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Abstract
Atomic force microscopy (AFM) provides the opportunity to perform fundamental and mechanistic observations of complex, 
dynamic, and transient systems and ultimately link material microstructure and its evolution during tribological interactions. 
This investigation focuses on the evolution of a dynamic fluoropolymer tribofilm formed during sliding of polytetrafluoro-
ethylene (PTFE) mixed with 5 wt% alpha-phase alumina particles against 304L stainless steel. Sliding was periodically 
interrupted for AFM topography scans. The average film roughness, the average friction coefficient, and polymer wear rate 
based on sample height recession were recorded as a function of increasing sliding cycles. Topographical maps suggested 
tribofilm nucleates in grooves of the steel countersample, spreads, and develops into a uniform film through sliding. Promi-
nent nanoscale features were visible around 10,000 sliding cycles and thereafter. Scanning electron microscopy and energy-
dispersive X-ray spectroscopy showed good correlations between these features and aluminum-rich domains, suggesting the 
presence of alumina particles on the surface.
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1  Introduction

The fundamental mechanisms of friction and wear of solid 
lubricants are essential to designing longer-lasting materi-
als and reducing waste. Polytetrafluoroethylene (PTFE) is 
a solid lubricant of particular importance to the tribology 
community due to its very low coefficient of friction and 

applicability in extreme environments (e.g., high thermal 
stability, resistance to chemical attack) [1–5]. However, 
PTFE suffers from low wear resistance, with wear rates 
approaching k = 10−3  mm3/(N·m), rendering neat PTFE, 
an impractical choice for many engineering applications 
[6, 7]. To extend its utility, PTFE is filled with materials 
such as fibers, polymer blends, and nanoparticles [8–15]. 
In 2006, Burris and Sawyer discovered that the small addi-
tion of a specific alpha-phase alumina filler reduces the 
wear rate of PTFE by almost four orders of magnitude, to 
k = 1.3 × 10–7 mm3/(N·m) [8]. The tribology community gen-
erally agrees that ultralow wear behavior is, in part, due to 
unique tribochemistry that occurs at these sliding interfaces 
and produces robust tribofilms on both the PTFE compos-
ite (“running film”) and the metal countersurface (“transfer 
film”) [16–22].

Wear resistance is also correlated with topographical 
changes in fluoropolymer-based transfer films [20, 23–27]. 
The formation of the transfer film occurs in three phases: 
(i) run-in, during which wear debris is generated and often 
swept aside, (ii) transition, during which small patches of 
transfer film adhere to the countersurface and accumulate, 
and (iii) steady-state, during which continuous transfer film 
formation occurs and wear rate decreases [26, 27]. The wear 
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rate of PTFE/alumina composites is dependent on the forma-
tion and maintenance of a robust transfer film [24].

The evolution of transfer film development has been 
extensively documented by optical imaging techniques [16, 
17, 26–33]. Transfer film surface roughness (e.g., Ra) has 
been calculated from representative line scans sampled at 
various locations and often at the end of the sliding experi-
ment using stylus or optical profilometry techniques [16, 28, 
29]. Few studies have faithfully tracked the same location 
over time, and these were conducted using 2D techniques 
[33–36]. 3D techniques, such as AFM, have been lever-
aged in other tribological systems to study transfer films 
formed from liquid lubricants [37]. In this investigation, 
atomic force microscopy (AFM) was used to characterize 
the dynamically evolving 3D topography of the same region 
of a solid lubricant tribofilm from 0 to 1,000,000 reciprocat-
ing cycles (total sliding distance = 50.8 km). Our approach 
provides detailed insights into transfer film development at 
the microscale and may be used to correlate transfer film 
surface roughness with tribological performance.

2 � Materials and Methods

2.1 � Sample Preparation

Polytetrafluoroethylene (DuPont, Teflon® PTFE 7C resin, 
≈  30  μm particles) was weighed and hand-mixed with 
5.0 wt.% alpha-phase alumina powder (Alfa Aesar, Stock 
#44,652, ≈ 60–80 nm particles [25]). The PTFE/alumina 
powder mixture was dispersed in dry isopropanol using an 
ultrasonic horn (Branson Digital Sonicator 450 with a tita-
nium tip), operating at approximately 40% amplitude (400 
W) with 45 s rest in-between three 1-min sessions. The mix-
ture dried for at least 1 week in a fume food to ensure all iso-
propanol evaporated. Roughly 13 g of dry powder mixture 
was compressed and free-sintered in an oven to 380°C for 
4 h, then cooled to room temperature. Sintered polymer was 
machined into a 6.02 × 6.35 × 13.13 mm rectangular prism 
for tribological testing. One of the 6.02 × 6.35 mm faces was 
polished with 800 grit silicon carbide sandpaper to an aver-
age surface roughness of Ra ≈ 150 nm. The polymer sample 
was sonicated in methanol for 30 min. and equilibrated in a 
fume hood for at least 3 h prior to testing.

The countersurface was composed of 304L stainless steel 
rectangular flat coupon (38 × 25 × 3.7 mm) with an average 
surface roughness of Ra ≈ 150 nm manufactured and lapped 
by Metal Samples Company (Alabama Specialty Products, 
Inc.). The metal countersample was cleaned by hand with 
mild detergent and water, then rinsed in acetone, followed 
by a rinse of isopropanol, and then sonicated for 30 min. in 
methanol and equilibrated in a fume hood for at least 3 h 
prior to testing.

2.2 � Tribological Measurements

A custom linear reciprocating tribometer, previously 
described in [10, 18, 20, 25, 27, 38] was used to conduct 
sliding experiments in a pin-on-flat configuration. The 
PTFE/alumina composite was mounted to a 6-channel force 
transducer (AMTI, MC3-6-1000), which measured normal 
and tangential (frictional) forces. The coefficients of fric-
tion calculated from these forces had an uncertainty less 
than u(µ) < 0.005 [16]. A 61.2 mm bore Bimba pneumatic 
cylinder was used to load the composite against the coun-
tersurface to a nominal normal force of 250 N, resulting 
in an average contact pressure of approximately 6.54 MPa, 
which is less than 50% of the yield stress of PTFE [16]. The 
countersurface was mounted to a linear reciprocating ball-
screw stage (Parker Hannifin, 406XR Stage) and slid against 
the stationary PTFE composite with a stroke of 25.4 mm at 
a velocity of 50.8 mm/s in ambient temperature (25°C) and 
relative humidity (30–50% RH).

Sliding experiments were interrupted periodically and the 
metal countersample was uninstalled from the tribometer 
for ex situ AFM measurements of the developing transfer 
film (Fig. 1). The tribometer and the AFM were housed on 
the same floor of the same building, and the sample was 
transported between the two instruments in a clean sam-
ple container with a lid, and the temperature and relative 
humidity was maintained for the duration of the study. Fol-
lowing AFM measurements, optical images of the metal 
countersurface were recorded using a D3X Nikon camera 
and a macro prime lens with 105 mm focal length. Following 
imaging, the countersample was reinstalled on the tribom-
eter to within ± 50 µm of the same location using a kinematic 
mount (Fig. 1). The polymer sample was not removed from 
the sample holder for any period of time until the end of the 
experiment (1,000,000 cycles) to mitigate positional uncer-
tainties between the polymer sample and the countersurface 
and to reduce the risk of the transfer film re-developing fol-
lowing misalignment. Thus, wear rate of the polymer sample 
was calculated for each sliding interval based on the reces-
sion of height recorded by linear variable differential trans-
former (LVDT) sensor displacements (sampling frequency, 
f = 1 kHz, RDP Group, DCTH200AG), as opposed to mass-
based measurements of wear rate. We re-arranged Archard’s 
equation [39] to estimate the wear rate, k, as a function of 
sample height recession, h, nominal pressure, P, and sliding 
distance, d (Eq. 1):

Height recession, h, was calculated as the difference 
between the initial (hi) and final position (hf) of the LVDT 

(1)k =
h

Pd
=

hf − hi

Pd
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for each sliding interval. We emphasize that our LVDT-
based wear measurements recorded material removal as 
well as elastic and plastic deformations, predominantly of 
the polymer composite. To reduce the uncertainty of height-
based wear measurements, displacement was recorded by the 
LVDT only after the polymer sample had been loaded into 
contact with the countersurface to the nominal pressure for 
several minutes prior to sliding. Wear rates were calculated 
after the first sliding interval, which spanned 100 reciprocat-
ing cycles. We acknowledge that the Archard wear equation 
is conventionally used to evaluate steady-state conditions, 
where wear rate is assumed to vary linearly, after the run-in 
period. Wear rates are reported in units of mm3/(N·m).

2.3 � Atomic Force Microscopy of Transfer Film 
Development

Tribofilm surface topography was characterized using 
atomic force microscopy (Asylum Research, MFP-3D™ 
AFM) in contact mode (0.5 Hz scan rate) with an ultrana-
nocrystalline diamond AFM tip (NanoScience Instruments, 
NaDiaProbes ®, SKU: ND-CTIR1-4 S/N: 5390) with a 
manufacturer-specified radius of less than 50 nm. The scan 
size of each image was about 80 × 80 µm and the scan angle 
was 90° for each scan. The AFM tip was periodically used to 
scan a smooth and clean silicon wafer to monitor tip damage 
or fouling. Prior to tribological testing, a diamond scribe and 

a straight edge were used to manually mark a deep scratch 
into the metal countersurface (≈ 1 mm length) perpendicular 
to the direction of sliding, and a shallow scratch parallel to 
the sliding direction (≈ 5 mm length). An array of three fidu-
cial rosettes (≈ 500 µm diameter), each accompanied by an 
alignment marker (≈ 100 µm wide bracket), were inscribed 
into the countersurface a few millimeters above the exist-
ing scratch using a three-sided diamond Berkovich indenter 
tip (axis-to-face angle of 65.3°) using the AFM software’s 
lithography tool, following the methods in [40]. These fidu-
cial markers were used to revisit the same three regions of 
interest for sequential AFM scans (Fig. 1). After tribological 
testing, each AFM height map was faithfully overlaid using 
SPIP™—Scanning Probe Image Processor Software (Image 
Metrology), which resulted in near-continuous measure-
ments of tribofilm development within 50 × 50 µm regions 
of interest. All AFM measurements were conducted within 
a soft-walled clean room (Clean Air Products) and were iso-
lated from acoustic noise and vibrations.

2.4 � Scanning Electron Microscopy

Scanning electron microscopy (ThermoFisher, Apreo C 
SEM) with energy-dispersive X-ray spectroscopy (EDAX, 
Octane Elect EDX detector) was used to map the elemental 
composition of transfer film asperities. To gain sufficient sig-
nal from EDX for accurate mapping, a high-voltage electron 

Fig. 1   Transfer films produced by sliding a polymer composite sample of PTFE 7C with 5 wt% alpha-phase alumina against a 304L stainless 
steel countersurface were investigated using AFM to observe topography evolution during periodic interruptions to sliding experiments
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beam was needed. This voltage was significant enough to 
cause charge-induced damage to the insulating, fluoropol-
ymer-rich tribofilm. Because of the damage that occurs 
when observing this material under SEM (Supplementary 
Fig. S1), an additional tribofilm was produced from a ‘stripe 
test’ (see Sect. 2.5 and Supplementary Sect. 2).

2.5 � Stripe Test

In order to map asperities with EDX, an additional sam-
ple was created using a ‘stripe test’ [19, 20, 24, 29, 35, 
41] whereby the stroke length decreased as the number of 
sliding cycles increased, exposing 12.7 mm sections of the 
transfer film developed from 10 k, 20 k, 30 k, 40 k, 50 k 
sliding cycles, and a 27.94 mm section of transfer film devel-
oped from 100 k sliding cycles (Supplementary Fig. S2). 
This sample was created using the methods described in 
Sects. 2.1 and 2.2 with the following exceptions: (i) the 
PTFE composite measured 6.32 × 6.57 × 16.83 mm; (ii) the 
stainless steel countersurface measured 115 mm in length 
to accommodate the longer sliding distance required; (iii) 

Fig. 2   Representative A optical images and B AFM topography maps 
of the 304L stainless steel countersurface depict transfer film evolu-
tion through sliding. Additional AFM images can be found in Dryad, 
an open-access data repository (see Data Availability Statement)

Fig. 3   A The average roughness, Ra, was calculated from AFM 
height maps using Igor Pro, the Asylum Research software package. 
Variability in average surface roughness across three regions of inter-
est is represented by the error bars. B Average friction coefficients 
and C polymer composite wear rates were calculated from tribometer 
measurements at each periodic interruption to sliding experiments. 
Error bars represent the standard deviation in friction coefficient 
over each sliding interval [19]. Error bars indicating uncertainty in 
displacement-based wear rate measurements are smaller than the data 
points, in agreement with the previous mass-based wear rate uncer-
tainty calculations [45]
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the countersurface remained mounted as interrupted AFM 
measurements were not required; (iv) the pin was removed 
at each stroke length change to calculate volume loss before 
being reinstalled on the tribometer (Supplementary Fig. S3).

2.6 � Power Spectral Density Calculations

AFM height data for the original tribofilm experiment for 
the 50 × 50 µm regions of interest were uploaded to the web 
application contact.engineering for power spectral density 
(PSD) calculations [42]. The PSD is the Fourier transform 
of the height autocorrelation function. The web application 
applied a PSD calculation to raw AFM height data to provide 
length-scale-dependent statistical information on surface 
roughness [43, 44]. A single-sided 1D PSD representation 
was calculated in the fast scan direction for the most accurate 
results, as recommended in [42]. Reliability of PSD calcula-
tions depended on the reliability of the AFM measurements. 
Therefore, any features unable to be detected accurately due 
to the AFM tip geometry (< 50 nm radius) or the resolution 
(points and lines) of the scan were not considered in the PSD 
calculation [42, 44].

3 � Results and Discussion

3.1 � Early Transfer Film Formation

Topographical measurements and optical images of the 
countersurface were periodically recorded as the tribofilm 
developed (Fig. 2). Supplementary Video 1 animates the 
evolution of surface topography with sliding cycles (also 
described in Supplementary Sect. 3). The stainless steel 
countersurface was recorded for reference to tribofilm 

formation. Following a brief run-in period, the tribofilm 
entered the transition phase by 200 sliding cycles. During 
this phase, islands of PTFE composite were observed to 
nucleate and grow within the valleys of the countersurface. 
The filling of valleys corresponded to slight decreases in 
wear rate and average surface roughness across three regions 
(Fig. 3). The beginning of the steady-state phase occurred 
around 4000 cycles. From this point until about 10,000 
cycles, patches of adhered transfer film grew, increasing 
surface roughness (from roughly 50 nm to 200 nm) while 
decreasing wear rate by about 5×.

Previous investigations of PTFE/alumina transfer films 
produced from stripe tests used X-ray photoelectron spec-
troscopy (XPS) to detect near-surface alumina [19]. In 
these studies, low concentrations of alumina within the top 
10 nm of the transfer film were discovered within the first 
100 cycles of sliding over a (3 × 3 mm) region of interest. 
However, in our investigation, AFM mapping (50 × 50 µm) 
did not reveal any discernible topographical features resem-
bling alumina deposits at this early stage of transfer film 
development. Previous investigations have reported that 
these alumina filler particles are friable and porous agglom-
erates of 1 µm nanoparticles [25]. These particles may have 
fragmented from tribomechanical stresses into particle sizes 
much less than 50 nm, the diameter of the AFM tip, and thus 
the detection limit.

3.2 � First Indication of Alumina by AFM

A transition from intermediate (k ≈ 5 × 10–5 mm3/(N·m)) 
to low wear (k  ≈  3 × 10–6  mm3/(N·m)) was observed 
between 10,000 and 20,000 cycles, corresponding to a pla-
teau of the average roughness (Ra ≈ 175 nm) and bronze 
coloration in the transfer film. By visual inspection, AFM 

Fig. 4   A AFM topography map of transfer film developed at 8000 
sliding cycles for the 50 × 50  µm region of interest. B Inset of a 
10 × 10  µm region of interest. C 3D perspective of the 10 × 10  µm 

region highlighting < 1 µm features, likely alumina-rich deposits. Ver-
tical streaks in (B, C) are artifacts of AFM tip rastering
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topography revealed nanoparticle-like asperities around 
10,000 sliding cycles (Fig. 4). Similar features were iden-
tified with AFM by 10,000 cycles on the stripe test sam-
ple (Supplementary Fig. S4, S5). EDX maps on the stripe 
test sample identified these asperities to be aluminum 
rich (Fig. 5), indicating the presence of alumina within 
these features. Following initial fluoropolymer deposition, 
smaller alumina fragments may agglomerate though tribo-
mechanical mixing into sufficiently large particles above 
the detection limit of AFM.

3.3 � Evolution of Transfer Film Topography

Power spectral density (PSD) calculations of AFM topog-
raphy maps revealed variations in the PSD at different slid-
ing cycles across wavevectors (Fig. 6A). Surface roughness 
at 0 cycles was dominated by grooves in the lapped stain-
less steel countersurface (Fig. 6B). The global drop in the 
PSD between 0 and 5000 cycles may be due to the transfer 
film filling in grooves in the countersurface, decreasing the 
roughness at all length scales (Fig. 6C). Similar observations 
have been recorded by others [28, 33, 38]. The subsequent 
increase in PSD at lower wavevectors (larger length scales) 
from 5000 to 100,000 sliding cycles could be attributed to 
the formation of larger rafts of fluoropolymer accumulat-
ing on the surface of the stainless steel (Fig. 6D, E). The 
increase in PSD at smaller length scales around 8,000 sliding 
cycles and onwards is hypothesized to be due to the emer-
gence and accumulation of alumina particles (Fig. 6D, E). 
Illustrations of the probable surface topography at selected 
sliding cycles (Fig. 6B–E) are based on AFM topography 
maps.

3.4 � Results of Tribological Measurements

Initial deposition of large and thin PTFE flakes effectively 
filled the deeper grooves of the countersurface and reduced 
friction coefficients from about µ ≈ 0.20 (cycle 100) to 
µ ≈ 0.16 (cycle 1,000). Following this initial drop, the aver-
age friction coefficient rose to µ ≈ 0.20 and then appeared 
insensitive to variations in the average surface roughness 
for the remainder of the sliding experiment (Fig. 3B). Our 
results suggest that macroscale, steady-state friction behav-
ior may be independent of nanoscale or microscale topog-
raphy of the tribofilm.

The polymer composite exhibited a steady decrease 
in wear rate with increasing sliding cycles from 100 to 
1,000,000 cycles (Fig. 3C). The initial wear rate after 100 
cycles closely matched the typical wear rate reported for 
unfilled PTFE, k ≈ 7 × 10–4 mm3/(N·m) [23]. After just 1,000 
cycles, the wear rate dropped nearly an order of magnitude 
to k ≈ 1 × 10–4 mm3/(N·m). This drop in wear rate coin-
cided with a local minimum in friction coefficient, µ ≈ 0.16. 
Between 10,000 and 20,000 cycles, the wear rate exhibited 
a precipitous decline from k ≈ 5 × 10–5 mm3/(N·m) to k ≈ 
3 × 10–6 mm3/(N·m). This stage in transfer film development 
was also marked by the emergence of near-surface alumina 
detected by AFM. Previous investigations have shown a 
gradual hardening of the tribofilms with increasing sliding 
cycles, which may be correlated to increased abundance of 
alumina and wear resistance [20, 27, 35]. In our investiga-
tion, the increased prevalence of nanoscale alumina features 
detected by AFM and the corresponding decrease in wear 

Fig. 5   A SEM secondary electron scattering micrograph of the stripe 
test transfer film at 50,000 sliding cycles. B EDX map of aluminum 
over the same region as the SEM micrograph. C Composite image 
overlaying the EDX map of aluminum on the SEM micrograph dem-
onstrates raised asperities are aluminum rich and are likely alumina 
particles
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rate after 20,000 cycles ultimately led to a final wear rate at 
of k ≈ 5 × 10–7 mm3/(N·m) at 1,000,000 cycles.

3.5 � Limitations of the Present Study

Although this particular PTFE/alumina composite is known 
to achieve ultralow wear rates (k < 1 × 10–7 mm3/(N·m)), the 
ex situ approach in this study may have unintentionally accu-
mulated microscale misalignments and resulted in a final wear 
rate roughly 5 × higher than expected. The millimeter-scale 
fiducial markers manually inscribed into the metal countersur-
face parallel and perpendicular to the direction of sliding may 
have also impacted tribofilm formation and resulted in excess 
material removal [28, 33, 38]. The optical images in Fig. 2 
depict a two-toned tribofilm above and below these fiducial 
markers; above, where AFM maps were collected, the tribo-
film appears more robust. These optical images encapsulate 
the primary challenge associated with simultaneous contact-
based approaches for surface topography and tribology.

This investigation was primarily based on evidence gath-
ered from a probe-based technique. As such, errors may have 

accumulated at small length scales (< 1 µm) due to tip geom-
etry. AFM tip raster artifacts appear at small length scales 
as shallow grooves due to contact mode (Fig. 4B, C). This 
could have contributed to similar small length scale PSD 
slopes across several sliding cycles (Fig. 6A).

The stripe test sample (Supplementary Fig. S3) exhib-
ited somewhat higher wear rates than have been previously 
reported, which may have been due to the longer sliding 
path (initially 3.6 ×) than standard experiments. The longer 
sliding path necessitated more material transfer prior to the 
development of a robust transfer film and extended the run-
in and transition periods.

In this study, AFM height maps could not be stacked with 
respect to a stable reference (z = 0). All AFM maps were 
scanned over a very small region within the center of the 
sliding path away from the edges of tribofilm development. 
For this reason, illustrations of the surface topography in 
Fig. 5 B-E are informed by AFM maps but do not include 
actual AFM data.

Fig. 6   A Power spectral density versus wavevector of AFM topog-
raphy maps at sliding cycles: 0 (black squares), 5000 (blue up-trian-
gles), 10,000 (magenta down-triangles), 100,000 (purple diamonds). 
B–E Illustrations of surface topography during transfer film devel-

opment. The scale bar is reasonable for the y-axis, but the z scale is 
exaggerated for illustrative purposes. Insets are illustrated with a 1:1 
aspect ratio (Color figure online)
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4 � Concluding Remarks

Atomic force microscopy was used to characterize transfer 
film development within a 50 × 50 µm region of interest 
formed through serial tribological interactions between 
PTFE/alumina composites and 304L stainless steel coun-
tersurfaces in ambient conditions. The friction coefficient 
was largely insensitive to microscale surface roughness 
after the first 1000 cycles. Nanoscale domains were 
detected around 10,000 cycles with AFM, confirmed to 
be aluminum rich with EDX, and are thought to contribute 
to improving wear performance. Topographical analysis 
of transfer film development reveals the complexities of 
dynamically mixing and evolving sliding interfaces.
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