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Single asperity nanowear phenomena are fundamental for understanding basic tribological
mechanisms. Yet, they are studied mostly through theoretical and simulation works. Few
experiments were conducted in the past decades, usually with materials which are
commonly used in micro- and nanotechnology, but not for macroscopic components
with relevance in tribology. In the present work, we show for the first time tribotests
performed with self-mated 100Cr6 steel, a very widespread material at the macroscale,
taking advantage of an AFM, employed as a tribometer for the tribotests as well as for the
inspection of wear of both tribopartners. Emphasis is put on the morphology of the scars,
on wear particles, and on wear of the “colloidal” particles glued on the AFM cantilever.
Measurements demonstrate the possibility of characterizing single asperity events leading
to very small wear (scars with isolated, down to 1-nm-deep scratches). We highlight
several phenomena, for example, transfer of wear particles and their negative contribution
to wear volume, which are elementary key constituents of tribological processes. Such
phenomena, probably occurring also at the macroscale, can be detected, identified, and
characterized with high spatial and time resolution only at the nanoscale, thus giving insight
into conditions and causes of their emergence.
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INTRODUCTION

Friction and wear in macroscopic tribotests are the result of numerous single contact events at the
micro- or nanoscale. Several theoretical studies and simulations have been conducted to gain insight
into the number of those contacts (Zugelj and Kalin, 2018), their properties (e.g., pressure, duration,
and mechanical and chemical properties), and their contribution to friction and wear.

To investigate such nanoscale phenomena experimentally, a stark downscaling of the specimens
and measuring tools toward single asperity contact and corresponding forces is necessary. For
example, the diameter of available steel spheres varies between some hundred microns and some tens
of millimeters, and the lower limit of normal forces applicable with a tribometer is usually above
0.01 N. Hence, common tribometers cannot be employed for the study of nanowear, and the use of
an atomic force microscope (AFM) as a tribometer is indispensable. To this purpose, one of the
tribopartners must be fixed onto the AFM cantilever like a colloidal probe (Butt, 1991; Ducker et al.,
1991; Ducker et al., 1992). For several reasons (morphology, manufacturing, mechanical properties,
etc.), only some materials can be used to produce such “colloidal” probes. Thus, tribotests at the
nanoscale were usually performed with silicon or similar materials used as standards in
microtechnique but rather irrelevant at the macroscale (Bhushan et al., 1995; Bhaskaran et al.,
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2010; Jacobs et al., 2019). Furthermore, for silicon and diamond
tips, the wear was extensively studied, but with the focus on
changes of the tip geometry, to ensure a constant measurement
accuracy, and not on wear volume or wear coefficient
(Khurshudov et al., 1996; Khurshudov et al., 1997; Chung
et al., 2005; Strahlendorff et al., 2019). This results in a
research gap, since wear at the nanoscale was never studied
with materials, which are relevant also at the macroscale.

An AFM presents several advantages compared to a
tribometer (Carpick and Salmeron, 1997 and references
therein). It can be used to modify the specimens, that is, to
perform a tribotest by sliding the “colloidal” probe on a surface
under very precisely controlled normal forces and displacements
as well as to measure topography, roughness, and wear of both
tribopartners at the nanoscale. Both features are mandatory to
enable distinct single asperity contacts and very small wear and to
detect them with high spatial and time resolution. Additionally,
an AFM can be used to determine several sample and system
properties. The torsion of the cantilever (lateral signal) enables to
characterize the friction between sample and tip or between the
tribopartners during the test (Liley et al., 1998); with the help of
force–distance curves, Young’s modulus (Cappella, 2016),
adhesion (Cappella and Dietler, 1999; Butt et al., 2005), and
local thickness of water or lubricant films can be measured
(Thundat et al., 1993; Friedrich and Cappella, 2020a); for
materials with elastic moduli larger than ca. 20 GPa (which
cannot be measured through force–distance curves), other
modes (e.g., contact resonance) can be employed (Friedrich
and Cappella, 2020b).

In the experiments presented here, we show the first extensive
results obtained at the micro- and nanoscale with 100Cr6 steel for
both tribopartners. At the macroscale, 100Cr6 was thoroughly
investigated and frequently applied. Therefore, it is a suitable
material to compare phenomena and properties at both scales. By
such a comparison, scaling effects revealed by former studies
(Reichelt and Cappella, 2020; Reichelt and Cappella, 2021) can be
extended to the nanoscale.

As the surface of steel cannot be prepared as smooth as that of
crystals like silicon or pure metals, the roughness of the discs
represents a challenging property in generating and detecting
wear reliably. Furthermore, the only colloidal particles suitable
for gluing onto the cantilever are wear debris particles, that is,
random-shaped products of macroscopic wear tests, and not
manufactured ones with a well-defined shape. This increases
the difficulty in the determination of the particle wear volume.

In this work, we attempted to exhaust the possibilities of
reaching the lower limits of the contact area in combination with
very low forces to analyze wear events close to “zero” wear and
single asperity contact. Besides discussing the technical efforts, we
detect the shape of test particles, scars, and wear particles and
show which phenomena (e.g., formation and modification of
wear debris and their role in the wear of the tribopartners) can be
observed by testing steel at the nanoscale. The focus is to measure,
image, and interpret the changes in topography of tribopartners
under the variation of test parameters and of the random shape of
the test particle sections contacting the plane at the beginning of
the test. The experimental results represent the base for further

studies on a quantitative comparison with macroscopic wear, the
detection of the lateral scanning signal can be used to link friction
at the nanoscale to respective nanowear events.

MATERIALS AND METHODS

For all tribotests and topographic measurements, an AFM
(Cypher, Asylum Research, Santa Barbara, California) has
been employed in contact mode. The cantilevers for the tests
were silicon tipless ones (type NSC15/AIBS, μmasch, Sofia,
Bulgaria, k � 20–40 N/m). The cantilevers for the
characterization of the wear tracks were PPP-CONTSCAuD
(Nanosensors, Neuchatel, Switzerland).

The material for the tribotests is for both specimens hardened
100Cr6 steel (AISI 52100, according to DIN EN ISO 683-17). A
standard SRV disc (diameter 24 ± 0.5 mm, Optimol Instruments
Prüftechnik, Munich, Germany) served as the plane. The upper
surface was polished to a very low roughness (ra � 1.2 ± 0.25 nm
as mean of 100 measurements over 1 μm2 areas). Afterward, the
disc was cleaned for 15 min in an ultrasonic bath at 30°C using
petroleum benzine and rinsed with isopropanol.

As no commercial 100Cr6 spheres of appropriate size are
available for gluing to the AFM cantilever, suitable debris
particles were used as “colloidal tips.” These particles originate
from macroscopic tribotests with 100Cr6 specimens (balls and
SRV planes). “Suitable” means that the surface of the particles is
unoxidated and exhibits metallic reflections and that their size is
2–5 μm. It is unknown which of the former specimens is the
origin of the debris and which wear mechanism formed them.

FIGURE 1 | SEM image of particle No. 4 glued to a tipless cantilever. The
SEM measurement was performed after the series of tribotests. The worn
surface is marked with a yellow circle. The glue can be seen as a black region
at the borders of the test particle.
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To glue a wear particle to the tip, debris particles were
distributed on a glass slide and inspected under an optical
microscope. A suitable particle must lie isolated to avoid
collecting more than one. The end of the cantilever was then
brought into contact with the surface of a drop of the two-
component epoxy resin (UHU Plus endfest 300, UHU, Bühl,
Germany, in a mixing ratio of 1:1) for approximately 1 s. By
contacting repeatedly a blank glass surface, the glue drop on the
cantilever was reduced successively until it had approximately
the same size as the particle. Thus, the chance to collect the
particle via the meniscus force by simply contacting it was
maximized. Afterward, the glue was cured for at least 15 h. Four
particles were glued to cantilevers. An SEM image (ZEISS
Gemini Supra 40, Oberkochen, Germany) of the glued
particle (No. 4) is shown as an example in Figure 1. The
image was acquired at the end of the tribotest series. The
worn section is marked with a yellow circle.

Unlubricated tests were conducted on disc sections without
anomalies using the highest possible variation in normal force
(0.75–12.7 μN). Limiting factors are the elastic constant of the
cantilever and the feedback control system of the AFM. The
number of cycles was also varied in a wide range (64–102,400).
The frequency was set at 9.77 Hz for almost all tests. A lower
frequency would influence the stability of the lateral position due
to increasing thermal drift effects (Noel et al., 2017). The stroke
was either 5 or 25 μm. In order to collect the lateral torsion signal,
related to the friction force, all tests were performed by scanning
perpendicularly to the longitudinal axis of the cantilever.

In contrast to usual macroscopic reciprocating sliding tests,
AFM sliding velocities are, except for short intervals close to the
reversal points, constant and rather small. They were not varied
intentionally as no significant effect on wear is expected.

A fundamental difference between a tribometer and an AFM
concerns the normal force FN. The feedback system of an AFM is
far more efficient than that of a macroscopic tribometer. This is
particularly owed to the eigenfrequency of the cantilever,
exceeding that of every component of a tribometer. This
allows to perform tests with very low variations of the normal
force, which is almost independent of the surface topography, and
hence of roughness. As a consequence, adhesive wear is more
likely to occur since abrasive mechanisms are presumably
prevented by the fast feedback system. Instead, even fast
macroscopic feedback systems are limited by the inert mass
and are not able to react to local forces at the level of single
asperities. Hence, in macrotests, FN may vary strongly due to
motions along the Z-axis resulting from roughness, especially at
the scale of asperities.

When applying very small normal forces with an AFM, the
attractive force between the specimens cannot be ignored
(Cappella and Dietler, 1999; Butt et al., 2005). This force,
which is not compensated by the feedback system, depends
mainly on the areas of both interacting surfaces and hence
varies not only between the tests but also during a test, due to
local topography and notably to wear. Yet, rough estimations
indicate that the attractive force is in the range 0.1–0.3 μN and
thus represents a significant additional load only for tests with
applied normal forces in the lower range.

For the characterization of wear, the scars were imaged in
contact mode by scanning parallel to the longitudinal axis of the
cantilever, that is, perpendicular to the sliding direction of the
tribotests. The normal force was always very low to prevent
damage of the tip and sample. Images of max. (30 μm)2 were
acquired, usually with 512 points per line. For topographies of
whole scars with a stroke of 25 μm, several images were stitched
(usually six images with 512 points per line over an area of 5 μm2

and hence a resolution of ca. 10 nm). In almost every case, several
scans of the same area were necessary to obtain a good image
because of loose particles on the surface, which had to be removed
mechanically through the cantilever.

For each scar, the wear volume was measured. In case of deep
(>10 nm) and wide (>100 nm) scars, this was accomplished by
assuming a constant zero level of the unworn flat, determined as
average, and calculating the planimetric wear Wq for each row.
For smaller scars, mostly consisting of isolated scratches, since the
variation of the zero level due to roughness would yield too large
relative errors, either Wq was calculated via average geometrical
features of the scratches or — in few cases — each row was
inspected individually.

As discussed extensively in the “Results” section, scars are
covered with a variable number of wear particles, yielding a
negative contribution to the wear volume. In several cases, two
values of the wear volume were determined: a first value obtained
from the topography of the scars “as it is,” and a second value
assuming that the topography of the scar under each wear particle
is similar to the neighboring regions not covered by wear
particles, that is, interpolating Wq for the rows affected by the
presence of wear particles.

The accuracy of topography measurements is limited by the
well-known convolution of the apex of the AFM tip with the
sample surface (Villarrubia, 1997; Dongmo et al., 2000), resulting
i.a. in different image qualities depending on blunting and “age”
of the tip. An AFM tip can be modeled as a cone with an aperture
angle of 30–50° ending with a hemispherical apex. The
hemisphere — with a radius of approx. 5 nm for a virgin
tip— is also subject to wear and therefore increases in size with
the measurement time. Yet, in reality, the apex often presents
at least one asperity, enabling to reach atomic resolution on
very flat surfaces.

The convolution effect influences the imaging of asperities and
wear particles. If a particle is considerably smaller than the tip
apex, its image resembles the tip apex; that is, it appears larger.
Furthermore, if the distances between particles are smaller than
the tip apex and the tip cannot get into the gaps between them,
closely packed or agglomerated particles appear like a bulk. This
artifact also limits the accuracy of the measurement of
depressions and scratches. In particular, the width of a scratch
must be larger than the width of the tip at the corresponding
height; otherwise, the tip does not contact the bottom of the
scratch. As a rule of thumb, scratches narrower than ca. 20 nm are
not imaged accurately and appear considerably smaller.

The convolution affects the calculation of the volumes, too.
Yet, considering the dimensions of the scars obtained in this
work, their morphology, the roughness of the samples, and the
resolution of the acquired images, it yields a relatively small error.
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For the measurement of the topography of the test particles, a
TGT1 test grating (NT-MDT Spectrum Instruments, Moscow,
Russia) was employed. It was scanned in contact with 1 Hz and
low force (some hundred nanonewton). Depending on the
direction, the distance between two pins of the grating is
2.12 μm or 3 μm, which limits the imageable surface of the
specimen. Artifacts occur whenever the test particle, imaged
with a certain pin, comes in contact with one of the
surrounding pins. This phenomenon can be reduced by using
the pins at the corners of the grid. Yet, those pins are usually
lower, and their radius increases when using them repeatedly,
thus worsening image resolution, due to the convolution.

After gluing a particle and curing, cantilever’s
eigenfrequencies were measured via the thermal noise
spectrum, yielding values between 305 and 325 kHz. Yet, the
calculation of the mass loss of the particle during an experiment
through the difference of the frequency before and after the test
was not possible, due to the small signal-to-noise ratio.

EXPERIMENTAL RESULTS AND
DISCUSSION

Wear Tracks on the Disc
Morphology
The tracks on the plane can be qualitatively roughly divided into
the following three categories of morphologies:

1) Scars exhibiting clearly separated scratches along the entire
track (Figure 2A). In this case, only few single asperities on

the test particle were in contact with the disc and generated
wear either by abrasive or adhesive processes. The real contact
area was substantially smaller than the nominal contact area.

2) Scars consisting of a depression across the entire width,
usually deeper and wider than tracks with single scratches
(Figure 2B). Inside the depression, scratches are possibly
present. In this case, a whole portion of the test particle —
and not discrete, single asperities — impacted the plane.
Compared with the first category, the real contact area was
much larger, and its value is closer to the nominal
contact area.

3) Scars being a combination of 1. and 2. (Figure 2C), that is, a
depression with separated scratches outside.

Figure 2 shows line profiles (top row) and topographies
(bottom row) of three examples of the mentioned
morphologies of wear tracks. The wear grooves are vertical
and parallel to each other. Other scratches with varying angles
originate from polishing.

The track on the left side with separate scratches, generated
with particle No. 3,N � 5,120, FN � 0.75 μN, and sFN � 0.19 μNm,
is considerably flatter and narrower than the other ones. Five
major scratches with average depths between 8 and 10 nm and
widths between 50 and 100 nm can be detected along the whole
scar. Further, 8–10 scratches with a significantly lower depth and
width are noncontinuous and not always distinguishable from the
local roughness. The importance of local topography and
roughness for the measurement of scratch depth becomes
evident when considering polishing scratches. Inside the track
on the left, between the single scratches, the polishing scratches

FIGURE 2 | Examples of three different categories of scar morphologies. The upper row shows line profiles, the bottom row details of the topographies. Separated
scratches [(A), ΔZ � ± 10 nm], a single depression with scratches inside [(B), −35 nm < ΔZ < 15 nm], and scratches next to and within a depression [(C), −30 nm < ΔZ <
20 nm] can be observed.
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are still visible and, in some cases, they are deeper than the wear
grooves. This is true for the middle and right tracks only at the
edges, that is, outside the depression, or for very deep polishing
scratches.

The track in the middle panel of Figure 2 was obtained with
particle No. 1, N � 25,600, FN � 10 μN, and sFN � 12.8 μNm. It
shows a quite large depression of at least 10 nm over a width of ca.
2.9 μm with steep edges; scratches are visible inside the
depression.

The right track in Figure 2 was obtained with particle No. 2,
N � 25,600, FN � 10.25 μN, and sFN � 13.12 μNm. It consists of a
depression with gradual edges between X � 1.3 μm and X �
2.8 μm and, on the left side, two deep and four shallow scratches
outside the depression.

Several features of the worn surfaces, notably the numerous
distinct and sharp scratches (middle and right panel in Figure 2),
are similar to those of well-known macroscopic scars. When
neglecting the scales, one could indeed ascribe those pictures to
macroscopic wear scars (Wäsche et al., 2014) so that a kind of
scale invariance could be assessed for the detected morphologies.
Yet, anomalies like W-profiles in macroscopic scars were never
observed in nanotests, which could be ascribed to lower pressures
and the consequent smaller work hardening.

The analysis of 43 scars shows that

1) Tracks of category 2, that is, with a depression across the
whole width, are nearly always the result of tests with relatively
large values of sFN and N. For these scars, the depth and the
wear volume of the tracks of the plane, Wv,E, correlate with
sFN. This statement would apply also to the track width if tests

had been performed with counterbodies having a well-defined
convex shape (e.g., a sphere) and the same initial nominal
contact area for all tests. This is not the case for our tests, since
the test particles have irregular shapes and are used repeatedly
for several tribotests so that their initial nominal contact area
becomes larger and larger.

2) Tracks of category 1, that is, with isolated scratches, result
primarily from tests with few cycles. For these scars, the
number of scratches is random, because it depends only on
the number and local distribution of asperities on the test
particle glued to the cantilever. Yet, the depth of the scratches
correlates with sFN and N.

Single Asperity Phenomena Toward “Zero Wear”
By reducing the number of cycles, scars with isolated, very
shallow scratches were produced. This permits to explore two
hitherto hardly investigated fields of tribology, that is, micro- and
nanowear down to the limit of “zero” wear and single asperity
wear. On the other hand, the depth of those scratches (1–4 nm) is
comparable with the roughness of the steel disc, and thus, in those
cases, measurements are performed at the limit of the resolution
attainable on such specimens with an AFM.

The wear track in Figure 3 was carved with particle No. 4, N �
2,560, FN � 0.78 μN, and sFN � 0.02 μNm. It consists of only three
scratches, resulting from three single asperities on the test

FIGURE 3 |Wear track with a single scratche (category 1). The Z-scale is
between −10 nm and +5 nm for the overall image (A) and ± 4 nm for the detail
image (B). An average of all line profiles of the detail image is shown (C).

FIGURE 4 | (A) A detail of the topography of a wear scar with a single
scratch (category 1) with a Z-scale of ± 4 nm. (B) An average of all line profiles
is displayed.

Frontiers in Mechanical Engineering | www.frontiersin.org August 2021 | Volume 7 | Article 7224345

Reichelt and Cappella Steel Nanowear with an AFM

https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


particle. As can be seen with a higher resolution in the detailed
image at the right top, two scratches are side by side on the left;
the average depth is 2 nm (left one) and 6 nm, and the width is
50–60 and 100–120 nm. The third scratch, with an average depth
of 2 nm and a width of ca. 50 nm, is located further to the right. At
the right bottom, an average of all line profiles of the detail image
shows the approximately triangular profile of the scratches. The
X-distance between the two close scratches on the left is ca.
60 nm; the Y-distance of the bottom ends is approx. 200 nm.
Thus, by comparing the relative position of the ends of the
scratches with the topography of the test particle, the
asperities that originated the scratches can be identified. In the
detailed image at Figure 3B, numerous wear particles can be seen,
sticking mainly at the very borders of the wear scratches, but not
at the borders of or within the polishing scratches.

Even smaller scratches can be seen in Figure 4, showing a scar
produced with particle No. 4, N � 256, FN � 0.865 μN, and sFN �
0.011 μNm. The scar is barely visible in the overall picture; hence,
only a detailed picture is shown over an area with few scratches
from polishing (Figure 4A). The five visible scratches have again
approximately triangular profiles (Figure 4B) with average
depths (from left to right) of 1, 1, 2, 2.5, and 3.5 nm. The
average widths are 40, 25, 50, 35, and 50 nm. The scratches
can be barely distinguished from variations of the topography due
to roughness. Again, the five scratches are likely to be the product
of single asperities on the test particle. Due to the lower wear,
there are significantly fewer wear particles than in Figure 3, and,
other than for the previous scar, they are not located mainly at the
borders of the scratches, but randomly distributed inside and
beside the scratches, most notably the shallower scratches. At the
bottom of deep polishing scratches that are crossed by the wear
scratches, wear particles can be found as well. An interesting
detail of the edges of those polishing scratches is that they— other
than in macrotests with larger normal forces — do not present
any ridges, breakouts, or swarfs caused by the test particle wearing
over them.

In few tests, no scar at all, that is, no measurable modification
of the disc topography and no wear particles, could be detected,
even with the AFM. This happened for the first two tests with
particle No. 1 (sFN � 0.14 and 0.29 μNm) and for the 1st, 3rd, and
5th test with particle No. 2 (sFN � 2.65 μNm in each test). In these
cases, the term “zero wear” is indeed pertinent. It must be noted
that, with other particles, tests with an even smaller sFN (down to
0.004 μNm) did definitely produce a scar; indeed, after the test
particle was worn and the contact area was increased, zero wear
was never obtained, even with a stark reduction of sFN.
Furthermore, with particle No. 2, the 2nd and the 4th test,
with exactly the same operating parameters (stroke, frequency,
cycle number, and normal force) as for the other three scars,
yielded two shallow but well-defined scars with three isolated
scratches or one single scratch, respectively. Hence, no threshold
of the operating parameters can be identified for the occurrence
of wear.

We conclude that zero wear is a consequence of low
probability for single asperity encounters and/or of small
volume changes resulting from such encounters. In turn, the
probability of asperity encounters is related to the area and the

roughness of the surfaces in contact; the effect of asperity
encounters is related to the mechanical properties of the
materials and to the applied forces and pressures.
Furthermore, the contact area is decisive also for the
probability that a wear particle is trapped between the
counterbodies, increasing the roughness and contributing itself
to wear during the proceeding test. Summarizing, low sFN
combined with small contact areas may yield no measurable
modification of the interacting bodies (zero wear). Yet, as shown
by the 2nd and the 4th test with particle No. 2, when, under the
same conditions, a phenomenon accidentally initializes a wear
process, a small wear track is indeed obtained. In such cases, a
sudden change in the lateral signal, correlating with friction, can
often be observed. As already said, the analysis of maps of the
lateral signal will be the subject of future publications.

Comparison of Successive Tests
Important information about changes of the asperities on the test
particles can be obtained through the comparison of two
successive wear tracks, produced with the same operating
parameters (particle No. 3, N � 512, FN � 0.75 μN, and sFN �
0.019 μNm). Figure 5 shows images of two consecutive wear scars
and the line profiles averaged along the direction of sliding,
superimposed on the images. Colored lines help comparing
the positions of single scratches. Almost all scratches are at
approximately the same positions. This shows unambiguously
that the system can be modeled as a considerably harder body,

FIGURE 5 | Comparison of scratches in two consecutive wear scars.
Topography sections of the first (A) and the second (B) track are shown
together with their line profiles averaged over the whole track length and
superimposed onto the topographies. The blue line marks a deeper
unchanged scratch, green lines mark shallow unchanged scratches, red lines
tag flattened ones, the yellow line indicate a split scratch, and themagenta one
denotes the merging of two scratches.
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that is, the test particle, indenting, furrowing, and wearing the less
hard body, that is, the flat, and that the asperities dominating the
wear process are those on the test particle.

With only one exception (blue line), the deeper scratches (red
lines) are flatter (1 nm instead of 2–3 nm) in the second scar,
which indicates blunting of the corresponding asperities. This is
not the case for the smaller asperities producing shallower
scratches. Except the extremely shallow scratch at the right
border of the first scar, which has disappeared in the second
one, shallower scratches (green lines) are almost identical. In one
case, splitting of a scratch into two new ones takes place (yellow
line). Finally, two scratches at the right end of the scar (magenta

line) merge into a single one, indicating major changes of the
corresponding asperities.

While the flattening of the scratches is clearly due to wear of
asperities, different scenarios for splitting of scratches or occurring
of new ones can be outlined. For example, a grain or particle at the
very end of an asperity can be broken off, adhesively removed, or
even buried so that two new asperities are formed. Also, due to
wear, a neighboring asperity can come into contact for the first time
and carve a new scratch next to the old one. Finally, a new asperity
next to an old one can be formed by a sticking wear particle.

In general, profile lines of scars of successive tests vary
considerably, also as a consequence of the variation of test
parameters. Nevertheless, we could show that short tests
yielding scars with similar profiles give the opportunity to
examine changes of single asperities on the test particle. Yet,
an estimation of the probability of single asperity wear events and
their outcomes, needed, for example, for simulations, requires a
better characterization of the topography and properties of the
interacting bodies at the very nanoscale. To this aim, smaller
strokes are necessary as well as imaging of the disc before and
after the tribotest with nanometer resolution, enabling detection
of even very small changes of the topography.

Carbides
Some wear scars are crossing chromium carbides, being part of
100Cr6. Carbides are clearly visible in the topographies of worn
surfaces, as shown in themiddle of both images in Figure 6. In the
image at the top, the carbide has a semicircular shape with various
scratches originating from the wear test (vertical) and from
polishing (varying angles). The cross section of the carbide in

FIGURE 6 | Topographies of worn carbides. The Z-scale of both images
is ± 4 nm.

FIGURE 7 | Wear track with nine isolated scratches, some of which run
over a carbide in the middle of the image. The Z-scale is ± 8 nm. Numerous
small wear particles are sticking mainly close to the grooves and are
agglomerated before and after the circular carbide in the middle.
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the bottom picture is slightly smaller and circular with four wear
scratches and few scratches from polishing. The surfaces of both
carbides are smoother and higher (by 1–2 nm) than the rest of the
worn surface, and the wear grooves on them are sharper and less
deep and exhibit a more regular profile. This applies also for
scratches from polishing and was observed on several scars. The
reason for those morphological differences lies most likely in the
higher hardness of carbides. The very small wear particles in both
pictures seldom adhere onto the carbide surfaces; rather, they are
located very frequently at their borders, front and behind in the
sliding direction, which can be observed also in Figure 7. The
reason for the lower adhesive forces on carbides can be attributed
either to chemical properties or to the fact that wear particles do
not lock in the scratches because of the different elastic properties
and/or roughness.

Another interesting detail in Figure 7 is the main scratch in the
middle. Other than in most cases, on the carbide, this scratch is
deeper and wider than outside (8–9 nm depth instead of 6 nm and
150–160 nm width instead of ca. 90 nm). Since the scratches beside
the carbide do not exhibit such changes in depth and width, a larger
indentation of the test particle in this region of the disc, for example,
because of local mechanical properties, can be excluded. A possible
explanation is a wear process caused by the wear particles being
collected by an asperity from the pile before the carbide and pushed
over it, carving a deeper and larger groove, and sticking again to the
metallic surface after sliding past the carbide.

Wear Particles
As already shown in the last examples, images of the wear tracks
show several important details about wear particles. They are
sticking mainly onto the wear track or next to their border and
exhibit very different sizes, shapes, and spatial distributions. It must
be emphasized that only those wear particles which adhere strongly
enough to the surface and cannot be removed by the AFM tip can be
properly detected. This depends also on the normal force applied by
the cantilever. If wear particles are attracted to the sides of the AFM
tip without influencing the deflection of the cantilever and hence the
measurement, they cannot even be detected at all.

Particles outside the tracks can often be displaced by the AFM
tip even with relatively low normal forces, which is not related to
the size of the particles and seems to happen randomly.

In general, it is not possible to ascertain whether a given
particle originates from the flat or from the test particle. Due to
the much larger amount of wear (see next Section), more wear
particles are likely to originate from the flat. Yet, since the test
particle is rougher than the disc, at least at the beginning of the
test series, and no significant traces of origin could be detected on
the surface of the plane, larger wear particles probably come from
the test particle.

In the following, we address properties related to the size of
wear particles, divided roughly into three groups.

Small Wear Particles
Small wear particles with a diameter of up to 30 nm are sticking
almost only onto the wear scratches and not onto the polishing
scratches (Figures 6–8). Usually, small wear particles are
randomly distributed over the surface of the scars. Before and

after a carbide, they are often agglomerated, as demonstrated in
Figure 6 (bottom panel) and Figure 7. Small wear particles
cannot be displaced by the AFM tip, independently from the
normal force applied. This strong adhesion is probably related to
the larger contact area via the increased roughness in the track but
may be also due to chemical changes of the worn surface or to
mechanical effects such as clamping.

Due to the convolution between the AFM tip and the
topography, for radii smaller than ca. 10 nm, the size of wear
particles can be determined only with a very large relative error.
Moreover, no reliable information can be gathered about the
shape of small wear particles. This is not the case for particles of
medium size. Like small particles, most medium particles cannot
be moved by the AFM tip, independently of the applied force.
They are often themselves subject to wear and are incorporated
into the wear scar again, as can be observed in the right panel of
Figure 2 and more detailed in Figure 9.

Medium Wear Particles and Their Incorporation into
the Tracks
The pictures in Figure 9 show medium-sized wear particles
(>50 nm) at different stages of embedding into the wear track.
At the top, two particles at an early stage of embedding can be
seen. They are rather undamaged and have a protruding shape
with few scratches on their surface. The image at the bottom
shows an embedded wear particle in an advanced stage of
incorporation into the track. The particle is larger, flatter
(rolled out), and exhibits deeper scratches on its full length.

Medium particles are removed from the test particle or from
the disc through abrasive or adhesive phenomena at a specific
moment in time during a test, that is, during a specific cycle. Once

FIGURE 8 | Topography of a wear track with numerous small wear
particles sticking onto the scratches. The Z-scale is ± 5 nm.
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separated from one of the bulk bodies, depending on their size
and on their original position, such particles may be pushed to the
sides or to the ends of the scar or else stick onto it. In this latter
case, wear particles are in the gap between the counterbodies (or
get into it) and may be crushed and/or flattened and furrowed
during the proceeding tribotest. Hence, the particle area
increases, and the particle is embedded into the track and may
finally be buried in the worn surface.

The analysis of the topographies of the scars provides hints
about the described possible stages of wear (detachment,

deposition, incorporation, and burying) and their probabilities.
In other words, the inspection of wear scar trough AFM yields
information about adhesive wear processes, investigated with
nanometer resolution, and fragmented in their time
development. This gives insight into fundamental wear
phenomena, such as the formation of the third body (Godet,
1984; Arnaud and Fouvry, 2018), that is, the intermediate body,
in which the counterbodies, lubricant, and atmosphere interact
with each other. From the moment a particle has been
transferred, it is per definition a part of the third body. It is
known that grains in the third body are usually deformed, as the
particles in Figure 9, and exhibit smaller sizes (grain refinement).
As shown in Figure 7, particles in the third body may themselves
wear the interacting bodies.

Since transfer occurs with medium particles, which become
over time increasingly difficult to distinguish from the scar
surface, it is likely to occur also with small particles. Other
than larger ones, small particles are probably incorporated in
the track very fast, that is, after few cycles, and cannot be
distinguished from the surface of the rough scars, also because
of the lack of other contrast sources. Together with artifacts due to
the convolution effect, the incorporation of small particles into
the tracks affects the measurement of size distributions of wear
debris severely. Nanosized grains in the third body of
macroscopic tribosystems may also result from the
incorporation of small wear particles.

The incorporation of the already worn material has a great
significance for the time development of the wear volume and for
the interpretation of its measurement. Let us consider the
detachment of a wear particle of volume Vp, for example,
from the test particle glued on the cantilever, as an elementary
wear event. Once detached, the particle either gets out of the wear
track or adheres to the scar. Let ΔWv,p be the change of the wear
volume of the test particle, ΔWv,f the change of the wear
volume of the flat, and ΔWv � ΔWv,p + ΔWv,f the change of
the total wear volume. In the first case, ΔWv,p � Vp, ΔWv,f � 0,
and ΔWv � Vp. In the second case, it is again ΔWv,p � Vp, but

FIGURE 9 | Wear debris at different stages of embedding into a wear
track. (A) (−12 nm < ΔZ < 16 nm) An early stage of incorporation with almost
undamaged and prominent particles with few scratches is shown. (B)
(−14 nm < ΔZ < 12 nm) A wear particle, which has been worked in and
therefore is larger and flatter (rolled out), exhibits clear wear scratches.

FIGURE 10 | (A) A scar obtained with particle No. 4 (N � 5,120, FN �
0.78 µN, and sFN � 0.04 μNm) with several wear particles adhering onto the
scar surface. The Z-scale is ± 10 nm (B) Planimetric wearWq (cross-sectional
area of the track) vs. X position. Negative peaks of Wq correspond to
wear particles.
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ΔWv,f � −Vp, resulting in ΔWv � 0. Hence, considering the time
development of the volumes, it may happen that, through
transfer of wear particles, Wv stays constant and Wv,f even
decreases, though the number of cycles and hence sFN increase,
which is totally counterintuitive.

The negative contribution of wear particles to the wear volume
of the flat is illustrated in Figure 10. The upper part shows a scar
produced with particle No. 4 (N � 5,120, FN � 0.78 μN, and sFN �
0.04 μNm). Several wear particles stick inside the track. The
bottom part shows the planimetric wear Wq (cross-sectional
area and hence wear volume per unit length), which exhibits
negative peaks in correspondence with each medium sized wear
particle, decreasing by up to 60%.

At an early stage of the wear process, as for the track in
Figure 10, the wear particles are still recognizable as such. Hence,
it is still possible to “correct” the effect of deposition, that is, the
negative wear, by assuming that the scar under the particle has the
same cross section (and hence the same Wq) as next to the
particle. In practice, this is possible only with a limited number of
wear particles, not covering almost the entire surface of the scar. If
particles are adhering to the scar along the whole length, this
“correction” method is impossible. For the track shown in
Figure 10, the volumes obtained with and without such an
approximation are 1.1 × 10−3 μm3 and 1 × 10−3 μm3, showing
that already relatively few wear particles engender a decrease of
the volume of about 10%.

At an advanced stage of the wear process, as shown before, wear
particles are flattened, furrowed, crushed, and finally incorporated
into the track. Hence, they cannot any longer be distinguished from
the wear track. This means that deposition cannot any longer be
accounted for and that wear particles definitely reduce the wear
volume. Detachment and deposition of wear particles depend
intrinsically on the local properties of the interacting surfaces,
notably morphology, topography, and roughness; it may even
occur that, in the same scar, some sectors are almost completely
covered with wear particles and some others are completely free.
Hence, the incorporation of wear particles increases the scattering
of wear volume values. The effect of incorporation is relatively
larger for nanotracks. Thus, a rather large scattering toward a lower
wear volume is expected for such scars.

The processes that can be detected through measurements at
the nanoscale are very likely to take place in macrotests as well.
However, at the macroscale, they usually remain undetected due to
insufficient imaging and “time” resolution, that is, resolution in the
wear progress. Thus, the volume, number, and size of removed
wear particles, and their time evolution when being fractured and
embedded into the third body can be detected with great difficulty,
if at all. However, these parameters are of great importance for the
characterization, simulation, and understanding of adhesive wear.
For example, a low macroscopic wear volume can result even in
case of strong adhesive wear, if the majority of the removed
material is deposited and embedded in the scar and is not
recognized as wear. In this case, the amount of adhesive wear is
underestimated. Also, the characterization of the size of wear
particles is of fundamental importance for the understanding of
basic wear processes (Frérot et al., 2018; Milanese et al., 2020). For
example, as pointed out by Popov and Pohrt (Popov and Pohrt,

2018), large wear particles cannot be detected experimentally,
although their occurrence is predicted by the theory. This
discrepancy can be explained through our observations, when
supposing that large particles disappear completely as they are
buried into the track or else they are crushed before they get out of
the gap between the counterbodies.

Large Wear Particles
Large wear particles can be measured seldom by AFM as they are
mostly loose at the surface and are displaced by the tip, thus
damaging it. In some cases, they are a part of agglomerations at
the reversal points of the wear scars and hence fixed to them and
stable (Figure 11). Thus, some information about them could be
collected after removing loose particles with an ultrasonic bath or
with the AFM tip. Large wear particles are some hundred
nanometers wide. They can appear as flakes, plates, or swarfs
with steps (ca. 10 nm high for the particle in Figure 11). Due to
their irregular shape and size, large particles have probably not
been created in the gap between the tribopartners, but rather
detached from the bulk bodies outside the contact area and then
pushed aside since they did not fit into the gap.

The mentioned agglomerations of wear particles (Figure 12)
are found at every wear tracks. An unknown loose amount can be
displaced by the AFM tip. The rest adheres to the plane mainly
close to the reversal points with a roughly semicircular shape but
also, in smaller quantities, aligned at the side borders of the tracks.
Such agglomerations are significantly higher than single particles
(up to some hundred nanometers) and consist primarily of small
wear particles (up to ca. 50 nm), embedding some medium and
few larger ones. As already discussed in the Section “Materials
and Methods,” the visibility of gaps between the small particles
inside an agglomerate is limited by the finite dimensions of the
AFM tip.

The particles in the agglomerations are “cemented” together
very strongly. Even scanning a line repeatedly with very high
force causes just moderate modifications of the piles. Those

FIGURE 11 | Large particle inside an agglomeration of wear particles at
the reversal point of a wear track.
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cohesive forces cannot be explained by capillary forces, rather by
chemical bonds caused by large binding enthalpies gained by new
particle surfaces created during the tribotest.

The borders of the tracks and the wear accumulations are always
separated by an empty area of some ten to some hundred nanometers
width. Even assuming a very small gap between the sliding bodies next
to the scratches, at least small wear particles should be found there. This
is not the case, which favors the hypothesis that smaller wear particles
agglomerate or else stick to the test particle.

Test Particles
As described in the section “Materials and Methods,”
topographies of the test particles were acquired at the
beginning of each test series and after each test with evident
wear on the plane. In many cases, the surface of the test particle
was imaged also after tests without any trace on the plane. In
those cases, no changes of the surface of the glued particle could
be detected.

In almost all other cases, changes of the test particles were
present. By superimposing the topographies, the history of the
surface can be visualized, as demonstrated with test particle No. 2
in Figure 13. The topography of the unworn particle is shown on
the left, whereby the slow scanning coincides with the sliding
direction and the Y-axis in the figure. Two volumes, worn in two
successive tests, are plotted in red and yellow scales from black
(low) to white (high). Four horizontal straight lines dashed in
black and white denote the positions of the line profiles presented
in the right panel (A–D). Black lines represent the surface profiles
before testing. The red and yellow areas mark the two worn cross
sections. The white area represents the test particles body after the
tests, corresponding to the volume in the gray scale in the
left panel.

The top part of the unworn particle with a height of ca. 180 nm
is approximately an ellipsoid cap with cross-sectional axes a �
13.7 μm (X) and b � 4.7 μm (Y). The roughness is ra � 5.6 ±
1.8 nm. After the first test, it becomes rougher (ra � 9.3 ±
1.8 nm). The surface of the worn section is nearly a flat with
an average height of ca. 260 nm. After the second test, the surface
of the worn section has a height of ca. 200 nm and is even flatter
and less rough (ra � 2.7 ± 0.5 nm).

The products of normal force and sliding distance were 16 and
13 μNm and the worn volumes of the particle were 0.175 and
0.2 μm³. The first test yielded, with 0.16 μm³, a considerably
smaller wear volume on the disc than the second one
(0.7 μm³). The ratio of the particle wear volume to the one of
the plane in the first test is close to 1, and hence by far the largest
one. In all other experiments, this ratio is smaller (ca. 0–0.22).

Figure 13 demonstrates that, thanks to the exact
measurement of the surface before each test, the worn
volume of the test particle can be determined with great
accuracy. Thereby, a very important factor is the alignment
of the respective images through pregnant and unchanged
features on the surface. The advantages of this method
become even more evident in the next images.

Large changes in wear volume of the test particle can be well
examined also in 3D-topographies, as shown for particle No. 4 in
Figure 14, where the zero point and the color scale are the same
for all topographies. For a better comparison of the topographies,
the level between the blue and the brown color scale (200 nm) was
put to the height of the worn surface at the end of the experiment
(D). The images show both the considerable volume and matter
loss due to high sFN values and details concerning the
morphology of the contact region including increasing size,
flattening, and development of scratches.

It must be noticed that the image of the test particle, obtained
with a certain pin of the test grid, due to the additional contact with
the surrounding pins, presents artifacts at the borders, which are
apparently a part of the particle. This depends on both the angle of
the grid respective to the cantilever and on the height of the pins.

Image A in Figure 14 shows the unworn particle before the
first test, exhibiting a rather sharp and rough ridge oriented
approximately vertically in the sliding direction with steep flanks
and a maximum height of ca. 400 nm. The nominal contact area
for each test wasmeasured as the area of the worn surface after the
test. Since the first test yielded no modifications of the test

FIGURE 12 | Agglomeration of wear particles close to the reversal points
of a track. (A) is an overall image, (B) a detail.
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particle, the first value of the nominal contact area that we could
determine was that after the second test (performed with sFN �
0.02 μNm) and resulted to be 0.1 μm2.

Image B shows the particle after eight tests with a total sFN �
5.66 μNm. The top surface has become flatter with slight
scratches in the sliding direction and has an approximately

FIGURE 13 | Topography (left) and four line profiles [right panel, (A–D)] of test particle No. 2 before testing. Two volumes, worn in two successive tests, are plotted
in red and yellow scales from black (low) to white (high). Black andwhite dashed lines in the topography denote the positions of the profile lines. In the four line profiles with
the same X- and Y-ranges, black lines correspond to the unworn particle; the red (yellow) areas mark the worn cross sections after the first (second) test. The sliding
direction coincides with the vertical axis of the topography.

FIGURE 14 | Topographies of test particle No. 4 before testing (A) and after eight tests with a total sFN � 5.66 μNm (B), one test with sFN � 54.9 μNm (C), and two
tests with a total sFN � 10.6 μNm (D). The separation level between the blue and the brown scale at 200 nm was adjusted to the final height of the worn surface (D) for a
better comparison of the four topographies.
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FIGURE 15 | Topographies of test particle No. 3 before (A0, B0) and after a test (A1, B1) and heights of the material worn during the test (C). Panels (A0) and (A1)
show the overall topographies and panels (B0) and (B1) the section of the surface that has changed in the test. The origin of all axes is the same, except the Z-axis in
panel (C). Contours are shown as follows: as colored lines in panels (A0) and (A1) every 20 nm from 100 to 300 nm, as white dashed lines at 320 nm in all images (being
the highest unchanged one), as black dashed lines in (A0) or black continuous lines in (C) every 20 nm from 360 to 400 nm (being worn away in A1), and finally as
black bold (A0, A1) or yellow lines (C) at 340 nm, being the contour that changed significantly.
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triangular shape. It is significantly larger (ca. 0.65 μm2), whereby
the maximum height decreased by ca. 50 nm. The sum of the wear
volumes of the particle after those eight tests is 27.9 × 10−3 μm³;
thereby, three tests yielded no wear. The wear volume of the
particle is considerably smaller (ca. 10%) than those generated at
the plane (between 200 and 350 × 10−3 μm³ depending on
corrections due to wear particles).

Significantly larger values of sFN (one test with sFN � 54.9 μNm
resp. two tests with a total sFN � 10.6 μNm) yield the topographies
shown in the bottom row. Note that panel D depicts the final state of
particle No. 4, already presented as SEM image in Figure 1. In both
cases (C and D), the top surfaces are flatter and less rough (ra � 2.3 ±
0.2 nm resp. 2.2 ± 0.4 nm), larger, and exhibit evident scratches. The
wear volumes of the test particle (Wv,p) are 70 resp. 64.5 × 10−3 μm³,
those of the plane (Wv,f) are 0.348 (0.148) resp. 1.11 μm³, where the
value in brackets was obtained without correction of the
contribution of wear particles. Hence, Wv,p/Wv,f is ca. 0.2 (0.5)
resp. 0.06. The maximum heights are ca. 260 resp. 215 nm. The
nominal contact area has increased to 1.4 resp. 1.9 μm2. Together
with the increasingly flat profile of the particle, notably in panel D,
the large contact area indicates that particle and plane match better
and better after a long series of tests with a large sFN. This is likely to
increase the average number of asperities in contact and
consequently to affect the local pressure distribution.

The peculiarity of AFM is the possibility to detect and measure
very small changes of the particle topography. Therefore, in
Figure 15, we present results obtained with particle No. 3 and a
test with 10,240 cycles and FN � 6.25 μN, yielding sFN � 3.2 μNm.

At the left, the topography of particle No. 3 is depicted before
(A0) and after (A1) the test with 15 and 12 contour lines,
respectively. The color scales, the levels of the contours, and
the zero points are the same for both topographies. The three
highest contours in A0 are absent in A1 since the particle has
become lower; the bold black contour has a significantly different
shape. All other contours match very precisely. It is evident that
imaging with a test grid, though affected by errors due to
convolution with the pins, provides an outstanding precision in
detecting topographies and wear volumes, which is essential for
the examination of nanowear events. Through comparison of the
contours, the worn region can be delimited very precisely (white
dashed contours), and its topography, shown in panels B0 and B1,
can be observed in detail before and after the test. Furthermore,
subtracting the two topographies in this region yields the height of
the worn material, shown in panel C with contours of the unworn
topography at 320 nm (dashed white), 340 nm (yellow), and at
360, 380, and 400 nm (black). The maximum difference in height
is about 60 nm. The deviation from the topography before the test
is relatively low due to the very flat surface after the test. The
characterization of the worn slice can be achieved with remarkable
resolution, as shown by the worn grain (highest asperity in image
C) as well as by the shallow ridges in the vertical (sliding) direction
on the top surface of the particle after the test (B1).

The nominal contact area of the test particle is 0.527 μm2, and
the wear volume Wv,p is 0.01 μm³, that is, ca. 10 resp. 5% of the
total wear volume (Wv � 0.1 μm³ taking wear particles sticking to
the wear track into account or Wv � 0.19 μm³ if they are
neglected).

CONCLUSION

In the present article, we could show for the first time that it is
possible to generate and analyze wear of self-mated 100Cr6 steel
at the nanoscale using an AFM. To this aim, four random-shaped
wear particles were glued to tipless cantilevers and tribotests were
performed by scanning them in contact with a steel disc under the
variation of test parameters, notably of the normal force and
number of cycles. Each test particle was used several times on
distinct sections of the plane, in a total of 48 experiments. The
worn surfaces of both tribopartners were imaged after each
experiment with the AFM, too. The possibility of imaging
surfaces with a lateral resolution of some nanometers and of
detecting wear phenomena at the nanometer scale – also for
rough steel specimens – was demonstrated.

We were able to show that wear can be generated even with
normal forces significantly below 1 μN. The imaged wear tracks
were qualitatively divided into three morphological categories (1.
separated scratches, 2. depressions, and 3. combinations of 1. and
2.). It was found that category 2 occurs more likely for larger
normal forces FN and/or number of cycles N and that, for
category 1, the depth correlates with FN and N. Instead, the
number of scratches depends rather on the number and local
distribution of asperities on the test particle.

Consequently, through the reduction of the number of cycles,
we were able to generate very shallow wear scars consisting of few
isolated scratches with a depth of ca. 1 nm (close to zero wear),
which was solely limited by the roughness of the steel disc. Such
scars are the product of only few asperities on the test particle.
Zero wear was actually obtained in few cases. Unexpectedly, it
does not depend on the force or on the form of the test particle.

We examined successive tracks generated with a small sFN and
found very similar wear track profiles exhibiting changes like, for
example, flattening or splitting of scratches. Hence, blunting and
deformation of the asperities on the test particles can be traced
with nanometer resolution. We proved that, by examining their
position, the scratches on the disc can be ascribed to specific
asperities of the test particle.

The observed results in the field of single asperity and zero
wear are of fundamental overall importance in tribology, since
they demonstrate the possibility of experimental, quantitative
studies in this domain, which, though being at the origin of every
tribological phenomenon, has been hitherto investigated only
through macroscopic tests or simulations.

The observed morphologies were attributed mostly to
adhesive wear mechanisms, which seems to be a consequence
of small and feedback controlled normal forces. Only few swarf-
like wear particles indicate abrasive mechanisms. For
macroscopic tests, this is more likely to occur with conformal
contacts yielding evenly distributed and hence small pressures,
such as after a long running-in phase.

It was also possible to visualize wear particles of different sizes,
shapes, and distributions on and beside the wear tracks. Wear
particles could roughly be divided into three groups. Small
particles (<30 nm) stick mainly on scratches or at their very
borders. Medium-sized ones (>50 nm) are often flattened,
furrowed, and embedded or even buried into the wear track.
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Finally, large ones (some hundred nanometers), being
presumably the result of abrasion, stick in piles of debris at
the reversal points of the scars. Smaller scars and imaging in the
tapping mode, thereby reducing tip blunting and mechanical
remotion of debris, will be central steps for comprehensive
statistics of the size of wear particles at the nanoscale, which is
of fundamental importance for simulations.

Especially the analysis of medium wear particles gives insights
into fundamental stages of the “history” of wear. Those stages,
particularly the incorporation of wear particles in the scar, are of
basic importance, as they significantly influence the time
development of the wear volume. In particular, we proposed a
second way of calculating the wear volume to highlight the
contribution of transfer.

Several processes, for example, transfer of wear particles and
their incorporation in the scars, made evident at the submicron-
scale by our novel measurements, are very difficult to be identified
and understood at the macroscopic scale. Therefore, the general
importance of this work consists in the preliminary detection,
visualization, investigation, and understanding of those isolated
nanowear processes, which are likely to be relevant at the
macroscopic scale as well.

Future studies will address friction and wear volume. An
intriguing question is whether changes in friction and wear
values are detectable and quantifiable for single tribological

events at the nanoscale. A further reduction of scar sizes as
well scanning of discs before and after the tribotests with
nanometer resolution will be probably necessary. In addition,
the relationship between the wear volume and the product sFN
will be an important area of investigation, since extensive
experiments and data with 100Cr6 at the macroscopic level
are available for comparison.
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