represents the corresponding shear stress in this reference 

simulation. (d) Velocity profile of the PTFE molecules 𝑣(𝑧) for different times for the Fe-terminated 

case. Each profile is averaged over 0.25 ns.  

Whether a PTFE film transfer from one steel surface to another occurs or not depends on the balance 
between the molecular cohesion within the PTFE film and the adhesion of the PTFE to the steel surfaces. 
If PTFE/steel adhesion is weak in comparison to PTFE/PTFE adhesion, the transfer film will likely 
remain completely on one of the two surfaces, while a strong polymer/steel adhesion should results in a 
partitioning of the PTFE film between the two sliding bodies. To investigate which of the two situations 
is more likely, we “open” the contacts of Figure 6c by separating the two oxide slabs with a constant 
velocity 𝑣𝑧 = 5 m/s that is added to the upper rigid layer after different times (𝑡𝑠𝑒𝑝= 0, 2, 4, 6, 8 ns for 
both terminations). For all systems, independent of termination and degree of orientation, we observe 
the formation of free surfaces within PTFE, i.e. both α-Fe2O3 slabs are covered by a PTFE film (see 
Figure 7 for final snapshots of separation simulations starting with different 𝑡𝑠𝑒𝑝). The partitioning of 
the PTFE between upper and lower α-Fe2O3 slabs is on average approximately 50%/50%, but for 
individual snapshots sharing of the PTFE layer can be asymmetric (e.g. 32%/68% in Figure 7b 0ns). 
Interestingly, separation of the Fe2O3 surfaces produces cracks that propagates preferentially along the 
boundary between crystalline and amorphous PTFE phases. Indeed the crystal-amorphous interface 
allow for an easy separation given the strong cohesion of both crystalline and amorphous PTFE phases.  
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Figure 7. Final snapshots of separation simulations of 𝛼-Fe2O3/PTFE/𝛼-Fe2O3 systems for the Fe- (a) 

and OH-terminated case (b). After sliding for a time 𝑡𝑠𝑒𝑝 (Figure 6c), a constant velocity 𝑣𝑧 is added to 

the upper rigid layer. Yellow numbers refer to the percentage of PTFE molecules remaining on the 

lower and upper 𝛼-Fe2O3 slabs, respectively.  

 
To more directly mimic the experiment, another series of simulations is performed. We start with an α-
Fe2O3 (0001) slab (representing the disk) that slides with a velocity 𝑣𝑥 = 100 m/s and approaches a 
PTFE slab (representing the experimental PTFE pin) with 𝑣𝑧 = 5 m/s. The “pin” is modelled by 
400 C40F82 molecules, while the disk surface is Fe-terminated (we note however that a hydroxylated 
“disk” yields the same results). To circumvent the computational burden to simulate the shear-induced 
alignment of the PTFE oligomers during the running-in phase, the PTFE molecules are pre-aligned in 
the shear direction. As soon as the normal load of the system reaches 100 MPa, the vertical velocity 𝑣𝑧 
is inverted and the system is again separated (see (i)-(iii) in Figure 8). In agreement with the experiment, 
there is a significant amount of PTFE that is removed from the “pin” and sticks to the “disk”.  
 
Next, we bring the PTFE-covered “disk” in contact with a second uncovered Fe-terminated α-
Fe2O3 surface (the “ball”; note that a hydroxylated “ball” yields the same results) mimicking the 
formation of the ball-on-disk contact (see (iv)-(vi) in Figure 8). For this purpose, we use again a sliding 
velocity 𝑣𝑥 = 100 m/s and approach the “ball” with 𝑣𝑧 = 5 m/s. Once the normal load reaches 𝑃𝑛 =1000 MPa, we again invert 𝑣𝑧 and separate the system. In agreement with the successful lubrication 
observed in the experiment now also the “ball” is covered with PTFE.  
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Figure 8. Transfer of the PTFE lubricant from the pin to the ball-disk contact. (i) A α-Fe2O3 (0001) 

surface approaches the PTFE pin with 𝑣𝑧 = 5 m/s while sliding with 𝑣𝑥 = 100 m/s. (ii) After a normal 

load 𝑃𝑛 = 100 MPa is reached 𝑣𝑧 is inverted and the system is separated (iii). (iv) The resulting PTFE-

covered surface is brought into contact with a second α-Fe2O3 (0001) surface again with 𝑣𝑧. Once 𝑃𝑛 =1 GPa is reached 𝑣𝑧 is inverted (v) and the contact is opened (vi).  

Interestingly, the experiments showed a decrease of friction with increasing PTFE film thickness (Figure 
5). In our final simulations, this relationship is rationalized by explicitly modelling contacts with 180, 
270, 360 and 450 C40F82 molecules (resulting in film thicknesses between 9 and 23 nm) between two 
OH-terminated slabs. Again, the molecules are pre-aligned with the sliding direction. To somewhat 
reduce the large velocity gap between the experiment and the simulations, the sliding velocity is set to 𝑣𝑥=10 m/s and sliding is performed for 3 ns. Figure 9a shows the average velocity profile of the PTFE 
phase for the different thicknesses when applying a normal load Pn = 100 MPa. In all four cases the 
velocity decreases roughly linearly between the upper and the lower iron oxide slab, i.e. the average 
shear rate decreases with increasing thickness. To calculate a coefficient of friction in the four cases, 
additional simulations at Pn = 250, 500 and 1000 MPa are conducted. Figure 9b shows the average 
shear stress τ as a function of the applied normal load Pn. Since there is a clear linear relationship 
between both quantities, the coefficient of friction can be estimated from the slope of these curves 
(allowing for an adhesive offset). The resulting coefficients of friction are in good agreement with the 
experimental values (Figure 9c). While the exact numerical values should not be over-interpreted, it is 
crucial that both experiment and the simulations show the same trends in the decrease of friction with 
increasing film thickness suggesting that the reduction of the experimental COF with increasing 
lubricant film thickness is related with the decrease of the shear rate within the PTFE phase. 
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Figure 9. (a) Average PTFE velocity profiles for different PTFE film thicknesses as indicated in the 

legend. The sliding system consists of C40F82-lubricated, self-mated OH-terminated α-Fe2O3 (0001) 

slabs in relative motion with vx=10 m/s and 𝑃𝑛 = 100 MPa. The profiles are averaged over 2 ns. (b) 

Average shear stress 𝜏 as a function of the applied normal load 𝑃𝑛 for 9, 14, 18 and 24 nm thick PTFE 

films. Solid lines are linear fits to the measured MD data points. (c) Coefficient of friction estimated 

from the slope of the fits of (b) as a function of the film thickness (green). The experimental data points 

from Figure 5 are shown in blue.  

4 Discussion and conclusion 

These results show that a constant external resupply enables an effective PTFE lubrication of highly 
loaded rolling contacts. Our in-situ experiments reveal that the thickness of the PTFE film in the rolling 
contact can be directly controlled by the pin load. Despite the scattering of the transient measured film 
thickness and the inhomogeneity of the film formation within the contact region, the friction coefficient 
is constant during the observation period - after the running-in is completed. With increasing pin load, 
and thus increasing film thickness, the friction coefficient decreases to a minimal value of 0.025 at a pin 
load of 80 N. This effect is observed on SiO2-coated glass and steel disks, although the friction 
coefficients measured without lubrication differ for both materials. This suggests that at a contact 
pressure of approximately 5 MPa between pin and disk the film thickness is sufficient to completely 
separate the surfaces of ball and disk.  
 
The transfer film formation of PTFE is possible due to the strong adhesion of PTFE on the steel or glass 
disk. Our atomistic simulations show that the separation of two PTFE-lubricated α-Fe2O3-surfaces 
results in the PTFE coverage of both surfaces. We note that in our simulations no chemical reactions are 
considered between PTFE and the surfaces and adhesion is fully determined by physisorption. PTFE 
chains that break due to shear forces [29, 30] can chemisorb on the surface which should further enhance 
the PTFE adhesion on the surfaces and in turn the PTFE transfer film formation.  
 
Furthermore, our simulations show that the arrangement of the molecules is crucial for friction. In 
particular, shear can disentangle PTFE chains in amorphous regions and induce the alignment of the 
molecules with the sliding directions. This structural running-in process results in a strong reduction of 
shear stress. Surprisingly, our MD work also suggests that alignment plays a role in the transfer film 
formation since the PTFE cleavage surfaces that form upon “contact opening” are localized close to 
crystal-amorphous interfaces.  
 
Shear deformation in the PTFE layer is accommodated by an approximately linear velocity profile 
within the crystal-like region. Consequently, a thicker PTFE film consisting of shear-aligned molecules 
should reduce the shear rate which could explain the friction decrease with increasing film thickness 
observed in the experiments.  
 
Future work will address the optimization of transfer film formation using PTFE compounds to obtain 
more homogenous films. Moreover, the friction behaviour and film formation at different operating 
points will be investigated to determine the operating limits for PTFE-lubricated, highly loaded rolling 
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contacts. Future atomistic studies should also focus on the velocity dependence of PTFE film transfer 
and friction, since in our shearing simulations velocities are still 2-3 orders of magnitude higher than in 
the experiments.  
 
In general, transfer film formation and friction of solid lubricants is a highly complex problem that 
impedes the rational design of double-film-transfer REBs. However, an understanding of the underlying 
mechanisms can be gained with the presented approach that combines in-situ friction and WLI 
measurements with MD sliding simulations. Hopefully, our work and follow-up studies will pave the 
way for an improvement of the reliability of solid-lubricated, rolling-element bearings. 
 

5 Appendix 

 
A force field for the PTFE/α-Fe2O3 system 
 
To accurately describe non-reactive interactions in PTFE-lubricated α-Fe2O3 contacts, we develop a 
force field that is based on density-functional theory (DFT) simulations and is specifically tailored for 
our purposes as described in the following.  
 
PTFE. The interaction between and within PTFE molecules is described by the all-atoms force field 
developed by Watkins and Jorgensen [26]. We find that this model can describe different crystalline 
PTFE phases with good accuracy (see Table 2). Densities and elastic properties of amorphous PTFE as 
calculated using this force field are reported in Table 3 for CxF2x+2 molecules with 𝑥 = 20, 40, 60. The 
preparation of the samples used to calculate the elastic properties of amorphous PTFE follows the 
procedure described in the Methods section. However, in this case, periodic boundary conditions are 
applied in all three Cartesian directions. The negligible variation of density and elastic properties when 𝑥 increases from 40 to 60 supports our choice to model PTFE using C40F82 in this work. 
 
Table 2. Comparison of the lattice constants of different PTFE phases as predicted by the force field of 

Watkins and Jorgensen [26] with literature values (aX-ray diffraction from Ref. [31], bDFT (PBE-D) 

results from Ref. [32]. 

  Force field Reference 

Phase II 𝑎 (Å), 𝑐 (Å) 5.53, 16.91 5.54, 16.80a 

Phase III 
orthorombic 

𝑎 (Å), 𝑏 (Å), c (Å) 8.23, 5.83, 2.62 8.70, 5.97, 2.65b 

Phase III 
monoclinic 

𝑎 (Å), 𝑏 (Å), c (Å), 𝛾 (°) 9.61, 5.04, 2.62, 
102.5 

9.79, 5.15, 2.67, 
101.8b 

 
 
Table 3. Density and elastic constants of amorphous PTFE samples. Each sample consists of 20 

identical molecules with the chemical formula as indicated in the table. 

Amorphous PTFE C20F42 C40F82 C60F122 

Density (g/cm3) 2.15 2.09 2.07 

Bulk modulus 𝐾 (GPa) 4.8 5.4 5.6 

Young’s modulus 𝐸 (GPa) 3.0 4.0 4.1 

Poisson’s ratio 𝜈 0.39 0.38 0.38 

 
Bulk α-Fe2O3. For bulk α-Fe2O3 we use a model that is similar to the one used by Latorre et al. [22] and 
by Berro et al. [33]. Based on the relaxed DFT configuration, we use harmonic interactions of the form 𝐸𝑏𝑜𝑛𝑑 = 𝐾bond(𝑟 − 𝑟0)2 with spring constant 𝐾𝑏𝑜𝑛𝑑 = 1.085 eV/ Å2 between all atomic pairs separated 
by less than 3.2 Å. The choice of this spring constant allows for a good description of the elastic 
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constants of α-Fe2O3 (see Table 4). The set of equilibrium bond lengths 𝑟0 for all interacting atom pairs 
is {1.963, 2.122, 2.688, 2.793, 2.896, 2.906, 2.986, 3.055} Å.  
 
Table 4. Elastic constants as calculated by DFT and by the present force field. 

 DFT   Force field C11 (GPa) 325   318 𝐶12 (GPa) 146   122 𝐶13 (GPa) 124   78 C14 (GPa) 12   −1 𝐶33 (GPa) 293   245 𝐶44 (GPa) 82   88 
     

 
Fe-terminated α-Fe2O3 (0001). α-Fe2O3 (0001) surfaces are created by removing the periodic boundary 
conditions from the bulk sample along the 𝑧 direction. Details concerning the surface termination are 
described below in the technical section about the DFT calculations. To account for the surface 
relaxation as observed in DFT, each terminating Fe atom is displaced by 0.63 Å towards the surface 
along the z direction. Using this geometry, in analogy to the bulk case, all atoms separated by less than 
3.2 Å interact via harmonic terms with spring constant 𝐾𝑏𝑜𝑛𝑑 = 1.085 eV/ Å2. The set of additional 
equilibrium bond lengths 𝑟0 compared to the bulk case is {1.779, 3.093, 3.125} Å. 
The atomic interactions between PTFE and α-Fe2O3 (0001) are modelled via a Lennard-Jones (LJ) 
potential 𝐸𝐿𝐽 = ∑ ∑ 4𝜖𝑖𝑗 ((𝜎𝑖𝑗𝑟𝑖𝑗)12 − (𝜎𝑖𝑗𝑟𝑖𝑗)6)𝑗>𝑖𝑖 . Eq. 1 

The two-body parameters 𝜖𝑖𝑗 and 𝜎𝑖𝑗 for atom pairs 𝑖𝑗 are expressed as functions of the atomic 
parameters as 𝜖𝑖𝑗 = √𝜖𝑖𝜖𝑗 and 𝜎𝑖𝑗 = √𝜎𝑖𝜎𝑗 to ensure that the mixing rules are compatible with those 
adopted by Watkins and Jorgensen. The atomic parameters for C40F82 are taken from Ref. [26], the 
atomic parameters for α-Fe2O3 (0001) are 𝜖𝐹𝑒 = 0.02363 eV, 𝜎𝐹𝑒 = 2.41 Å, 𝜖𝑂 = 0.01031 eV, and 𝜎𝑂 =  3.21 Å. These parameters are obtained by fitting the energy of 500 different configurations of a 
C8F18 molecule interacting with a α-Fe2O3 (0001) surface (see green curves in Figure 10a). For each of 
these different configurations, the molecule and the slab are held rigid using their relaxed DFT 
geometries. The choice to omit Coulombic interactions between PTFE is physically motivated by the 
fact that electrostatic interactions only play a minor role for the tribology of perfluorinated carbon 
compounds [28, 34]. As a test, we verify that the adsorption energy of C8F18 as obtained with a geometry 
optimization using the force field can reproduce the DFT result (-0.70 eV in both cases).  
 
OH-terminated α-Fe2O3 (0001). To assess how the chemical structure of α-Fe2O3 (0001) surfaces 
influences our results we also consider the hydroxylated surface (Figure 10b). The model is adapted 
from Ref. [35] as discussed in more detail below in the technical section about the DFT simulations. To 
construct the hydroxylated surface from the bulk cell and mimic the DFT geometry, we remove the 
periodic boundary conditions along the 𝑧 direction to obtain a Fe-terminated α-Fe2O3 (0001) surface. 
Each surface Fe atom is displaced by 0.291 Å in the 𝑧 direction towards the bulk. Next, we hydroxylate 
each of these Fe surface atoms by adding OH groups with the following displacement vectors relative 
to the position of the surface Fe atom: 𝑟𝑂 = ( −0.161, −0.002, 1.819) Å and 𝑟𝐻1 =(−0.248, 0.837, 2.303) Å (Figure 10b). Finally, H atoms are added to passivate O atoms in the second 
O layer with the displacement vector 𝑟𝐻2 = (−2.781, 0.395, 0.206) Å relative to the position of the 
surface Fe atom (Figure 10b). These numerical values are extracted from the relaxed DFT 
configurations. Using this geometry, harmonic interactions between all atom pairs that do not contain H 
atoms and are separated by less than 3.2 Å are introduced - again with 𝐾𝑏𝑜𝑛𝑑 = 1.085 eV/ Å2. This 
procedure yields the set {1.826, 1.854, 2.922, 2.931, 3.069} Å in addition to the set of equilibrium bond 
lengths 𝑟0 from the bulk case. 
Each H termination is connected to the neighbouring O atom by a harmonic bonding term with 𝐾𝑏𝑜𝑛𝑑 =25.24 eV/ Å2 and 𝑟0 = 0.982 Å. These values are obtained by fits to the distance-energy DFT curves 
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upon elongation and compression of individual O–H bonds while keeping all other atomic positions 
fixed (Figure 10c). In addition, one harmonic H–O–Fe angle with the functional form 𝐸𝑎𝑛𝑔𝑙𝑒 =𝐾𝜃(𝜃 − 𝜃0)2 with 𝐾𝜃 = 0.601 eV/rad2 and 𝜃0 = 121.58° is introduced for each H atom in the top H 
layer. The numerical values are obtained by fits to reference DFT calculations, where the position of 
individual H atoms are varied to sample different H–O–Fe angles keeping all bond lengths fixed (Figure 
10c). For each H atom in the lower H layer, three such H–O–Fe angles with the same parameters are 
introduced. Moreover, since no Lennard-Jones or Coulombic terms are used to model interactions within 
α-Fe2O3, we additionally add one dihedral interaction involving the atom types H–O–F–O (the latter O 
being part of the lower layer of hydroxyl groups, Figure 10c) for each H in the upper hydrogen layer to 
obtain an energetic barrier for the rotation of the OH group. 
The dihedral has the form 𝐸𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙 = 12 𝐾𝜙[1 − cos(2𝜙)] with 𝐾𝜙 = −0.1488 eV and is obtained by 
fits to DFT benchmark simulations, in which the corresponding dihedral angle is varied while keeping 
all bond lengths fixed (Figure 10c). 
In analogy to the Fe-terminated case, the interaction between OH-terminated α-Fe2O3 (0001) and PTFE 
is modelled via LJ interactions (Eq. 1). The atomic LJ parameters for the hydroxyl groups are fitted to 
the interaction with a C8F18 molecule, while the parameters for Fe and the remaining O atoms in the slab 
remain fixed at the values determined in the Fe-terminated case (see blue curves in Figure 10). This 
procedure yields 𝜖𝐻 = 0.01604 eV, 𝜎𝐻 = 2.01 Å and 𝜖𝑂2 = 0.00507 eV, and 𝜎𝑂2 =  3.37 Å. O2 refers 
to the oxygen atoms being part of the hydroxyl groups. Again, we verify that the adsorption energy of 
C8F18 obtained by geometry optimization using the force field is in good agreement with the DFT result 
(-0.39 eV and -0.38 eV, respectively).  
 

 
Figure 10. (a) Interaction energy between a C8F18 molecule and a Fe-terminated 𝛼-Fe2O3 (0001) 

surface (green) and between a C8F18 molecule and an OH-terminated 𝛼-Fe2O3 (0001) surface (blue) for 

different configurations of the molecule on top of the surface. Energies obtained by DFT are represented 
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by dark colours while light colours show the energies measured on the same configurations using the 

present force field. The different configurations of the molecule include rotations and translations in the 

surface plane and different distances to the surface. A typical configuration for the OH-terminated case 

is shown in the inset. (b) Snapshot of the model used for OH-terminated α-Fe2O3 (0001) surfaces. The 

labels are explained in the text. (c) Energy as a function of the O–H bond length (i), of the H–O–Fe 

angle (ii) and of the dihedral angle H-O-Fe-O (iii) as obtained by DFT and by the present force field.  

 
DFT simulations.  
 
All DFT calculations are performed by using the Vienna ab initio simulations package (VASP) [36]. 
VASP employs a plane wave basis set to represent the valence electrons whereas core electrons are 
taken into account using the projector-augmented wave (PAW) method [37, 38]. In order to partially 
correct deficiencies of local and semilocal DFT in describing the strongly correlated d-electrons of Fe 
the DFT+U formalism is used, where a Hubbard model-like term for the onsite Coulomb interactions is 
added to the semilocal DFT functional [39]. For the latter, we use the PBE functional [40]. Following 
previous works using VASP to simulate hematite surfaces [35, 41], we select a value of 4 eV for the 
effective Hubbard parameter U-J. The energy cutoff defining the plane wave basis set is set to 520 eV 
for the relaxation of the hematite bulk unit cell and the calculation of the elastic constants and to 400 eV 
for all other simulations. Reciprocal space integration is performed using a 3×3×3 Monkhorst-Pack grid 
for the bulk relaxation and all simulations featuring the hematite slab supercell are Γ-point calculations. 
A Gaussian smearing of the orbital occupancies with a width of 0.1 eV is used throughout. Long-range 
dispersion forces are taken into account by Grimme’s D3 method with the PBE parameters as 
implemented in the VASP code [42, 43]. Antiferromagnetic ordering of the Fe magnetic moments of 
the hematite ground state as reported in Ref. [41] is imposed for both bulk and slab calculations. 
 
The unit cell of the hematite bulk structure used in this work contains six Fe2O3 layers along the [0001] 
direction and is repeated twice in the other directions. Relaxation of the structure yields lattice constants 
of 𝑎 =  5.07 Å and 𝑐 = 13.86 Å in full agreement with the earlier reports [35, 41]. From the bulk unit 
cell, symmetric 4 × 2 × 1 slab models are constructed. The cutting plane is chosen such that the surface 
top and bottom layers consist of bulk Fe layers with half occupation such that the overall Fe2O3 
stoichiometry of the resulting slab is conserved. DFT calculations within a GGA+U approach 
determined this surface termination to be the most stable one within a wide range of oxygen chemical 
potentials [41]. The model for the hydroxylated hematite (0001) surface (Figure 10) is set up following 
Ref. [35], where DFT simulations using again a GGA+U approach predict dissociative chemisorption 
of H2O molecules as favourable adsorption mechanism of water on hematite (0001) surfaces. 
Hydroxlation occurs via the dissociation of water molecules into OH- and H+ ions that subsequently 
bond to the terminal Fe3+ and surface O2- ions, respectively. 
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