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ABSTRACT 
Solid lubricants such as polytetrafluoroethylene (PTFE) are used to lubricate rolling-element bear
ings (REBs) when grease or oil cannot be applied. To compensate for PTFE’s high wear, the rolling 
contacts can be relubricated by solid transfer films that form at the sliding contacts between the 
rolling elements and PTFE reservoirs in the cage pockets. Excessive PTFE relubrication causes a 
rapid depletion of the PTFE reservoirs, while insufficient PTFE relubrication leads to high friction 
and wear. Both situations can limit the REB’s lifetime. In this study, we use a ball-on-disk tribom
eter enhanced with a PTFE relubricating pin as a model system for sliding and rolling contacts in 
an REB. Using the spacer layer imaging method (SLIM), we measure the film thickness distribution 
in the rolling point contact for different normal loads applied to the PTFE pin. This reveals spatially 
and temporally inhomogeneous films. Non-reactive, all-atom molecular dynamics (MD) simulations 
show that the PTFE lubricating film can be described as a Herschel-Bulkley fluid with a yield stress 
that is caused by perturbations of the perfectly layered molecular flow. By combining the MD- 
derived friction laws with the experimental film thickness distributions, we can quantitatively 
reproduce the measured macroscopic friction coefficients. The study shows that a tradeoff 
between friction reduction and low lubricant consumption can be obtained with a homogenous 
PTFE lubricant film with a thickness of only about 20 nm.
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Introduction

Polytetrafluoroethylene (PTFE) is probably the most promin
ent example of a polymeric solid lubricant and has been the 
subject of tribological investigations for well over half a cen
tury. (1,2) Because of its excellent low-friction properties, vac
uum compatibility, chemical inertness, and applicability in a 
wide temperature range, it is well established in space trib
ology and many other applications such as seals and plain 
bearings as well as rolling-element bearings (REBs). (3,4)

PTFE’s exceptional slipperiness is a result of its low cohe
sion in the shearing direction, (5) which makes the shear 
resistance within PTFE very low. For the same reason, PTFE 
transfer films on tribological surfaces can form even for low 
values of the surface-PTFE adhesion. (5) Origins of this 
behavior include:

i. Shear-induced orientation of the PTFE molecules with 
the sliding direction. (6–9) Sliding along the chain dir
ection of an oriented PTFE film results in substantially 
lower friction than sliding perpendicular to it. (10)

ii. PTFE’s molecular structure with very long, unbranched 
molecules without side groups that would disturb the 
intermolecular “flow.” (5,11,12) Even small structural 
deviations such as the partial replacement of fluorine 
atoms along the carbon chains with larger chlorine 
atoms (PCTFE) or with CF3 groups (Teflon-FEP) were 
reported to increase friction substantially. (9)

iii. Very dense packing of fluorine-carbon dipoles along 
the molecular chain that leads to negligible electrostatic 
interactions between the molecules (despite the high 
polarity of the C-F bond). (13)

iv. Very dense packing of fluorine atoms along the carbon 
chain leading to “sub-atomically smooth” molecules 
with a small potential energy corrugation associated to 
the intermolecular sliding. (8,14)

v. Low polarizability of fluorine that contributes to rather 
low van der Waals interactions between the chains. (15)

Despite its excellent frictional properties, lubrication with 
PTFE has at least two major drawbacks. First, the high 
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stability of fluorocarbons can lead to their accumulation in 
the environment. For this reason, potential upcoming 
restrictions and regulations (16) cause uncertainty and make 
further development and optimization of PTFE-lubricated 
machine elements questionable, even in closed systems. 
Second, PTFE is known for its high wear rate, (8) particu
larly at high contact pressures. A PTFE lubrication film can 
be removed easily from the contact zone under tribological 
load. (17) Once pushed to the sides of the contact zone, the 
solid lubricant does not flow back into the contact zone and 
therefore cannot contribute to the separation of the surfaces.

A possible, widely used solution to increase PTFE’s wear 
resistance is to use it as composite material together with 
other materials with higher wear resistance such as polye
theretherketone (PEEK), (18,19) polyamide, (20) alumina, 
(21) and many others. (22–25) Another viable option, which 
we explore here, is to constantly resupply PTFE into the 
contact zone to compensate for the wear losses. In REBs, 
where the rolling elements are separated by a cage, this can 
be technically implemented by exploiting the double transfer 
mechanism (26): From the cage, which acts as a lubricant 
reservoir, the solid lubricant is gradually transferred to the 
rolling elements and is then further transported to the inner 
and outer races. Both excessive PTFE relubrication, causing 
a rapid depletion of the PTFE reservoirs in the cage, and 
insufficient PTFE relubrication, leading to high friction and 
wear, can limit the lifetime of such a bearing.

In this study, we investigate PTFE friction and double 
transfer mechanisms in rolling-point contacts with two goals 
in mind. The first one is the optimization of the PTFE lubri
cation in the context of the aforementioned compromise, 
that is, how much PTFE is required in the rolling contact 
for effective lubrication under the constraint of low PTFE 
lubricant consumption? The second, more general goal is to 
deepen the understanding of the PTFE friction and lubrica
tion mechanisms, which can potentially help to find 
adequate fluorine-free alternatives.

In a previous study, we directly addressed PTFE lubrica
tion in REBs experimentally and using atomistic simulations. 
(7) We used a ball-on-disk tribometer (mimicking the ball- 
race contact) enhanced with a PTFE pin, which was pressed 
against the disk (mimicking the resupply of the bearing 
from the cage that acts as a lubricant reservoir). We found 
that an increase in the PTFE supply enabled by increasing 
the normal load on the PTFE pin causes a decrease of fric
tion in the rolling contact. The values of the central film 
thickness in the rolling contact, as measured by means of 
white-light interferometry, scatter strongly. However, in line 
with the accompanying MD simulations, the reduction in 
friction with increasing pin load could be linked to an 
increase in mean thickness values. Moreover, the simulations 
revealed that shear causes the PTFE chains to align with the 
shearing direction thus facilitating homogeneous flow within 
PTFE and decreasing shear resistance.

In the work presented here, we increase the resolution of 
the experiment by locally resolving the film thickness on the 
mm-scale using the spacer layer imaging method (SLIM) 
(27) instead of measuring only the central film thickness. In 

the simulation part of the study, we build on our previously 
presented model (7) and systematically consider PTFE film 
thickness values comparable to those measured in the 
experiment. Additionally, we address the influence of the 
PTFE chain length. Combining the experimentally measured 
film thickness distribution with MD-derived friction laws 
allows us to go beyond the previously established qualitative 
correlation between friction reduction with increasing PTFE 
film thickness and to obtain a quantitative correlation.

Methods

Experimental setup

Tribometer
To measure the film thickness and coefficient of friction 
(COF) in a PTFE-lubricated rolling point contact, we reuse 
and adapt the setup presented in our previous publication, 
(7) which consists of a modified ball-on-disk tribometer 
(EHD2, PCS Instruments) as illustrated in Fig. 1. To enable 
film thickness measurements, we use an optically- 
transparent glass disk. This setup is typically used for 
research on the film formation of lubricating oils or greases 
in an elastohydrodynamic (EHD) rolling point contact. 
(28,29) For the double transfer mechanism, the tribometer is 
extended by an additional PTFE pin that is pressed on the 
disk and that transfers PTFE onto the disk, that is, it acts as 
a lubricant reservoir.

The diameters of the PTFE pin and steel ball are 4.3 mm 
and 19.05 mm, respectively. Both are running on the same 
disk radius. Roughness values of the disk and the ball, deter
mined by using an atomic force microscope, (30) are given 
in Table 1 alongside the Young’s moduli and Poisson ratios.

The amount of PTFE transferred from pin to disk is con
trolled by applying dead loads of various weights corre
sponding to forces on the pin FPin between 0 and 100 N. 
Without dead load (i.e., FPin ¼ 0), the pin is still slightly 
pressed against the disk due to the dead weight of the 
apparatus with a force of about 0.1 N. The polished steel 
ball runs on the transfer film resulting in a ball running 
track within the sliding track. Using an electronically con
trolled system, a normal force FBall ¼ 2062 N is applied to 
the rolling contact for all experiments presented here. Using 
Hertzian contact theory and the elastic material properties 
given in Table 1, the pressure in the rolling contact is esti
mated to be about 526 MPa. We drive the ball and disk at 
velocities vBall ¼ 380 mm/s and vDisk ¼ 420 mm/s, respect
ively, resulting in a slide-to-roll ratio (SRR) of 10% and a 
relative velocity of 40 mm/s between them. The COF is 
determined using the measured torque TFriction at the ball 
drive shaft. The measured friction is composed of the fric
tion in the rolling contact and an additional offset caused by 
the friction components of the ball drive. To determine and 
compensate for this offset, we use two different approaches. 
In the first one, we follow Guegan et al. (31) and measure 
the torque in pure rolling (SRR ¼ 0%) for FBall ¼ 20 N. In 
the second approach, we measure the friction at positive 
and negative SRR values of equal magnitude for selected pin 
loads. For negative SRR the friction torque is negative, while 
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for positive SRR it is positive, because the relative velocity 
between ball and disk changes sign. However, the direction 
of rotation of the ball drive shaft is the same for positive 
and negative SRR and the offset friction torque has the 
same sign for positive and negative SRR. As a result, the 
average of positive and negative torque values is equal to 
the offset value. The two approaches give offset values of 
0.0198 and 0.0201, respectively. All COF values below are 
therefore corrected by an offset of 0.02. The experiment is 
performed at 40 �C. The temperature is measured and elec
tronically controlled using a sensor in the immediate vicinity 
of the rolling contact.

The measurement protocol is as follows. Each measure
ment series covers all pin loads considered once (100 N, 80 
N, 60 N, 40 N, 20 N, 0 N). For each series, we use a new 
steel ball and a new track, that is, a different radius on the 
glass disk. In order to run multiple measurement series on 
the same disk, this radius is varied between 36 and 42 mm 
in increments of 0.5 mm, while maintaining the same vel
ocity and SRR. We obtain statistically the same results when 
repeating the experiment with different radii, indicating that 
the influence of a different number of ball rotations per disk 
rotation is within the experimental error bars. For each pin 
load, starting from 100 N in descending order, we initially 
clean both specimens using acetone. Then, an initial PTFE 
transfer layer is applied onto the surface of the glass disk by 
loading the PTFE pin with FPin ¼ 20 N against the glass 
disk (rotating with a speed of 400 mm/s) for 5 min, while 
the steel ball is not yet in contact with the disk. Afterward, 
the steel ball is positioned on the glass disk, such that it 
runs in the sliding track of the pin for 2 min to transfer 
PTFE from the disk onto the ball. After this run-in process 
is completed, we measure the friction in the rolling contact 
for FPin between 0 N and 100 N, (corresponding to 

pressures in the pin-disk contact between 6.9 and 6,900 kPa) 
for 330 s. To assess the reproducibility of our results, we 
conduct the measurement series three times.

Film thickness measurement
The film thickness distribution in the ball-disk contact zone 
is measured in-situ using the SLIM. (27) In contrast to a 
post-mortem analysis of the worn samples, this approach 
allows for an unambiguous monitoring of the PTFE film in 
the contact under tribological load. From a source of white 
light, a light beam is directed through the glass disk into the 
rolling contact. At a semi-transparent chromium layer on 
the lower side of the glass disk the beam is split into a refer
ence and a measurement beam. While the reference beam is 
reflected directly to the camera, the measurement beam 
passes through the chromium layer, a SiO2 spacer layer and 
the PTFE film reaching the steel ball surface, where it is 
reflected. The measurement beam then re-transmits through 
the lubricant, the different layers and the glass disk to the 
camera. The different path lengths of the reference and 
measurement beam result in a phase difference and depend
ing on the film thickness and the wavelength of the light 
beam, constructive and destructive fringes are created. Since 
white light is used, this yields a colored interferogram. We 
note that within this approach we assume that air gaps 
within the lubricant in the contact zone are negligible (i.e., 
if present, they are treated as if they had the refractive index 
of PTFE). We record the images of the interferogram using 
a red-green-blue (RGB) camera about every 3 s.

Each image has a resolution of 1,024� 768 pixels, with 
each pixel corresponding to a spatial extension of about 0.8 
mm � 0.8 mm per pixel. We convert the RGB values of each 
pixel to a film thickness value using a correlation table. To 
create the correlation table, we perform two measurements 
with an FVA3 oil, (32) which matches the refractive index 
of PTFE with a deviation below 5%. First, the central film 
thickness of the EHD oil film is measured using the ultra- 
thin-film interferometry method (33) at various rolling 
speeds. This establishes the correlation between film 

Figure 1. Schematic experimental setup consisting of a ball-on-disk tribometer with an additional PTFE pin that is pressed against the disk and acts as a lubricant 
reservoir. In the ball-disk contact, the friction and the film thickness distribution by means of the spacer layer imaging method (SLIM) are recorded.

Table 1. Material properties of the specimens.

Parameter Glass disk Steel ball

Young’s modulus 75 GPa 207 GPa
Poisson ratio 0.22 0.29
Rq 0.8 nm 6.1 nm
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thickness and rolling speed. In the second measurement, 
images of the EHD oil film are captured under identical 
contact conditions and various rolling speeds using the 
SLIM. The RGB values in the central contact area are then 
determined and correlated with the rolling speed. By com
paring the results of both measurements, we establish a cor
relation between film thickness and RGB value, as shown in 
Fig. 2.

To convert an RGB image into a 3D film thickness map, 
the film thickness for each pixel is determined from this 
correlation by identifying the RGB values rc, gc, bcð Þ of 
the calibration table that best match the pixel’s RGB 

values ðr, g, bÞ: As an error metric, we use d ¼

1
255

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r − rcð Þ
2 þ g − gcð Þ

2 þ b − bcð Þ
2

q

: To avoid incorrect 
detection of film thickness values, which can occur due to 
intensity shifts and fringe order ambiguities (see MacLaren 
et al. (34) for a discussion), we limit the correlation table to 
film values between −10 nm and 120 nm. If the minimal 
deviation d from any of the RGB values in the calibration 
table is greater than 0.002, the film thickness is considered 
to be greater than 120 nm.

Atomistic simulations

To study the lubrication mechanisms of PTFE in the ball- 
disk contact and the relationship between film thickness and 
shear stress, we use classical MD sliding simulations of 
PTFE-lubricated hematite contacts. The atomistic model 
builds upon our earlier work (7) and is schematically illus
trated in Fig. 3.

Hematite is chosen as a representative model of oxidized 
steel surfaces. (35) For simplicity, we use this model for 
both surfaces. As discussed in the following section, PTFE 
sticks to the surfaces and the entire shear deformation is 
accommodated within the PTFE phase. For this reason, we 
do not expect this simplification of the experimental mater
ial to be critical and expect comparable results with other 
surface models as long as there is no slip at the PTFE/sur
face interfaces. (36) In fact, the atomically-flat iron oxide 
surface model used here is more prone to slip than an 

intrinsically rough amorphous silica surface, which would be 
the natural choice for representing the glass disk in a more 
sophisticated interface model.

We pair two Fe-terminated a-Fe2O3 (0001) slabs, each of 
which is composed of 12,960 atoms and has spatial exten
sions of 6:086� 5:270� 4:3 nm3. Periodic boundary condi
tions are used in the interface plane. To apply a shear 
deformation to the system, we keep the atomic positions of 
a 4 Å-thick region of the lower slab fixed, while we drive a 
4 Å-thick, rigid region of the upper slab at constant velocity 
(see Fig. 3). We note that the mixed sliding and rolling of 
the experiments is approximated as pure sliding under nor
mal pressure in this atomic-scale computational setup.

The typical molecular weight of PTFE is on the order of 
106–108 g/mol (37) corresponding to at least 20,000 repeti
tive CF2 units. Since this length scale is beyond what is feas
ible in our all-atom MD simulations, we instead consider 
two limiting cases to model PTFE. The first case considers 
PTFE molecules with a finite length, that is, C40F82. Note 

Figure 2. Correlation between spacer layer imaging method (SLIM)-derived 
red-green-blue (RGB) values and the central film thickness, as determined by 
ultra-thin-film interferometry, established with an FVA3 oil whose refractive 
index is within 5% of that of polytetrafluoroethylene (PTFE).

Figure 3. Molecular dynamics (MD) simulation setup consisting of a 
a-Fe2O3(0001)/a-Fe2O3(0001) sliding interface that is lubricated with different 
amounts of polytetrafluoroethylene (PTFE). Periodic boundary conditions are 
applied along the x and y directions. PTFE is either modeled using C40F82 

oligomers or infinite chains resulting from the periodic repetition of C47F94 

units. Oxygen (O), iron (Fe), carbon (C), and fluorine (F) atoms are visualized as 
red, brown, gray, and green spheres, respectively.
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that even when fully stretched and aligned with the sliding 
direction, the end-to-end distance of these molecules 
(�5.1 nm) is shorter than the simulation cell dimension 
along the sliding direction (6.086 nm). The second limiting 
case consists of C47F94 units that have approximately the 
same length as the simulation cell along x direction so that 
their periodic repetition results in infinitely long chains that 
are aligned with the sliding direction, which we refer to as 
(C47F94)1 in the following. In our previous study, (7) we 
showed that at the nanoscale shear causes an alignment of 
the PTFE molecules with the sliding direction, resulting in a 
pseudo-crystalline arrangement that is reminiscent of the 
hexagonal phase II of PTFE. (38) For the present study, we 
already pre-align all PTFE molecules with the sliding direc
tion on a hexagonal lattice with 9 molecules per PTFE layer. 
Additionally, each molecule is initially randomly displaced 
along the direction of sliding. In contrast to the molecular 
length, the typical PTFE film thicknesses in the ball-disk 
contact measured in the experiment can be matched dir
ectly. We consider for both PTFE models the following 
numbers of molecules: 99, 207, 405, 603, 801, 1,008, 1,206; 
corresponding to film thicknesses between about 5 and 
61 nm and a total number of atoms between 37,998 and 
195,966.

The experimental relative velocity between ball and disk 
is 40 mm/s. Using the same value for the sliding velocity in 
the simulation would not allow us to sample the sliding 
motion in a representative way. For this reason, we consider 
two different, much higher velocities, 10 m/s and 100 m/s, 
to assess the influence of the sliding velocity on the shear 
stress and enable its extrapolation to the experimental veloc
ities. The resulting high shear rates would cause the tem
perature in the PTFE phase to increase substantially when 
applying thermostats just to parts of the hematite slab that 
are far from the sliding interface, as in our previous work. 
(7) While our previous simulations only addressed film 
thicknesses below 25 nm and this issue did not arise, here 
we deal with lubricant film thickness values up to 61 nm. 
Therefore, we apply a Langevin thermostat with a target 
temperature of 300 K and a damping constant of 1 ps to all 
atoms except for the rigid and fixed ones. The thermostat 
acts only along the direction perpendicular to the sliding 
direction and the normal load direction to reduce the effect 
of the thermostat’s dissipation on the shear stress. We apply 
a normal pressure of 500 MPa, which approximately corre
sponds to the Hertzian contact pressure in the ball-disk con
tact (see the Experimental Setup section).

For the interatomic interactions we reuse our previous 
model, (7) where PTFE is described using the all-atom force 
field for perfluoroalkanes by Watkins and Jorgensen, (39) 
a-Fe2O3 (0001) is described by a harmonic spring model, 
and the a-Fe2O3–PTFE interaction is represented by an 
effective Lennard-Jones potential that was fitted to density- 
functional theory reference calculations.

All simulations follow the same protocol: We first relax 
the initial structure while keeping the atomic positions in 
the constrained regions fixed, then equilibrate the system 
under a constant pressure and temperature. Afterwards, we 

start sliding by applying a constant velocity of 10 or 100 m/s 
to the upper rigid layer while keeping the system under a nor
mal pressure of 500 MPa with the pressure-coupling algorithm 
of Pastewka et al. (40) As soon as the system’s height has sta
bilized at a constant value, we switch to constant-height simu
lations to reduce the noise in the velocity profiles. The average 
pressures during the constant-height simulations deviate at 
most 25 MPa from the target value of 500 MPa. All reported 
quantities are averaged over these steady-state simulations, 
which have a duration of 4 ns for the 10 m/s case, and a dur
ation of 2 ns for the 100 m/s case. To roughly estimate the 
spread of the shear stresses, we compute the mean and the 
standard deviation from measurements in three distinct inter
vals: (0, 500) ps, (750, 1250) ps, and (1500, 2000) ps for the 
100 m/s case and (0, 1000) ps, (1500, 2500) ps, and (3000, 
4000) ps for the 10 m/s case. Shear stresses are calculated as 
the sum of the forces on the upper rigid layer along the sliding 
direction normalized by the cell area. PTFE film thicknesses 
are measured as the difference between the lowest coordinate 
of the upper a-Fe2O3 slab and the topmost coordinate of the 
lower a-Fe2O3 slab after the system has reached the steady- 
state height. Time integration is performed with a timestep of 
0.5 fs.

Results and discussion

Friction, film thickness, and coverage measurements

Figure 4 shows the COF in the ball-disk contact as a func
tion of time for six different pin loads FPin ranging from 0 
N to 100 N. For each load, the COF remains stable over the 
measured period. In agreement with our earlier results, (7) 
there is a trend of a decreasing COF with increasing pin 
load. The largest impact of the pin load can be observed 
when going from FPin ¼ 0 to FPin ¼ 20 N, where the aver
aged COF reduces from 0.065 to about 0.044. Further 
increases in pin load result in less pronounced friction 
reductions and eventually to a saturation at around 0.035 
for the highest pin loads of 80 N and 100 N. The results 
indicate that the double transfer mechanism in our setup 
works and PTFE is transferred from the pin to the ball-disk 
contact.

Figure 4. Coefficient of friction (COF) in the ball-disk contact as a function of 
time for pin loads Fpin between 0 and 100 N.
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A more direct analysis of the lubrication process is pro
vided by the SLIM images of the ball-disk contact. In con
trast to the low scattering in the time evolution of the COF, 
these images show a large variation within the same experi
ment: Film thicknesses and distributions are spatially and 
temporally inhomogeneous. Prior to proceeding with a more 
rigorous statistical data evaluation, we first discuss some 
typical scenarios with different film thicknesses and distribu
tions to introduce our analysis approach and the corre
sponding relevant quantities. Figure 5a shows five exemplary 
images recorded for Fpin ¼ 20 N, but because of the large 
variations they could have been taken at any of the pin 
loads considered. Initially, using an unlubricated contact, we 
identify the contact zone for the ball load FBall ¼ 20 N by 
detecting the onset of the interference patterns that indicate 
the increase of the air gap between ball and disk surfaces 
(each repetition of color indicates the passing of one inter
ference order). For the analysis of the lubricated contacts, 
we consider the same contact zone. Within the contact 
zone, film thickness values up to 120 nm can be reliably 
determined from the RGB values for each pixel using a cor
relation table (see color scale in Figs. 2 and 5a). While exact 
film thickness values above 120 nm cannot be quantified, we 
can determine if the film thickness of a pixel is above this 
value.

For a quantitative analysis of the film thickness distribu
tions, we convert the RGB values into film thicknesses and 
determine their frequency of occurrence in the contact 
region. Figure 5b shows the distribution functions f(h) of 
the film thickness h in the contact region for each of the 
five example images. The binning of the distributions is 
done in steps of 1 nm and the distributions are normalized 
such that 

Ð1
0 f ðhÞdh ¼ 1: To compare different distributions, 

we compute the integral of each distribution function 
starting from a threshold thickness value of 18 nm: 
C ¼

Ð1
18 f ðhÞdh: C corresponds to the fraction of the contact 

region that is separated by at least 18 nm (indicated in blue 
in the upper right corner of the diagrams) and is referred to 
as (lubricant) coverage throughout this article. This 

threshold value is chosen for two reasons. First, for the 
given combined roughness of the glass and ball surfaces 

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rq, disk
2 þ Rq, ball

2
q

¼ 6:15 nm (see Table 1), a central 
film thickness of about 18 nm roughly indicates the onset of 
the full film lubrication regime. At this point the dimension
less k parameter, which is defined as the ratio between the 
central film thickness and r; becomes larger than three. (41) 
Second, as shown in the following section using the MD 
simulations, starting at about 18 nm the shear stresses only 
decrease marginally with increasing film thickness. For each 
distribution, we also calculate the mean film thickness 
hmean ¼

Ð1
0 f ðhÞh dh: In this calculation, we treat film thick

nesses larger than 120 nm as having a thickness of 120 nm 
as our method becomes unreliable for thicker films. As we 
will see in the following section, further increasing the film 
thickness above 120 nm does not significantly reduce friction 
anymore.

In image 1 of Fig. 5a, a rather uniform but very thin film 
can be observed with a distribution peak around hmean ¼

10 nm. 87% of the contact region has a film thickness below 
18 nm, that is, the coverage C is 0.13. Image 2 shows a very 
inhomogeneous distribution with an overall coverage C of 
0.66 and hmean ¼ 36 nm. The left part of the contact has 
only a minimal amount of PTFE in the contact (film thick
ness mostly below 18 nm), while a thick PTFE patch can be 
observed in the right part. The exact thickness of such big 
patches cannot be determined using the SLIM (and therefore 
it does not enter the calculation of hmean). However, using 
the method described in Ye et al., (42) we estimate the 
thickness of such patches to be several hundred nanometers 
by counting the repeated occurrence of the interference col
ors (i.e., the interference order). This is reminiscent of the 
observations in Lu et al., (17) where PTFE transfer films 
have been reported to have two forms: PTFE patches with 
thickness on the scale of microns that can act as local PTFE 
reservoirs, and thin films of a few nanometers that are 
thought to be responsible for low friction. Image 3 shows a 
rather uniform distribution with the main peak shifted 
toward higher thicknesses such that C ¼ 0.71, even though 

Figure 5. Exemplary spacer layer imaging method (SLIM) images of the rolling contact (a) and the corresponding film thickness distributions in the contact region 
(b). In panel b, the fraction C of the contact region in which the film thickness is at least 18 nm is indicated in blue in the upper right corner of each subplot. The 
mean film thickness in the contact region hmean (as defined in the text) is written in violet.
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the average film thickness hmean ¼ 21 nm is significantly 
smaller than the one in image 2. In image 4 almost the full 
contact is rather homogeneously covered in PTFE with a 
thickness larger than 18 nm (C ¼ 0.92) and a hmean compar
able to the one in image 2. Finally, in image 5 the contact is 
excessively lubricated with PTFE including large patches 
(C ¼ 0.98, hmean ¼ 44 nm).

To show how the film distributions scatter during the 
experiment for the different pin loads, we determine the 
film thickness distribution and the corresponding lubricant 
coverage C as a function of time, as illustrated for three pin 
loads (0 N, 40 N, 80 N) in Fig. 6a. In all three cases there is 
significant scatter with variations that are larger than 0.4. 
The scatter decreases with increasing pin load, while the 
mean C values increase. The increase in coverage is also evi
dent by considering the film thickness distributions averaged 
over time hf i (330 s, 100 RGB images) shown in Fig. 6b (in 
the following, we use angle brackets to indicate time aver
ages). While for FPin ¼ 0 N hf i is narrow and centered on 
film thicknesses below 18 nm, the distribution moves toward 
higher thicknesses and becomes broader with increasing pin 
load. This is also reflected in the averaged coverages hCi ¼Ð1

18 hf hð Þidh that initially increase very rapidly and eventually 
converge at around 0.9 for pin loads starting from about 40 
N. The mean film thickness hhmeani ¼

Ð1
0 hf ðhÞih dh follows 

a similar trend but only converges for the highest pin loads 
of 80 N and 100 N.

Figure 6c shows the average COF, average coverage hCi
and the mean film thickness hhmeani as a function of the pin 
load, where we average the data over three independent 
runs of the experiments. This data clearly reveals that the 
coverage hCi and the mean film thickness hhmeani can be 
controlled by the pin load. Both quantities are closely con
nected, even though one does not necessarily imply the 
other, particularly without time averaging as we have previ
ously discussed (c.f., the C and hmean values in Fig. 5). 
Thicker films (on average) favor higher coverages, but there 
can be uniform films with same hCi and different hhmeani:

All three curves converge to a constant value for large pin 
loads, although the convergence of the coverage and the 
COF is slightly faster than the convergence of the film thick
ness. This suggests that, in order to reduce friction, it is 
more critical to minimize the part of the contact that is only 
poorly lubricated than to lubricate with thicker films. 
Indeed, the COF does not change significantly for average 
film thicknesses above 60 nm.

According to the literature, (43) the wear rates of the pin 
can be expected to increase at a rate that is faster than linear 
with increasing pin load. Combined with the fact that cover
age and mean film thickness converge, this shows that the 
PTFE relubrication of the ball-disk contact with the double 
transfer mechanism becomes less and less effective with 
increasing pin load: Even though more and more lubricant 
is released onto the disk, the amount of PTFE material in 
the ball-disk contact saturates.

Simulation results

To investigate lubrication mechanisms that are inaccessible 
to our experimental analysis, we use non-reactive MD sim
ulations of PTFE-lubricated contacts. The main goal is to 
study how friction locally depends on the PTFE film thick
ness for thicknesses up to 60 nm, that is, on the lower end 
of the experimental values, in order to find friction laws 
that describe the friction-thickness relationship. In a subse
quent step, we combine these laws, extrapolated to the 
experimental conditions, with the experimental film thick
ness distributions to rationalize the macroscopic coefficients 
of friction.

We reuse our previous computational setup and consider 
PTFE-lubricated hematite contacts. (7) To reduce the com
putational time required to align the PTFE chains with the 
shearing direction and reach a steady-state, (7) we directly 
pre align the chains with the sliding direction (details in 
Methods). Figure 7a shows the averaged shear stress of 
PTFE-lubricated hematite contacts under a normal pressure 

Figure 6. (a) Coverage C; as a function of time for three different pin loads. (b) Averaged film thickness distributions hfi for different pin loads. Each distribution is 
averaged over 100 images recorded within a period of 330 s. The vertical dashed lines indicate a film thickness of 18 nm and the blue numbers in the upper right 
corners are the average coverage hCi: The violet numbers show the mean film thickness hhmeani: (c) Average COF, average coverage and average mean film thick
ness as a function of the pin load. Each data point represents three independent measurements. For each measurement we determine the average film thickness 
distribution and, from that distribution, the average coverage and average film thickness. Error bars show the standard deviation of the three measurements.
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of 500 MPa for four cases: PTFE modeled as finite C40F82 
molecules or as (C47F94)1 (chains with infinite length), both 
with sliding velocities of 100 m/s and 10 m/s.

The data show clear trends within the considered param
eter space: (i) the shear stress decreases with increasing film 
thickness and the largest variations are found for thicknesses 
below �18 nm (justifying the choice of a threshold of 18 nm 
for the coverage C); (ii) the finite size of the molecules sig
nificantly increases the shear stresses compared to the 
infinite-chain case; (iii) a higher sliding velocity (i.e., a 
higher shear rate) increases friction; (iv) the finite size of the 
molecules increases the scattering of the data.

To find a friction law, we aim for the simplest model 
that fits the data starting from the case of the infinite chains. 
For this purpose, we plot the shear stress as a function of 
the shear rate (Fig. 7b) for the cases with a film thickness 
above 15 nm to mitigate the influence of the surfaces. The 
shear rate is approximated as the average shear rate _c ¼

v=h; where h is the PTFE film thickness and v the applied 
velocity. This is justified by the fact that the shear deform
ation is not localized at an atomically sharp interface, as one 
might expect for solid contacts, but is instead distributed 
over the entire PTFE phase with an approximately linear 
velocity profile (Fig. 7c), which closely follows this homoge
neous shear flow approximation (red lines). Wall slip turns 
out to be negligible in these systems, even without chemical 
bonds between PTFE and the surface. While the data points 
for the infinite chains in Fig. 7b cannot be described by a 
Newtonian fluid (i.e., a one-parameter model with a con
stant viscosity), we find that a two-parameter power law

s1 _cð Þ ¼ k1 _cn1 [1] 

fits the data reasonably well, where k1 is the consistency 
and the exponent n1 accounts for the observed shear thin
ning. The fit yields k1 ¼ 2076114 Pa � sn1 and n1 ¼
0:5160:03:

To describe the case of the finite chains, we note that 
with increasing film thickness, the shear stresses tend to 
converge toward a finite value larger than 0 (Fig. 7a). This 
is indicative of a yield stress that needs to be overcome to 
induce flow in the solid lubricant. Also in this case, we plot 
the shear stress as a function of the average shear rate in 
Fig. 7b for film thicknesses larger than 15 nm. While the vel
ocity profiles are still roughly linear on average, as exempla
rily shown in Fig. 7c, there are clear kinks and steps in the 
profiles that indicate that the shear flow is not entirely 
homogeneous and temporary shear localization can occur.

Remarkably, the data points of the finite chains are 
approximately parallel to the data points of the infinite 
chains (Fig. 7b). This suggests that the shear flow behavior 
is similar in both cases once the yield stress for the finite 
chains is overcome. In this spirit, we fit the data points by 
starting from s1ð _cÞ with fixed k1 and n1 and include a 
yield stress s0

sC40F82 _cð Þ ¼ s1 _cð Þ þ s0 ¼ k1 _cn1 þ s0: [2] 

This gives s0 ¼ 21:060:6 MPa.
A natural explanation for s0 are the defects created by 

the finite length of the molecules that disturb the homoge
neous shear flow within the pseudo-crystalline PTFE phase. 
To support this point, we analyze if and how the PTFE mol
ecules extend over several PTFE layers. We calculate the 

Figure 7. Shear stress as a function of the polytetrafluoroethylene (PTFE) film 
thickness (a) and of the average shear rate in PTFE (b) for an applied sliding vel
ocity of 10 or 100 m/s and PTFE modeled either as finite C40F82 molecules or as 
infinite (C47F94)1 chains. Solid lines show fits to the data in panel b, where the 
PTFE model with infinite chains is described as a power-law fluid and the case 
of the finite oligomers as a power-law fluid with the same parameters plus an 
additional offset (i.e., a Herschel-Bulkley fluid). Error bars indicate the standard 
deviation of three measurements in distinct time intervals (Methods). (c) 
Velocity profiles of PTFE-lubricated a-Fe2O3 contacts sheared at 100 m/s, where 
PTFE is modeled as infinite (C47F94)1 chains (blue curves) or as finite C40F82 

molecules (green curves). Each column refers to a simulation with a number of 
molecules specified in the respective title. The grey-shaded area represents the 
a-Fe2O3 slabs. The red dashed lines show idealized linear profiles of a homoge
neous PTFE flow. Their slopes are calculated by dividing the applied velocity by 
the PTFE film thickness. Profiles are averaged over 2 ns and collected in bins 
with a height of 8 Å.
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spatial extension of the molecules along the direction nor
mal to the PTFE layers (z in Fig. 3) and use the difference 
between the largest and smallest position of the carbon 
atoms within each molecule as a measure (Dzmolecule). 
Figure 8 exemplarily shows the distributions of Dzmolecule for 
the 100 m/s cases, where the contact is lubricated with 1,206 
molecules. In the case of the infinite chains, there is only 
one large peak corresponding to PTFE molecules that are 
part of a single PTFE layer. For the finite chains, the distri
bution is smeared out significantly and a second peak at 
around 6.2 Å and a faint shoulder at �10–11 Å emerge. 
These correspond to PTFE molecules that extend over 2 or 
even 3 PTFE layers as exemplarily illustrated in the inset of 
Fig. 8.

Combining friction laws with experimental film 
thickness distributions

The friction forces measured in the experiment are the 
sum of the local shear forces, which vary with the local 
film thickness. In the following, we combine the friction 
laws with the averaged film thickness distributions of the 
experiment (as exemplarily illustrated in Fig. 6b) to make a 
prediction about the macroscopic COF and compare it to 
the measured values. The established friction laws allow for 
an extrapolation to the experimental conditions with rela
tive velocities of 40 mm/s between ball and disk. We note 
that the experimental system is glass/PTFE/steel while we 
established the friction laws for hematite/PTFE/hematite 
contacts. Nonetheless, our estimates should be reasonable 
as long as the shear deformation is only localized within 
the PTFE phase and wall slip is negligible (as evident in 
the MD simulations from Fig. 7c). Moreover, in our previ
ous publication with the same experimental setup, we com
pared a steel disk to a glass disk with similar surface 
roughness and found comparable COF—even for a PTFE 
pin load FPin ¼ 0. (7)

To predict a macroscopic shear stress hsi from the aver
aged film thickness distributions hf hð Þi we use

hsi v, s0ð Þ ¼

ð1

0
s h, v, s0ð Þhf hð Þidh [3] 

with

sðh, v, s0Þ ¼ k1
� v

h

�n1
þ s0: [4] 

For the consistency and the exponent parameters, we use 
the values determined above by fitting the results of the MD 
simulations (k1 ¼ 207 Pa � sn1 , n1 ¼ 0:51). To convert 
hsiðv, s0Þ to a COF, we simply normalize it by Pn ¼

500 MPa (the normal pressure at which the friction laws 
were parameterized and which is close to the Hertzian pres
sure of 526 MPa in the experiment). To evaluate Eq. [3], a 
shear stress for h ¼ 0 is required. This is the shear stress of 
the solid–solid contact, which is a parameter of the model 
called COFunlubricated in the following. To convert 
COFunlubricated to sðh ¼ 0Þ; we multiply it by the normal 
pressure 500 MPa. Moreover, because of the unreliability of 
the SLIM for thicknesses above 120 nm, we treat each film 
thickness above 120 nm as if the film thickness were 120 nm. 
This is a reasonable assumption because for such large val
ues of the film thickness the shear stresses are insensitive to 
the thickness (Fig. 7), in particular for slow relative veloc
ities as the one in the experiment.

Figure 8. Probability density distribution of the spatial extension of the poly
tetrafluoroethylene (PTFE) molecules along the z direction for infinite (C47F94)1
chains and for finite C40F82 molecules. Dzmolecule is defined as the difference 
between the largest and smallest z coordinates of all carbon atoms in each mol
ecule. Both distributions are averaged over all PTFE molecules and all snapshots 
of the 100 m/s sliding simulations with 1,206 PTFE molecules. The inset shows a 
C40F82 molecule, highlighted in purple, that extends over two PTFE layers.

Figure 9. Coefficient of friction (COF) as a function of the average film coverage 
hCi: The black line shows the experimental results obtained for a relative sliding 
velocity of 40 mm/s between disk and ball. Each point corresponds to the aver
age of one run of the experiment for a specific pin load. The prediction of our 
model that combines the molecular dynamics (MD) friction laws with the 
experimentally measured average film thickness distributions is shown for dif
ferent combinations of the velocity v; the offset s0 and the friction coefficient 
for the insufficiently lubricated regions of the contact COFunlubricated. In the inset 
the experimental values with the same pin load are averaged with the error 
bars showing the standard deviation (i.e., the data from Fig. 6c).
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Figure 9 shows the experimental coefficient of friction as 
a function of the coverage, evaluated from the averaged film 
thickness distribution function (black lines). By averaging 
the data over three independent runs for each pin load, we 
observe an almost perfect linear correlation (shown in the 
inset). However, the curve becomes more erratic if the indi
vidual runs are plotted independently (main graph), which 
reflects the fact that the PTFE film can be inhomogeneous 
as for example observed in image 2 of Fig. 5a. We can 
evaluate Eq. [3] for each of the data points in the main 
graph and their corresponding averaged film thickness dis
tribution function. Using the experimental velocity 
v ¼ 40 mm/s, s0 ¼ 0; that is, assuming that the infinitely 
long PTFE chains are representative of the experimental 
material, and a velocity-independent coefficient of friction 
COFunlubricated ¼ 0.3, which has been reported for steel-glass 
contacts in vacuum, (44) we obtain the red curve in Fig. 9. 
Remarkably, the curve shows the features of the experimen
tal curve and also the friction differences between the indi
vidual points. However, all COF values are shifted 
downwards by �0.03–0.04, which probably is the result of 
the highly idealized setup used to generate the friction laws 
with no perturbations of the intermolecular flow.

If we instead use the s0 parameter of the finite chains 
(21 MPa, corresponding to a COF shift of 21 MPa/500 MPa 
¼ 0.042) the resulting curve shown in green lies remark
ably close to the experimental curve. Given the simplicity 
of our model this agreement should not be over- 
interpreted. While we might benefit from error cancelation, 
this still suggests that our model captures the aspects of 
the system that are relevant to friction reasonably well. 
The close agreement for a parameter s0 obtained for the 
very short chains can have different origins. In the simula
tions, s0 is the result of the finite chains disturbing the 
flow of the molecules. In the experiments, where the chains 
are much longer, the flow is additionally disturbed by the 
roughness of the surfaces resulting in an “effective” s0 of 
the same order of magnitude. Additionally, possible tribo
chemical reactions—which are not considered in our simu
lations—could cause structural changes within PTFE (11) 
such as cross-linking or chain shortening. This should also 
contribute to the s0 parameter. In this sense s0 could be 
interpreted as a measure of the “imperfection of the sys
tem”. Alternatively, the yield stress required to induce flow 
in PTFE could be (almost) independent of the chain length 
and might rather depend on the density of defects like the 
one shown in Fig. 8. While longer chains result in less 
defects, they can probably easily extend over more than 
just two or three PTFE layers and the distributions of 
Fig. 8 would be broader.

To show how sensitive the agreement is with respect 
to the other two parameters COFunlubricated and the vel
ocity v; we also show two additional curves, one in which 
we doubled COFunlubricated to 0.6 (violet), and one in 
which we use the velocity of the simulations v ¼ 10 m/s 
(blue). Increasing the velocity by a factor of 250 shifts 
the curve to slightly higher COF values by about 0.01 to 
0.02. Unsurprisingly, increasing COFunlubricated by a factor 

of 2 has a large influence for small coverages, while the 
curve remains approximately the same for coverages above 
0.75.

Conclusions

In this work, we explored the PTFE film formation and the 
frictional behavior in a rolling point contact between a steel 
ball and a glass disk lubricated with the double transfer 
mechanism. The study demonstrates that for the investigated 
surface roughness values an effective PTFE lubrication can 
be achieved with a homogeneous film of only about 20 nm 
in thickness. While thick patches were reported to act as 
local lubricant reservoirs, (17) they should be avoided to 
reduce consumption of lubricant in cases where PTFE is 
available otherwise (e.g., via the double transfer mechanism). 
Conversely, regions with thinner films can increase friction 
substantially. The PTFE transfer film is typically spatially 
and temporarily inhomogeneous and a measurement of the 
central film thickness is only suitable if averaged over a suf
ficient number of images. (7) To use PTFE lubrication 
effectively, future studies should address how a homogeniza
tion of the PTFE film thickness distribution can be achieved 
without increasing the film thickness above 20 nm. 
Moreover, understanding how the PTFE transport and the 
film thickness required for an effective lubrication in 
the rolling contact are affected by the surface roughness of 
the disk and ball would be an important step toward 
improving double-transfer-lubricated engineering 
components.

Our MD simulations revealed that PTFE can be described 
as a Herschel-Bulkley fluid and a yield stress must be over
come to induce flow in PTFE for finite chains as opposed to 
infinite chains. Further research should address the relation
ship between the yield stress and the chain length. If these 
relationships are reliably known, one could potentially even 
draw conclusions on the film thickness from the measured 
friction. Another natural follow-up to reduce length and 
time scale gaps between the experiment and the simulations 
would be to coarse-grain the all-atom simulations as recently 
performed by, for instance, in Xu et al. (6) and Brownell 
and Nair. (45) Ultimately, to help optimize the lifetime of 
double-transfer-lubricated systems, our PTFE friction laws 
should be combined with a wear model. The latter should 
quantitatively connect the lubricant consumption (i.e., PTFE 
wear in the pin-disk contact) with the film thickness and 
distribution in the ball-disk contact. While wear laws for 
PTFE sliding contacts exist in the literature, (43) further 
developments are necessary to model the transport of PTFE 
into the ball-disk contact and its squeeze-out.

In general, predicting friction and wear in rolling point 
contacts relubricated with the double-transfer mechanism 
based on the interplay between lubricant consumption, 
transfer film formation, film thickness and film distribution 
would be extremely helpful to rationally design double- 
transfer REBs and in particular their cages. The underlying 
fundamental mechanisms can be understood using the pre
sented combination of SLIM and MD simulations. Future 
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studies should extend our findings to industrially relevant 
PTFE compounds and address how to achieve optimal lubri
cation in an actual REB, i.e., a sufficient solid lubricant sup
ply for a low-friction operation on the one hand, and low 
compound wear to allow double transfer relubrication for 
extended periods on the other hand.
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