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Abstract
Tribological investigations of macroscopic lubricated sliding contacts are critical for a wide range of industrial applications 
including automotive engines, gears, bearings, and any other contacting surfaces in relative motion. However, the inability of 
existing techniques to access buried sliding interfaces with high spatial resolution inhibits the development of fundamental 
insights into the tribological processes at play. Here we demonstrate a novel and general in situ method, based on atomic force 
microscopy (AFM), in which micrometer-scale spherical probes are attached to a standard microfabricated AFM cantilever 
which is then slid over a substrate while immersed in a liquid lubricant. In this case, steel colloidal probes and steel substrates 
were used, and the contact was immersed in a commercial polyalphaolefin oil with zinc dialkyl dithiophosphate (ZDDP) 
additive at both room temperature and 100 °C, but the method can be used for a broad range of material combinations, lubri-
cants, and temperatures. We demonstrate that the in situ measurements of friction force and the morphological evolution of 
the tribochemical films on the substrate can be simultaneously achieved with nanometer-level spatial resolution. In addition, 
we demonstrate that the sliding zone is readily accessible for further characterization with higher spatial resolution using 
standard AFM probes with nanometer-scale tip radii. Ex situ characterization of the micrometer-scale probe and the sample 
is also feasible, which is demonstrated by acquiring high-resolution AFM topographic imaging of the final state of the probe.

Keywords  Tribochemical films · Lubricated contacts · Antiwear additives · Zinc dialkyl dithiophosphate · Atomic force 
microscopy

1  Introduction

Controlling and minimizing the friction and wear of sliding 
and rolling machine components is a crucial industrial prob-
lem as it accounts for enormous material losses, substantial 
energy inefficiency, safety and reliability issues, and signifi-
cant environmental emission problems [1, 2]. The solution 
to these problems requires a deeper understanding of the 
fundamental mechanisms of tribological processes, which 
is difficult to achieve due to the complex interactions that 
occur at the buried multi-asperity sliding interfaces that 
occur in these applications. Lubricants and additives used 
in industrial applications for the reduction of friction and 
wear are typically studied by means of laboratory bench tests 
using various techniques, including high-frequency recip-
rocating rigs (HFRR) [3], pin-on-disk or other variations of 
tribometers, and mini-traction machines (MTM) [4]. Steel 
is often used for both sides of the contact in these instru-
ments, although other materials are readily used. HFRR and 
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pin-on-disk instruments use a macroscopic spherical probe 
which is slid over a flat substrate immersed under a lubricant 
of interest in a pure sliding mode. Speeds, loads, contact 
sizes, materials, and temperatures can be varied and cover a 
reasonably wide range which intersects a number of condi-
tions relevant to applications. These tests provide a measure 
of the coefficient of friction; in addition, the amount of wear 
or presence of any tribochemical products and their mechan-
ical and chemical properties are analyzed ex situ, i.e., after 
the sample is taken out of the fluid cell and, without any 
special procedures, is exposed to the ambient environment. 
Thus, the physical as well as the chemical properties of the 
sliding interface are likely to change during the ex situ char-
acterization. The MTM allows for the study of sliding, roll-
ing, and mixed sliding–rolling contacts [4]. In addition, a 
MTM can be integrated with an optical interferometer which 
enables monitoring any changes in the height of the probe in 
lubro [5], using periodic interruptions of the measurement. 
Several other tribometers have been designed which include 
in situ optical, interferometric, and holographic imaging, 
enabling real-time monitoring of changes in topography 
[6–8]. The lateral spatial resolution of these techniques is 
limited to a few 100 nm due to the far field diffraction limit 
of optical light, although the interferometric and holographic 
methods enable extremely high-resolution vertical measure-
ments (nanometers). However, any optically transparent or 
semi-transparent materials present at the interface (e.g., 
certain tribofilms including those derived from ZDDP) are 
difficult to interpret from the interference fringes [9].

More recently, several other in situ tribometer techniques 
have been introduced that allow direct access of the slid-
ing interface under lubricated conditions in a pin-on-disk 
tribometer [10]. One such method is based on integrating a 
high-magnification optical microscope with interferometry 
to directly observe the sliding interface [7, 8]. Other meth-
ods include in situ chemical spectroscopy (based on Raman 
[11, 12], infrared (IR) [13], fluorescence [14], or surface 
plasmon resonance [15] spectroscopy techniques), allowing 
the measurements of the chemical properties of the sliding 
interface. In addition, it is also possible to perform in situ 
measurements of the interface temperature during sliding 
[16]. However, all these spectroscopic methods require at 
least one counterface to be transparent to the probe used, 
significantly limiting the choice of materials that can be 
investigated. Scanning/transmission electron microscopy 
(SEM/TEM) techniques [17, 18] provide another method to 
directly observe the sliding interface with nanometer resolu-
tion. However, these techniques are not suitable for contacts 
immersed in oil. In addition, TEM requires the interface 
region to be electron transparent.

In situ tribological studies can also be performed using 
atomic force microscopy (AFM) which allows simultane-
ous imaging of the sample with nanometer spatial resolution 

using nanometer sharp (single-asperity) probes [19]. Con-
ventional AFM probes are made of silicon, which can be 
further modified using diamond or metallic coatings. How-
ever, thin metallic coatings are often not robust enough to 
sustain prolonged sliding test conditions [20]. In addition, 
despite the simultaneous tribological measurements and 
imaging capabilities of the AFM, the AFM probe geometry 
represents a single asperity. While this can be very useful, 
this geometry is very different from real engineering con-
tacts where multi-asperity contact occurs at the interface. 
Hence, a direct comparison between single- and multi-
asperity experiments is challenging, although some work has 
attempted to address this [21]. Such experimental limitations 
and difficulties with existing techniques motivate the devel-
opment of novel in situ approaches. This can allow better 
understanding of the tribological properties of a variety of 
technologically important materials in multi-asperity contact 
geometries under dry as well as lubricated conditions.

Here we demonstrate an AFM-based in situ approach 
which can be applied to a wide variety of material pairs to 
study multi-asperity sliding contacts under dry as well as 
lubricated conditions (Fig. 1a, b) with the contact immersed 
in lubricant oil. Microspheres attached to AFM cantilever 
probes have previously been used for measurement of adhe-
sion, friction, and confined lubricant investigation [22]. 
Here, for the first time, we demonstrate that tribochemical 
reactions can be induced by sliding this probe in the pres-
ence of reactive lubricant additive molecules dispersed in 
the lubricant and perform simultaneous measurements of 
friction during sliding, as well as topographic imaging of 
the substrate surface within the sliding zone, enabling new 
insights into the tribochemical processes to be revealed. The 
technique can be used with many materials including tech-
nologically relevant ones such as steel, silicon, aluminum, 
and diamond-like carbon (DLC). Additionally, high-reso-
lution imaging and characterization of the sliding zone and 
the region around it on the substrate can be performed using 
standard AFM probes with nanometer-scale radii without 
removing the sample from its oil-immersed condition in the 
liquid cell.

2 � Experimental Methods

The steel substrates (52100 steel), heat treated to achieve 
60 Rockwell C scale hardness (Heckel Tools & Mfg. 
Corp., Eagle, WI, USA), were polished to a mirror fin-
ish using silicon carbide polishing paper disks (180, 240, 
and 320 Grit), followed by polishing on a Rayon polish-
ing cloth using a micro diamond suspension (South Bay 
Technologies, San Clemente, CA). The RMS roughness of 
the surface of the polished samples was found to be less 
than 1.5 nm as measured by AFM over 20 µm × 20 µm 
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area. Commercial silicon cantilevers (PPP-NCH, Nanosen-
sors, Neuchatel, Switzerland) used in these measurements 
were first calibrated for their normal and lateral spring 
constants using the Sader method [23], and the normal 
force deflection sensitivity was determined from the slope 
of force–distance curves measured in contact [24]. This 
was all done in the same liquid environment as the subse-
quent experiments. Some were used as-is and are referred 
to as “sharp AFM probes.” For others, steel probes were 
attached by gluing steel microspheres (SHS 7574 HVOF, 
The NanoSteel Co., Rhode Island, USA) on calibrated can-
tilevers using an inverted optical microscope (Alessi REL-
4100A, Redwood City, CA, USA) by first applying a small 
quantity of a two-part epoxy (J-B Weld, Sulphur Springs, 
TX, USA) using a sharp tungsten wire (TGW0325, World 
Precision Instruments, Sarasota, FL, USA) and then plac-
ing the bead using a strand of hair [25]. The cantilevers 
were stored overnight in a dry N2-purged box to allow the 
epoxy to fully cure. The diameters of the microspheres 
attached to the cantilevers were estimated either from 
bright field optical imaging (Olympus BX51) or using 
field emission scanning electron microscopy (SEM, JOEL 
7500F) as shown in Fig. 1c. After gluing the bead, the 
normal and lateral spring constants were corrected accord-
ing to ref [23, 26], respectively, in order to account for 
the variation in the effective length of the cantilever (the 

distance between the base of the cantilever to the center 
of the glued bead) as well as the tip height. All experi-
ments were performed using a commercial atomic force 
microscope (Keysight 5500, Keysight Technologies, Santa 
Clara CA, USA), equipped with a sample heating plate, 
a liquid cell, and a temperature controller (Model 321, 
Lake Shore Cryotronics Inc., Westerville, OH, USA). A 
schematic is shown in Fig. 1b. The cantilever deflection 
sensitivities along the normal direction were obtained by 
recording force curves on the steel substrate, whereas lat-
eral force sensitivities were obtained from the static fric-
tion versus distance curve (Fig. 2a) as described in detail 
in the “Results and Discussion” section. The lateral force 
FL was then calibrated simply by multiplying the lateral 
deflection signal (in Volts) to the lateral force sensitivity 
(slope of the stick regime in m/V) and the cantilever stiff-
ness (in N/m) [27, 28] as given below:

A mixture of 99 wt% base oil (SpectraSyn polyalphaole-
fin (PAO) 4 cSt, ExxonMobil, Houston, TX, USA) with 1 
wt% zinc dialkyl dithiophosphate (ZDDP) antiwear additives 
(HiTEC 1656—a mixture of primary and secondary ZDDP, 
Afton Chemical Corp., Richmond, VA, USA) was used for 
all the experiments. Data analysis was performed using 
WSxM 5.0 software [29] and using custom Matlab routines.

(1)FL(N) = FL(V) ⋅ SL(m∕V) ⋅ kLcantilever(N∕m).

Fig. 1   a Schematic showing the 
AFM-based in situ technique 
where a micrometer-scale probe 
(in this case, a steel colloid) is 
slid against a substrate (in this 
case, 52100 steel) to investigate 
friction in a multi-asperity con-
tact geometry. The probe can be 
switched after the experiments, 
and the sliding zone that was 
scanned can be characterized 
using a sharp AFM probe to 
provide sub-nanometer spatial 
resolution images. b Schematic 
of the setup for the in situ 
tribometer technique, which 
allows sliding measurements 
in lubricated conditions, for 
temperatures up to 200 °C. c 
Scanning electron micrograph 
of a typical cantilever where the 
probe is modified by gluing a 
steel colloid near the free end of 
the cantilever
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3 � Results and Discussion

We first demonstrate the feasibility of micrometer-scale steel 
probes mounted on AFM cantilevers to measure frictional 
forces for steel-on-steel contacts under lubricated conditions. 
This first requires the calibration of the lateral force sensi-
tivity of the steel probe cantilever which can be deduced 
from friction loops, obtained by measuring the lateral deflec-
tion signal of the cantilever during the forward and reverse 
sliding directions. Figure 2a shows a lateral force versus 
displacement curve obtained before starting a sliding experi-
ment using a fresh steel probe sliding on a freshly polished 
steel substrate, immersed in the lubricant oil. The lateral 
force versus displacement curve shows two distinct regimes: 
a linear increase of lateral force with lateral displacement in 
the sticking regime (static friction regime, i.e., before slip 
of the probe across the surface occurs while the base of the 
cantilever is being displaced by the piezo scanner), followed 
by an approximately constant lateral force versus lateral dis-
placement, i.e., continuous sliding of the probe occurring 
in the second regime (kinetic friction regime). We note that 
the transition between the sticking and sliding phase is not 
as sharp as often seen in single-asperity measurements; the 
reasons for this are not clear, but is likely due to a reduction 
of contact stiffness due to partial slip [30]; such behavior 
has been reported in other colloidal probe measurements 
[27, 31].

The lateral force versus displacement curve in the first 
regime can be fit to a linear function and the slope of the 
fit line provides the total stiffness ktotal [32] as given below:

where ktotal is the total stiffness measured in the static 
friction regime (i.e., the slope of the linear fit); kcontact is the 
lateral contact stiffness; and kL,cantilever is the lateral stiff-
ness of the AFM cantilever. Lateral contact stiffness kcontact 
scales linearly with the true contact radius for a single 
asperity, and but is a more complex function for a multi-
asperity contact. However, if the lateral contact stiffness 

(2)
1

ktotal

=
1

kL,cantilever

+
1

kcontact

,

Fig. 2   a Friction loop acquired using a cantilever with a steel probe 
sliding over a polished steel substrate immersed in PAO base oil con-
taining 1 wt% ZDDP. The friction loop shows a linear increase dur-
ing the static friction portion, which then transitions to a nearly con-
stant friction force (kinetic friction) as the lateral displacement of the 
sample is increased. A linear fit of the static friction regime provides 
the lateral force sensitivity according to Eq. 2. b Friction versus load 
measurement, performed using a 45 µm diameter steel probe sliding 
over a polished steel substrate. The data fit well to a linear function. 
c The lateral sensitivity of an AFM cantilever with a steel probe, 
acquired by measuring the slope of the linear static friction regime of 
the friction loop. The lateral sensitivity is constant for a large range of 
normal loads, indicating no observable effect on the contact stiffness

▸
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is large in comparison to the cantilever lateral stiffness 
(kL,cantilever < < kcontact) then ktotal≈ kL,cantilever and the slope 
of the lateral force versus displacement will be independent 
of the normal load. This is indeed observed in our measure-
ments as shown in Fig. 2c, where the variation in the meas-
ured lateral force sensitivity is < 5% for more than one order 
of magnitude variation in the normal load (0.7–15.5 µN).

We now demonstrate the ability of the steel probe to 
image the topography of the substrate surface as well as per-
form simultaneous friction measurements. Figure 3a shows 
an AFM topographic image of a typical polished steel sub-
strate, acquired using a sharp silicon AFM probe at a load 
of 130 nN. Figure 3b shows the topographic image of the 
same substrate acquired using a steel probe at a load of 200 
nN. Both the images in Fig. 3 were acquired in air, before 
filling the AFM liquid cell with the lubricant. Interestingly, 
the morphology of the steel substrate is nearly equally well 
resolved using most of the steel probes used in our experi-
ments. The resolution is certainly far better than what one 

would expect using the full radius of the colloidal probe to 
calculate the contact diameter, which would be 60 nm using 
a load of 200 nN, the elastic properties of steel, and the 
probe radius of 22.5 µm. We attribute this to the roughness 
of the steel probe which has features down to the nanometer 
scale. Thus, near the region of the probe that is closest to 
the substrate, the image resolution strongly suggests that a 
small asperity protrudes more compared to others, and thus 
contributes most to the topographic image. Of course, this 
geometry would limit the probing of deeper trenches or side-
wall features to a greater extent than for the sharp probe. As 
seen further below, high spatial resolution was also observed 
when imaging in the lubricant with the colloidal probe.

The roughness of the same steel probe was directly 
imaged by mounting it as a sample in the AFM, with the 
steel probe facing up. Then, a sharp AFM probe is opti-
cally aligned right above the upward-facing steel probe sur-
face in the AFM and brought into contact with it. A topo-
graphic image of one of the unused steel probes is shown 
in Fig. 4a and b. The RMS roughness of a 10 µm × 10 µm 
area is < 2 nm, and the line profile in Fig. 4b clearly shows 
that nanoscale asperities are present on the probe surface. A 
simple estimate using the Hertz model for the overall elastic 
deformation of a smooth steel sphere at the applied load of 
200 nN gives 0.04 nm, which is more than an order of mag-
nitude smaller than the heights of the bumps shown in Fig. 4. 
This suggests these bumps may not be deformed enough 
to lead to a multi-asperity contact. Indeed, the image qual-
ity we see also supports only a single-asperity contact. The 
ability to perform high-resolution imaging of the steel probe 
surface also enables measurement of any wear, contamina-
tion, or tribofilm growth occurring on the steel probe within 
and around the contact zone. Note that one also needs to be 
careful during imaging of the colloid surface with a sharp tip 
as the contact zone is not at the bottom due to the tilt of the 
cantilever (~ 15° for this instrument) which was mounted to 
the cantilever holder during the experiment.

For the measurements of the coefficient of friction (µ), it 
needs to be determined if the friction force varies linearly 
with the normal load according to the Amontons’ first law 
as given below:

In order to verify the relationship in Eq. 3, friction force 
was measured for a range of normal loads under PAO con-
taining 1 wt% ZDDP at room temperature. A linear relation-
ship between friction force and normal load is observed as 
shown in Fig. 2b, confirming that the coefficient of friction 
can be measured for normal loads up to at least 15 µN.

Friction measurements were then performed in different 
locations and the morphology of the substrate’s surface was 
continuously monitored (an example is shown in Fig. 5). 
A normal load of 12 µN was used, which corresponds to a 

(3)FL = �FN.

Fig. 3   a 10 µm × 10 µm AFM topographic image of a polished steel 
substrate, acquired using a sharp AFM tip. b 10  µm × 10  µm AFM 
topographic image of a polished steel substrate, acquired using a 
45-µm diameter steel probe mounted on a cantilever
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mean Hertzian pressure of ~ 0.25 GPa. The sliding speed 
was 100 µm/s over a scan width of 8 µm, corresponding to 
a scan rate of 12.5 Hz. The experiments were performed at 
room temperature in the lubricant. The resulting coefficient 
of friction is plotted for measurements performed at room 
temperature as well as at elevated temperatures of 100 °C 
(Fig. 6). The room temperature data show higher friction 
as well as larger fluctuations in the friction force for the 
first ~ 700 sliding cycles, and then it reduces. This transient 
behavior could be indicative of a run-in process where wear 

of both the substrate and the colloidal probe occurs due to 
high localized stresses acting at the contacting asperities at 
the given load.

The measured steady-state coefficient of friction values 
of ~ 0.3 are approximately a factor of two higher than the 
values measured using macroscale pin-on-disk [33] as well 
as the MTM [34] techniques for steel-on-steel in PAO with 
1 wt% ZDDP. The discrepancy is not necessarily surpris-
ing; the contact mechanics behavior for rough surfaces will 
be different for macroscale versus microscale experiments. 

Fig. 4   a 5 µm × 5 µm topo-
graphic image of the surface of 
a steel colloid probe acquired 
using a sharp AFM tip. b 
Topographic image of a after 
flattening to reveal surface 
features. c Line profile depicting 
the surface roughness of the 
steel probe surface

Fig. 5   a–f 8.0 µm × 2.5 µm 
AFM deflection images of the 
raster scan region where the 
in situ growth of the tribofilm 
is monitored using a steel col-
loid probe at 100 °C. Scratches 
on the polished steel surfaces 
as well as the nucleation and 
growth of the ZDDP islands 
can be easily resolved. A movie 
showing this process is provided 
in the Supplementary Material
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In addition, we are using much lower sliding speeds in the 
AFM experiments, namely, 50–200  µm/s, compared to 
100–400 mm/s for the larger scale using pin-on-disk [33] 
and MTM [34] experiments. The lower AFM sliding speeds 
will correspond to the higher friction regime on the Stribeck 
curve, likely in the boundary lubrication regime. Another 
possible cause is the difference in mean (Hertzian) con-
tact pressure, which is somewhat less in our experiments 
(approximately, 0.2 GPa here vs. 0.9 GPa in [34]).

Since this method allows us to directly image the surface, 
an image was acquired of the surrounding region using a 
much reduced load (no more than 100 nN) to avoid fur-
ther modification of the substrate, after sliding the probe at 
room temperature for 200 cycles (Fig. 7). The image clearly 
shows changes in the surface morphology within the sliding 
zone. The scanned region (indicated by the dotted rectan-
gle) has undergone mild wear and accordingly is smoother 
with an RMS roughness of 0.9 nm compared to 1.2 nm for 
the unworn region (both measured over an area of 20 µm2), 
confirming that mild wear has occurred.

No growth of any sliding-induced material transfer or 
tribochemical film was observed within the timeframe of 
these room temperature experiments. However, nucleation 
and growth of the antiwear tribofilms were observed within 
the sliding zone upon continuous sliding at elevated tem-
peratures (~ 100 °C). Figure 5 shows a set of images from the 
series of topographic images recorded in situ during sliding 
at 100 °C, which clearly shows nucleation of discrete islands 
of the tribofilm within the sliding zone. The full series of 
images was converted into a movie to visualize the in situ 
growth of the tribofilm, as shown in Supplementary Materi-
als Movie 1. We observe that during initial sliding, several 

island-like features grow near scratches on the steel sub-
strate. This may be explained by the stress-induced increase 
in growth rate of ZDDP-derived tribofilms [35], since the 
stresses will be higher when the probe is sliding over the 
edges of scratches due to significant reduction in contact 
area at such locations. Most strikingly, the morphology 
of the tribofilm (as shown in the zoomed-out topographic 
image shown in Fig. 8) matches qualitatively well with the 
tribofilms produced in single-asperity contact on smooth 
iron films as well as on silicon substrates [35], which sup-
ports a stress-assisted, thermally activated process for the 

Fig. 6   Coefficient of friction (µ) versus sliding cycles for a steel col-
loid probe sliding on a polished steel substrate in a lubricated contact 
(PAO containing 1 wt% ZDDP). Experiments performed in four dif-
ferent regions are shown, where the measurement in Area 1 was per-
formed at room temperature, and the other measurements (Areas 2–4) 
were performed at 100 °C

Fig. 7   12  µm × 12  µm AFM topography images of a polished steel 
surface, obtained using a 45.0-µm diameter steel probe attached to an 
AFM cantilever. The image was acquired after 200 cycles of raster 
scan in the central 8.0 µm × 2.5 µm region (dotted rectangle) at room 
temperature. Scratches on the polished steel surfaces as well as the 
morphological changes due to continuous sliding at high normal 
loads (12.5 µN) in the central region are readily resolved. The simul-
taneously measured values of coefficient of friction are presented in 
Fig. 6

Fig. 8   15  µm × 15  µm AFM topography of the steel substrate 
acquired using a sharp probe. The in  situ tribofilm, generated in a 
8.0 µm × 2.5 µm region, is clearly resolved
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tribofilm growth, as described well by Arrhenius reaction 
rate theory [35]. We do not observe a transient increase in 
coefficient of friction during the initial sliding cycles, unlike 
that typically observed in macroscale experiments [36]. In 
such experiments, loads of several Newtons, corresponding 
to a mean Hertzian contact pressure of ~ 1.0 GPa were used 
[37], which leads to significant wear during the initial sliding 
cycles due to considerably higher localized asperity-level 
contact pressures. This observation suggests insignificant 
wear of the substrate as well as the tribofilm occurring dur-
ing our sliding tests.

The tribofilms generated using colloidal probes can be 
easily located optically and can be further characterized 
using sharp AFM probes. An example of a similar tri-
bofilm generated and imaged in situ using a steel probe 
is shown in Fig. 9a. The same tribofilm is then imaged 
using a sharp probe as shown in Fig. 9b. The sharp probe 
reproduces the image obtained using the steel probe can-
tilever but with enhanced resolution and this validates that 
the tribofilm can be easily located for further investiga-
tions using other AFM modes. The volume of the tribo-
film obtained by each probe was calculated from the AFM 
images using a MATLAB routine; the uncertainty is calcu-
lated by the standard deviation of at least five independent 
calculations of the volume of the tribofilm. The tribofilm 
volume calculated from the image obtained using the steel 
probe is 2.12 ± 0.02 µm3, and from the image obtained 
using sharp probe is 2.51 ± 0.02 µm3. This suggests that 
the quantitative topography mapping of a tribofilm using 
steel probe is reasonably comparable to that of a sharp 
cantilever. The lower volume measured by the blunt probe 
is clearly unexpected given the larger contact area of the 

blunt probe (even accounting for a sharper asperity that 
terminates it and is responsible for imaging). As shown in 
the topographic line profiles of Fig. 9a and b, the height 
measured by the blunt probe is significantly lower, which 
is what produces the lower tribofilm volume. One possible 
explanation is that this arises from the higher load used 
with the stiffer cantilever using the colloidal probe (200 
nN) in comparison to the low forces used with the low 
stiffness cantilever with the sharp probe (< 10 nN). Higher 
imaging load could lead to compression of the compliant 
tribofilm resulting in lower measured height. Quantifying 
this without knowing the depth-dependent modulus is not 
possible, but low moduli (< 30 GPa) have been reported 
for ZDDP tribofilms previously [38]; further work is 
required to understand this effect. Clearly, low loads are 
preferable for resolving tribofilm volumes accurately.

Note that the tribofilm is generated over a rather large 
area (20 µm2) and exhibits tribofilm islands with lateral fea-
tures of sizes 100 nm. Thus, even a large colloidal probe is 
able to accurately image features of this scale. The agree-
ment may not be so good if the tribofilm has features with 
significant height variations at smaller lateral sizes.

It is also feasible to characterize the topography of steel 
probes after the sliding tests. An example is shown in Fig. 
S1 where the steel probe that was used for the in situ experi-
ments (Figs. 5, 6, 7, 8) is imaged using a sharp AFM probe 
before and after the sliding test. Fig. S1b clearly reveals the 
flattened region where wear occurred during sliding and we 
do not observe buildup of any significant amount of tribofilm 
within this region. This suggests that the degree of growth of 
tribofilm on the probe is low. This may be due to the fact that 
the probe is continuously sliding over the substrate surface, 

Fig. 9   a 15 µm × 15 µm AFM 
topography image of the steel 
substrate acquired using a steel 
probe cantilever, revealing 
the in situ tribofilm generated 
in a 8.0 µm × 2.5 µm central 
region. b 15 µm × 15 µm AFM 
topography of the same region 
as in (a) using a sharp silicon 
probe cantilever, revealing the 
in situ tribofilm generated in a 
8.0 µm × 2.5 µm central region. 
Line profile shown below of 
the lines indicated in (a & b) 
showing details of the tribofilm 
morphology
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resulting in the removal of any deposited material on the 
probe surface as well as wear of the probe surface itself.

The nanoscale mechanical properties of tribofilms 
generated under these well-controlled conditions are cur-
rently being investigated, and the results will be published 
separately.

In conclusion, we demonstrate a novel method to per-
form in situ tribological investigations of lubricated con-
tacts. The experiments performed using a steel probe sliding 
over a polished steel substrate in ZDDP containing PAO 
base oil reveal that the coefficient of friction as well as the 
morphological evolution of the tribochemical films can be 
monitored in situ. In addition, this method allows the use 
of a sharp (nanometer-scale radius) AFM probe to meas-
ure topography as well as other physical properties of the 
regions of interest, e.g., in the sliding zone, without remov-
ing the sample out of the fluid cell. This provides an impor-
tant complement to macroscopic tribometer tests, where 
the sliding interface is buried during the test and ex situ 
tests may introduce changes in the properties of the sliding 
zone. Another significant advantage of this method is that 
it can be applied to a wide variety of material systems. In 
addition, this method is compatible with approaches that 
use tribochemical reactions at surfaces to form patterns, as 
demonstrated in a recent publication [39].

Notwithstanding unique advantages, it is also important 
to note the limitations of this technique. One limitation is 
the small contact size, which despite being multi-asperity, 
is orders of magnitude smaller than practical macroscale 
engineering contacts. In addition, as this is an AFM-based 
technique, the sliding speeds are on the order of a few 
micrometers per second, significantly smaller than typical 
values for engineering applications and the wider speed 
range that can be achieved using conventional macroscopic 
tribometers, i.e., mm/sec to m/sec. The slow sliding speeds 
also limit the lubrication regimes that can be explored 
using this method, i.e., using this technique, we are oper-
ating essentially in boundary lubrication regime. However, 
atomic force microscopy technique is improving substan-
tially, and scanning speeds on the order of mm/sec-cm/
sec have been recently demonstrated [40–42] which can 
potentially allow exploring various lubrication regimes, 
similar to the existing tribometers. Results pursuing these 
approaches will be presented in a future publication.
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