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Abstract
Silicon oxide-doped hydrogenated amorphous carbon (a-C:H:Si:O) is an important form of diamond like
carbon (DLC) for tribological applications, primarily because of its enhanced thermal stability and
reduced dependence of friction on environmental humidity. As with other DLCs, its mechanisms of
lubrication are still an active area of research, though it is now known that surface passivation and
tribo�lm growth are important factors. In this study, tribo�lm formation for a-C:H:Si:O is examined at the
microscale by using steel colloid atomic force microscopy probes as the sliding counterface. This
approach provides some inherent advantages over macroscale tribology experiments, namely that the
tribo�lm thickness and stiffness can be tracked in situ and correlated directly with the friction response.
The results of these experiments show that the tribo�lm grows rapidly on the steel colloid following a
period of counterface wear and high friction. The friction drops more than 80% upon nucleation of the
tribo�lm, which is attributed to a decrease of more than 80% in adhesion combined with a decrease in the
estimated interfacial shear strength of at least 65%. Approximately 80% of the friction decrease occurs
before the tribo�lm reaches a thickness of 2 nm, suggesting that only the near-surface properties of the
tribo�lm provide the needed functionality for its effective lubrication mechanisms.

Introduction
Diamond-like Carbons (DLC) are an important class of materials for tribology applications,[1–3] among
many others.[4–6] These protective coatings simultaneously provide low or even superlubric (µ < 0.01)
friction coe�cients, [7] and very low wear, which is an uncommon and valuable combination. As such,
understanding their lubrication mechanisms is important for further development of DLC materials for
tribological applications. Effort has been devoted to achieving this understanding for decades.[8] At this
point, the importance of a surface passivation mechanism is well-established,[9–16] where passivating
species from the environment or dopants, especially -H and -OH groups, terminate dangling bonds at the
DLC surface thereby preventing the formation of interfacial bonds to the countersurface which lead to
high friction and wear. In addition, a second mechanism, the formation of a counterface tribo�lm
(sometimes referred to as a transfer �lm), has also been identi�ed as important in the lubrication
performance of DLCs.[7, 17–20] The importance of tribo�lms in DLC sliding experiments was recognized
by the early 1990s,[21] when macroscale tribology experiments showed that the presence of the tribo�lm
on the stainless sell counterface was a necessary condition for low friction and wear. Various
spectroscopies, including Raman, X-ray photoelectron (XPS), and electron energy loss (EELS), have been
utilized to understand the structure and composition of DLC-derived tribo�lms. Such studies have
determined that the tribo�lms are typically enriched in hydrogen,[6, 7, 18] suggesting that surface
passivation of the tribo�lm may contribute to lubricity in a similar fashion to the DLC counterface.
Additionally, a substantial fraction of sp3-bonded carbon is sometimes present.[7, 18] Nanoindentation
experiments have found low elastic moduli and hardness values along with substantial viscoelasticity of
DLC-derived tribo�lms,[18] which suggests that the tribo�lms may be polymeric in nature. How or whether
such a such a structure might contribute to lubricity is not understood at present.
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This work focuses on the formation of tribo�lm in a DLC system using a microscale contact. The speci�c
system is a silicon oxide-doped hydrogenated amorphous carbon (a-C:H:Si:O) which has been
characterized spectroscopically,[22] and studied in nanoscale[23] and macroscale[18] sliding
experiments. In macroscale tribometer experiments of a steel ball sliding against a-C:Si:O, stable
tribo�lms formed readily and low friction coe�cients (µ = 0.05–0.2) were observed. In contrast, in the
nanoscale experiments with an a-C:H:Si:O counterface, tribo�lm formation typically did not occur, and
very high interfacial shear strengths (1–10 GPa) were found in both dry and humid sliding environments.

Microscale contact sizes represent an intermediate lengthscale. At �rst glance, it is not obvious why one
should interrogate this lengthscale. The contact geometry is similar to that found at the macroscale,
composed of at least hundreds of individual asperities, each of which should exhibit a tribological
response similar to what is found in AFM experiments. This geometry also generally forecloses the
possibility of using contact mechanics to understand the evolution of important parameters such as real
contact area and local stress distributions near the interface. There are several advantages to working at
this lengthscale, however. The tests to be discussed were performed with smooth colloidal AFM probes (< 
0.5 nm RMS). The use of spherical colloids allows for expansion of the possible counterface chemistries
and structures relative to sharp AFM probes, where one is typically limited to a few materials such as Si,
diamond, and DLC. Lower contact pressures can also be achieved relative to AFM studies with sharp tips
due to the reduced dominance of adhesion on the total normal pressure, thus broadening the range of
pressures studied. [23] Additionally, wear of the probe has a less dramatic effect on the contact geometry
in the case of colloidal probes. The use of an AFM for testing opens up the possibility of making
measurements that are di�cult or impossible at the macroscale, such as the level of adhesion or the
characterization of counterface morphology in situ. One can also use modulation techniques such as
measuring the normal stiffness of the contact during the test,[24] which provides insight into the
mechanical properties of the sliding contact.

The tribology of DLC has been examined at the microscale in the past.[25–28] Several studies utilized
nanoindentation equipment to perform scratch testing, where the sharp nanoindentation probe is dragged
along the DLC surface with a controlled normal load and, sometimes, resolution of the resulting lateral
forces.[29–32] The wear tracks from such tests can also be characterized in-situ in some cases. These
tests are especially useful for characterizing the quality of adhesion between thin �lms and their
substrates. Understanding this adhesion has been critical for the hard drive industry to develop protective
overcoats for their magnetic media, and so there has been signi�cant work in this area. The extreme
conditions during these tests are also useful for characterizing the wear resistance of the coatings
themselves. In some cases, nanoindenters have been used to perform reciprocating sliding and thereby
examine layer-by-layer removal of coating materials. [33] As with standard AFM, the availability of only a
few tip materials is a major limitation.

Using colloidal AFM probes to study the tribological response of DLC as we do here is rare in the
literature. In one case, colloidal AFM was used to evaluate the effect of micropatterning and ionic liquid
lubrication on DLC microtribological response using a polystyrene ball.[34] The lateral forces were
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uncalibrated so only relative friction performance between the various DLCs could be evaluated. The
linear rise of friction with normal load also indicated that the contact maintained a multi-asperity contact
geometry. In another study, a very close analog to the experiments which will be presented was run,
involving steel colloidal probes sliding on another a-C:H:Si:O.[11] In these tests, the macroscale run-in
effect was observed, as well as a similar dependence of friction on. It was concluded, based on post-test
imaging, that the formation of the tribo�lm was responsible for the run-in effect.

Experimental Methodology
All experiments were conducted in an RHK 350 AFM (RHK Technology, Troy, MI) housed in an
environmentally controlled chamber and controlled by an RHK R9 controller. Steel colloids with
composition and mechanical properties close to those of 52100 bearing steel with a nominal diameter of
40 µm (SHS7574HV1, NanoSteel Company, Inc., Providence, RI, USA) were glued onto tapping mode
cantilevers (NCHR, NanoWorld AG, Neuchâtel, Switzerland) using epoxy (JB Weld, JB Weld Company,
Atlanta, GA, USA). The colloid apex geometry, which can vary substantially from the nominal diameter,
was characterized by inverse imaging using tapping mode of an array of oxide-sharpened silicon spikes
(the same shape that is used in popular sharp Si AFM tips) with apex radii nominally below 10 nm (TGT1,
NT-MDT Spectrum Instruments, Moscow, Russia).[35] This provides topographic information about the
colloid probe, distorted by only a small amount due to convolution with the sharp silicon probe. The
colloid radius was determined by �tting a circle to the linescans across at least three such reverse images
of the TGT1 sample spikes. Tip-sample convolution effects were neglected given the much larger radius
of the colloids relative to the TGT spike apexes. These images were also used for colloid roughness
determination. The local RMS roughness of the colloid was < 0.5 nm across the maximum nominal
contact area of the tests presented here (approximately 220x220 nm2). Normal forces were calibrated
using the reference cantilever method yielding normal spring constants of 20–40 N/m for the various
cantielvers used.[36] Lateral forces were calibrated using the diamagnetic lateral force calibration
method.[37] Sliding tests were performed on an a-C:H:Si:O �lm custom-grown by NCD Technologies
(Madison, WI) on a Si wafer using the plasma immersion ion implantation and deposition method, as
described previously .[22] The RMS roughness of the a-C:H:Si:O was 0.16 nm across 1x1 µm2, as
measured with AFM.[22] AFM measurements were conducted in either dry nitrogen (< 5% RH) or humid
nitrogen (50 ± 5%RH), controlled by continuous �ow of nitrogen from the boiloff of a liquid nitrogen
dewar, with some fraction bubbled through deionized water to provide humidity when needed.

High load (1–3 µN) reciprocating sliding tests were conducted across 2 µm sliding tracks at a speed of 4
µm/s in 50 ± 5% RH N2 while applying a sinusoidal oscillation of 50 pm amplitude at 3 kHz to the Z-piezo
to capture the normal stiffness of the system. A high humidity was chosen for the tribo�lm growth
because earlier macroscale experiments in the same material system led to stiffer tribo�lms that adhered
better to a steel counterface. [18] Similar tribo�lms in this microscale system were judged as more likely
to survive in situ characterization with the AFM probe. In that case, the contact was a multi-asperity
contact, which was known from the load chosen and the local roughness parameters determined from
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AFM imaging of the bare colloid. [38] The Z-oscillation frequency was chosen to be above the lowpass
�lter cutoff of 2 kHz for the feedback circuitry, thus the normal force topographic feedback was
unaffected by the imposed Z-oscillation. The normal force signal was fed into a lock-in ampli�er using
the Z-oscillation signal as a reference, so that the lock-in output provided the force response to the
oscillation signal. This technique is referred to as force modulation microscopy (FMM).[39]

Results
The primary goal of this study was to grow a tribo�lm in situ. To achieve this, the steel colloid probe of
apex radius 50 µm was subjected to reciprocating sliding at an applied normal load of 2.9 µN across a
scan length of 2 µm.  With an adhesion force of 735 nN determined via the pull-off force measurement, a
Derjaguin-Müller-Toporov (DMT)[40] estimate of the maximum normal contact pressure and contact
radius were 120 MPa and 120 nm, respectively.  It should be noted that since this is a multi-asperity
contact, as will be shown later, there are asperities which will experience higher normal stresses and the
real area of contact will be much smaller than the DMT contact radius would imply.

Figure 1 shows the evolution of the friction force, the total normal stiffness, and probe height, acquired
simultaneously, during the reciprocating sliding test. The total normal stiffness is shown, which depends
on both the cantilever and contact stiffness. Since the cantilever stiffness is constant throughout the test,
any changes are due to variations in the normal contact stiffness. From cycle 1 through approximately
cycle 200, the friction doubles and the total stiffness increases by approximately 7%. The probe height
increases by 1.2 nm. At least a fraction of this change is due to downward creep of the Z-piezo after the
initial transient of applying the normal load, [41] which the feedback circuit compensates for. Two
plausible explanations for the friction increase are that asperities are being removed from both
counterfaces thus increasing the true contact area, and/or the oxide layer is being removed from the steel,
thus exposing the more adhesive and reactive bare steel, which exhibits a higher shear strength. The
former would lead to an increase in the real contact area, which increases the normal stiffness and
friction. The latter would increase friction due to increased shear strength. In addition, more adhesion and
greater contact area would increase formation of adhesive junctions[42] with the exposed bare steel. If an
oxide were removed, one would expect a decrease in the topographic height. However, the initial piezo
creep effect may obscure such a change.

Starting at cycle 210, the friction begins to drop precipitously before the normal stiffness jumps and the
topographic height begins to increase at cycle 225, while the friction continues to decrease. This is clear
evidence of the nucleation and growth of a tribo�lm. This process occurs during approximately 120
cycles, whereupon the friction has dropped by 81%, the normal stiffness increases by 30%, and the
topography increases by 25 ± 2 nm (a close up of this transition region marked in blue is provided in
Figure S1.). The topography signal change is due to the probe being lifted by the feedback circuit to
maintain a constant normal load, consistent with the growth of a tribo�lm on the probe. The increase in
the normal stiffness indicates that the real contact area grows substantially if the assumption is made
that the tribo�lm possesses similar mechanical properties as those grown at macroscale, [18] since it
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was found in that macroscale study that the tribo�lms had much lower average elastic moduli than the
initial counterfaces. Thus, a change in only the mechanical properties of the material at the contact
should reduce the normal stiffness; the increase seen here can thus only be explained if the contact area
increases. That friction is primarily controlled by the tribo�lm formation is also supported by the friction
image (sometimes referred to as a triboscopy map [43]) in Fig. 2, which is constant across the wear track
(except at the left and right edges where the effect of static friction produces an arti�cial apparent low
friction force). If friction were primarily controlled by changes to the a-C:H:Si:O, one would expect a
friction dependence on position in the wear track (i.e. one would see vertical features in the image shown
in Fig. 2), unless such changes occur homogenously across the wear track. It should be noted, however,
that 24.5% of the total friction decrease occurs prior to any detectable change in the probe height,
suggesting that chemical and structural changes at the counterface surfaces drive a signi�cant fraction
of the friction reduction.

For the remainder of the test, the changes are less dramatic. The topography continues to grow before
saturating at a value of 28.4 ± 2.3 nm, suggesting the tribo�lm grows to this thickness level and then
roughly maintains a steady-state thickness. Notably, the friction is approximately constant during this
growth, indicating that the friction reduction is primarily controlled by the chemistry and structure of the
tribo�lm near the a-C:H:Si:O/tribo�lm interface, and not by the overall thickness of the tribo�lm. Post-
sliding imaging did not reveal any transfer of tribo�lm back to the a-C:H:Si:O. There is a slow increase in
the friction and normal stiffness, 27% and 8% respectively, throughout the remainder of the test. These
results can be explained by some additional growth in the real contact area as the tribo�lm grows in
lateral extent due to plastic deformation and/or material transport/shearing of the tribo�lm.

Figure 3 shows pre- and post-test reverse imaging of the colloidal probe using a TGT1 sample. The post-
test measurement was done in tapping mode rather than contact mode to minimize wear of the tribo�lm.
It is clear from the linescan shown in Fig. 3(c) that the thickness of the tribo�lm (33.6 ± 8.8 nm) agrees
reasonably well with the 28.4 ± 2.3 nm which was measured during the sliding test, with the difference
likely re�ecting compression of the tribo�lm due to the normal load during the wear test. In fact, a very
rough estimate of the Young’s modulus can be made by treating the colloid as a cylindrical punch of
radius equal to the DMT contact radius of the original a-C:H:Si:O-steel contact, and also making the more
reasonable assumption of incompressible DLC and steel, to yield a value of 517 MPa. This value
represents an upper bound, given that we can see in Fig. 3b that the tribo�lm diameter far exceeds the
DMT prediction, thus the contact area used in the modulus calculation is an underestimate. Note that the
tribo�lms grown in macroscale sliding experiments also showed much smaller elastic moduli relative to
the starting a-C:H:Si:O which had an elastic modulus of 120 GPa.[18]

The tribo�lm is elongated in the sliding direction. Since torsion of the cantilever during the two sliding
directions of the probe changes the real area of contact for each direction, it might explain elongation of
the tribo�lm in the sliding direction. However, the magnitude of such an expected change can be
estimated from the static friction at the track endpoints in, e.g., Fig. 2, to be approximately 200 nm total.
This is not large enough to explain the magnitude of the elongation. The fact that the tribo�lm appears to
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have formed at an offset from the colloid apex (with the center of the tribo�lm approximately 1.5 µm to
the right of the center of the probe) may be due to an experimental artifact. The topography was
measured by scanning the colloid over a spiked TGT1 sample. A difference in the slope of TGT1 sample
relative to the a-C:H:Si:O sample under the probe of as little as 2° could produce the offset seen here. It is
also possible poor adhesion between the tribo�lm and steel allowed it to slide. The presence of wear
debris above and below the apex in Fig. 3b outside the horizontal band containing the tribo�lm suggests
the tribo�lm may have moved from where it was originally grown. Prior literature has shown that tribo�lm
adhesion to steel counterfaces can be poor, depending on tribo�lm growth conditions. [44–46]

The wide lateral extent of the tribo�lm in all directions relative to the nominal contact area requires
explanation. In the macroscale work,[18] where a similar effect was seen for sliding in a �owing N2

environment, we attributed this effect to a combination of plastic deformation and viscoelastic �ow due
to the soft polymeric properties of the tribo�lm. Flow out of the contact area may help explain the self-
termination of the vertical growth of the tribo�lm, with extra tribo�lm volume beyond the thickness where
the tribo�lm is stable being shed out of the contact area and increasing the lateral extent of the tribo�lm.

An additional possibility, given that the thickness of these tribo�lms are a signi�cant fraction of the
nominal contact radius, is that the nominal contact area increases because of a decrease in the reduced
Young’s Modulus E* of the contact due to the formation of the soft tribo�lm itself. In the macroscale
work, it was found that all regions of tribo�lms grown in a humid environment had elastic moduli < 40
GPa, at least a 60% reduction relative to the bearing steel on which they were grown, with many areas
exhibiting orders of magnitude smaller elastic moduli. Since the nominal contact area in DMT contact
mechanics scales with E*−2/3, a 50% reduction in E* for example leads to a 58% increase in the nominal
contact area. Thus, a large reduction of E* due to tribo�lm growth can produce a substantial increase in
the nominal area of contact.

To examine the tribological response of the steel colloid sliding on a-C:H:Si:O, with and without the
tribo�lm, a series of friction vs. load measurements were performed. The measurements were obtained at
a sliding speed of 3 µm/s across a 5x5 µm2 region with a constant increase in the normal load after each
of 128 scan lines. The large transverse spatial increment between scan lines (5 µm / 128 lines = 39 nm)
was chosen to minimize wear of the a-C:H:Si:O, and therefore also the dependence of friction on wear-
induced changes to the a-C:H:Si:O. It also served to minimize any additional growth of the tribo�lm. Each
measurement was immediately repeated with a decreasing load to verify repeatability and to capture the
load range between pull-in and pull-off. In the bare colloid tests, humid and dry environments were
examined. For the colloid-with-tribo�lm tests, a smaller load range was used to minimize damage to the
tribo�lm. Tests were performed in multiple environments (see SI Fig S2), but it was apparent that the
tribo�lm was evolving throughout these tests, so only the �rst is presented here, where the tribo�lm
geometry and structure had not yet changed signi�cantly. This test was performed in the same humid
environment in which it was grown (50% RH). All tests were performed on pristine (previously unscanned)
regions of the a-C:H:Si:O sample. Note that the maximum load reached, 1.35 µN, is signi�cantly less than
the 2.9 µN load used previously to generate a tribo�lm on a bare colloid probe.
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Results are presented in Fig. 4. Focusing on the bare colloid results, it is clear that there is a strong
humidity dependence to the friction. The nearly linear dependence of friction on load is consistent with a
multi-asperity contact geometry.[47] The magnitude and slope of the linear dependence are higher in the
humid case. Such a humidity dependence was absent in the case of the tribo�lm + colloid trials. The
humidity dependence in the bare colloid case might be due in part to capillary adhesion. While steel can
have large water contact angles suggesting a high surface energy, [48] this is in�uenced by the presence
of surface oxides and organic contamination, [49] which can be removed from the contact zone by
sliding. The underlying metal will have a high surface energy [50] and tend to form substantial capillary
bridges in a humid environment.

The friction vs. load measurement with a tribo�lm present on the colloid shows several distinct, important
features. First, the adhesion (the pull-off force reached during retraction) is reduced by at least 80%: 29
nN is obtained, vs. 77 5nN and 849 nN for the humid and dry bare colloid cases, respectively. This is
remarkable considering the increase in real contact area upon tribo�lm growth, to be discussed below.
The reduction in adhesion results in reduced friction across the entire load range, relative to the bare
colloid results, shifting the friction vs. load curve to the right. The idea that there has been a change from
a patchy, multi-asperity contact to a more continuous area of contact is supported by a power law �t to
the contact area vs. load (Fig. 4), where the scaling exponent was 0.52. If we assume a constant shear
strength,[51] the expected scaling exponent for a perfect, single-asperity DMT contact is 2/3, as opposed
to the case of a multi-asperity contact which obeys Amonton’s law, where the scaling exponent would be
1 (as was seen for the bare colloid). This very low scaling exponent indicates the contact is behaving as a
single asperity contact. The fact that the exponent is lower than the lower bound of the range between
single and multi-asperity contacts is not fully understood, but may have to do with the fact that the
tribo�lm is not spherical in shape, but rather more like a �at plateau. In such cases, the contact area
would grow more slowly with normal load than would be the case for a spherical contact.[52] This can be
understood by considering the extreme case of a rigid, �at punch. Friction vs. load curves in such a case
(again assuming constant shear strength) would result in a scaling exponent of 0 since the real contact
area does not grow with load.

Discussion
The compilation of results presented here provide important insight about the fundamental lubrication
mechanisms for steel and perhaps other materials sliding on a-C:H:Si:O. The reciprocating sliding testing
presented in Fig. 1 represents the clearest evidence to date that the growth of a tribo�lm on the steel
counterface is the primary mechanism leading to low friction in a DLC material. By monitoring friction,
stiffness, and height simultaneously, it was possible to detect tribo�lm, and correlate its nucleation to the
moment the drop in friction occurs. The closest prior results have come to accomplishing this for DLC is
studies that have used an optical camera focused through a transparent counterface to detect when a
tribo�lm was present in macroscale sliding experiments either visually or with Raman spectroscopy,[53,
54] although it has been recognized frequently in the past that the formation of a tribo�lm, usually
observed ex-situ after testing is completed, is correlated with large reductions in friction.[42]
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The technique presented here offers additional insights. The termination of the friction reduction after the
tribo�lm has grown < 5 nm in thickness indicates that there is little dependence of the friction on the
thickness of the tribo�lm beyond a small threshold value. As Figure S1 shows, 80% of the friction
reduction occurs before the tribo�lm reaches a thickness of 2 nm. This result indicates that it is important
for researchers to use surface-sensitive spectroscopy to con�rm or refute the presence of a tribo�lm
before making conclusions about what is driving friction reduction in DLC tribology experiments. It also
suggests the relevant system size to understand the lubricity is small enough that molecular dynamics
simulations could be a useful tool, if the tribo�lm’s composition and structure can be well-determined.

It was also noted that 24.5% of the total friction decrease occurs before any measurable (± 0.2 nm
resolution) probe height change occurs. This suggests a surface effect drives some fraction of the
friction reduction. Prior literature offers guidance for interpreting this result, with a surface enrichment of
passivating species [6, 10, 12] and structural changes to the DLC near-surface region such a carbon ring
orientation changes [55] as defensible explanations. A related explanation supported by the data here is
that a reduction in adhesion might cause some of this early friction reduction, given that a large adhesion
change occurred upon growth of the tribo�lm. Such an adhesion reduction would reduce friction levels,
although we cannot say with con�dence how much of the adhesion reduction occurs prior to the tribo�lm
growing to a substantial thickness. The triboscopy map in Fig. 2 shows that even during this initial stage
of friction reduction the changes are uniform across the wear track, so changes cannot be
unambiguously attributed to changes on the DLC side of the counterface. It should also not be assumed
that these near-surface effects are responsible for 24.5% of the shear strength reduction, since the normal
stiffness data shows that the real area in contact grows substantially after this initial friction decrease is
complete.

One can use these data to gain insight about what is occurring during the friction drop. From the
topography trace in Fig. 1, the friction reduction occurs during the initial 5 nm of tribo�lm growth (see
Figure S1 for zoomed version). We use DMT contact mechanics to estimate when contact between the
steel and the a-C:H:Si:O is completely lost during growth of the tribo�lm. Based on the applied normal
load, mechanical properties of the colloid and a-C:H:Si:O, radius of the colloid, and pre-sliding adhesion
value, we calculated the normal deformation of the steel colloid due to the applied normal load, which is
< 0.2 nm during the experiment. While asperities may de�ect more than this due to higher local contact
pressures, the overall roughness of the colloid near the apex is < 0.5 nm, so lifting the steel colloid 1–2
nm should be more than su�cient to eliminate all direct contact between the steel and the a-C:H:Si:O.
Therefore, the friction continues to drop after the steel colloid has lost all direct contact with the a-
C:H:Si:O. This suggests that there is some dependence of the shear strength on the tribo�lm thickness
across a small range of thickness values, apparently up to 5 nm in thickness.

The results present evidence indicating that there is a very large increase in the real area of contact as the
tribo�lm grows. First, the increase in stiffness despite the growth of a low modulus tribo�lm
demonstrates an increase in contact area. Based on the earlier estimate of < 1 GPa for the tribo�lm
elastic modulus, the stiffness increase during tribo�lm growth implies that the real contact area grows by
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more than 100x. Second, the change from linear scaling to power law scaling after the growth of tribo�lm
in the friction vs. load curves demonstrates that the real area of contact is much larger in the tribo�lm
case. Finally, the direct post-test imaging of the colloid in Fig. 3b shows that the lateral extend of the
tribo�lm far exceeds the diameter expected from DMT contact mechanics.

Since we know the real area of contact is much larger in when the tribo�lm is present, we can also
conclude, based on the disparity in friction at a given load between the bare colloid and the colloid with
the tribo�lm, that the formation of the tribo�lm is accompanied by a large drop in the interfacial shear
strength. As the load grows, the difference in friction also grows between the tribo�lm and bare colloid
cases, as seen in Fig. 4. At some point, upon increasing the load further, the bare colloid will compress
enough asperities such that the real contact area is nearly equal to the nominal contact area, and the bare
colloid friction will change from linear scaling with load to power law scaling consistent with single
asperity contact mechanics. This critical load, 20 µN, was estimated from the mechanical properties of
the counterfaces and a roughness parameter of the colloid, which we know from AFM imaging of the
colloid surface, using the model of Pastewka and Robbins for the elastic contact of a sphere with self-
a�ne surface roughness on a �at surface [38] At this critical load, the real areas of contact for the bare
colloid and the colloid + tribo�lm should be nearly equal, aside from the growth of the tribo�lm beyond
the initial nominal contact area. This allows for an estimate of the minimum reduction in interfacial shear
strength upon growth of the tribo�lm. This will be an underestimate because we know from post-sliding
imaging (Fig. 3b) that the tribo�lm grows laterally beyond the initial nominal contact area. Extrapolating
the curves displayed in Fig. 4 for the bare colloid < 5%RH Trial 1 and the colloid with the tribo�lm
measurement to this critical load (Fig. 5), one �nds that there is a 65% difference in the extrapolated
friction, and therefore we posit that at least a 65% reduction in the interfacial shear strength exists. Given
the scale of lateral tribo�lm growth beyond the initial nominal contact area, the real reduction in the shear
strength is likely much larger. It should be emphasized that this reduction in shear strength is much
greater than what was found for the nanoscale run-in effect for hard asperity contacts discussed in our
previous work.[23] Another recent study using sharp AFM probes to slide on a highly hydrogenated a-C:H
in ultrahigh vacuum did manage to nucleate and grow tribo�lms on the probe, which led to very large
friction reductions. In that case, they present convincing evidence that true graphitization of the tribo�lm
was likely the source of the tribo�lm’s lubricity. [56]

The humidity dependent friction vs. load measurements for the colloid with the tribo�lm, shown if Figure
S2, demonstrated that there was little detectable dependence on the humidity. This was unexpected,
given a universally strong dependence in macroscale sliding experiments. One possible explanation is
that these experiments do not present a su�ciently accurate analog to macroscale experiments, where
the humidity dependence has been shown on worn �lms, whereas these friction vs. load measurements
were done on unworn a-C:H:Si:O.

Conclusions
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In this study, it has been shown via sliding experiments of a steel colloid on an a-C:H:Si:O �lm using an
AFM, that a tribo�lm can be grown at the microscale with in situ detection of its growth and a
simultaneous drop in the friction. The drop in the friction is attributed to two primary effects. The �rst is
an 80% reduction in adhesion, which reduces the friction at any given applied load. The second is a
reduction in the interfacial shear strength. The experimental data are comprehensive enough that a lower
bound estimate of the fractional reduction in interfacial shear strength can be made, which shows that
the shear strength is reduced by at least 65%. The formation of the tribo�lm is accompanied by a large
increase in the real area of contact, which would lead to an increase in friction if adhesion and shear
strength were held constant. Instead, the reductions in adhesion and shear strength lead to an overall
reduction in friction, with the degree of friction reduction increasing at higher applied loads.

The results presented here provide new mechanistic understanding of how a tribo�lm allows for a low
friction interface, even though a full atomically-resolved explanation has not yet been established. The
most useful result to guide future understanding and optimization is that only the near-surface layer
(essentially the top 2 nm) contributes to friction reduction. As such, the structural features leading to the
friction reduction are likely to be accessible with near-surface spectroscopies such X-ray photoelectron
spectroscopy and near-edge X-ray absorption spectroscopy. Molecular dynamics simulations could also
be a valuable tool, much as they have been for understanding DLC lubrication mechanisms in the
absence of a tribo�lm. Two nm of material in the vertical direction is a computationally tractable system
size, although knowledge of the detailed structure of this region is still required.

Across such a limited thickness range, existing work may be worth considering. For instance, the heavily-
studied class of self-assembled monolayers and their mechanisms of friction reduction may be relevant
if the near surface of the tribo�lm is predominantly composed of linear chains. Unfortunately, structural
details beyond composition and carbon hybridization state remain unknown and should be a focus of
future study. This work also suggests paths to further optimization of tribological properties. For
instance, if only the near-surface of the tribo�lm contributes to friction reduction, growth of tribo�lm to
larger thicknesses is undesirable in that it leads to an increase in the real area of contact, which increases
the overall friction of the contact. Likewise, a detailed understanding of the tribo�lm structure could allow
for rationally designed ultrathin tribological coatings for demanding applications like MEMS where
reductions in both adhesion and shear strength would be useful.
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Figure 1

Friction force, total normal stiffness, and probe height acquired simultaneously during reciprocating
sliding at 4 µm/s across a 2 µm wear track of a steel colloid on a-C:H:Si:O with a 2.9 µN normal load in
the humid N2 environment.  Cycle number refers to the number of reciprocating sliding cycles since the
start of the test. A 3 kHz Z-oscillation of 50 pm amplitude was applied during the test, which allowed for
tracking of the normal stiffness and phase, which measures the composite stiffness of both the
cantilever and the contact. The generalized relationship between contact stiffness, real area of contact,
and reduced modulus is shown. A close up of the transition zone marked in blue is provided in Figure S1.
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Figure 2

Friction force as a function of sliding cycles during reciprocating sliding of the steel colloid on a-C:H:Si:O
in 50%RH N2 with a 2.9 µN load. Horizontal features correspond to changes in time, vertical features, if
present, would indicate changes to particular wear track regions.
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Figure 3

(a) Topographic contact-mode AFM image of steel colloid prior to reciprocating sliding test. (b)
Topographic tapping-mode image of colloid after reciprocating sliding test. Green circles represent
nominal contact area determined from DMT contact mechanics for bare a-C:H:Si:O/steel. (c) Linescan
from (b).
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Figure 4

Friction vs. applied normal load for a steel colloid sliding on a-C:H:Si:O with or without a tribo�lm in
multiple environments. Tests were performed by approaching via increasing load setpoint, then retracting
to pulloff, as indicated by arrows. The presented tribo�lm test was performed in 50%RH N2. Black arrows
illustrate the test progression from pull in during the approach to pull off during retraction.
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Figure 5

Extrapolation of data �ts in Figure 4 to the critical load where a single-asperity contact geometry is
expected to be achieved for the bare colloid case. From the extrapolation, the interfacial shear strength
reduction due to the tribo�lm formation can be estimated.
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