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Wear of multi-asperity interfaces remains difficult to predict from first principles, in part because improvements
are required in our ability to quantify and track wear across the micro-to nanometer scale. In this work, we
developed a 6° of freedom topographical difference method based on large atomic force microscopy (AFM)
measurements, up to 90 x 90 pm? in size. We detect wear volumes as small as 1.6 x 107! + 3.7 x 1072 mm?®
(0.016 pm®), beyond the sensitivity of many existing techniques for the quantification of wear at multi-asperity
interfaces. We show that our wear detection technique can be combined with 100 mN normal force ball-on-flat

friction experiments to track nanoscale wear across the entire area of apparent contact.

1. Introduction

Wear has a cost [1,2]: Industrialized nations have been estimated to
spend more than 4% of their gross national product on replacing worn
surfaces [3] such as tires, train rails or ceramic components made of
silicon-based materials (cutting tools, MEMS/NEMS etc.). Despite its
serious economic impact, the wear occurring at multi-asperity interfaces
cannot be predicted accurately from first principles. Processes that may
dominate wear at interfaces between silicon based materials include
fatigue, fracture, abrasion and mechanochemistry. These wear processes
are strongly influenced by the relative humidity, which sets the chemical
landscape and the adhesion strength within the tribological system
[4-11]. Especially in mild wear conditions, the nm length scale can play
an important role in determining the wear behavior [12-14], yet it is
difficult to measure wear at this scale for industrially relevant
multi-asperity contacts.

High precision characterization of wear and contact mechanics is
required to build a predictive understanding of wear at multi-asperity
interfaces [15,16]. In addition, high precision wear measurements
enable the bridging of concepts inspired by single-asperity experiments
and simulations [17-19] to the realm of practical applications. Various
precision wear detection techniques have been developed over the past
20 years [20-23]. High sensitivity wear detection for multi-asperity
interfaces has been achieved through the use of optical profilometry:
Burris et al. [24] detected wear volumes down to 2 x 10~ mm? using
calibrated optical microscopy. Based on the same measurement tech-
nique, Garabedian et al. [25] used features of the surface that were not

in contact as a reference to mechanically and computationally realign
the pre-test and post-test images, enabling a wear sensitivity of
1 x 107!° mm3. However, these optical profiling techniques have
limited resolving power and can be influenced by changes in reflectivity
of the surfaces.

Atomic force microscopy (AFM) methods can achieve higher spatial
resolution and have also been used to map and quantify wear at sub-
micron scales [26-28]. Gahlin et al. [26] developed an AFM topog-
raphy difference technique to extract the local volume gained or lost
during a scratch test. They used Nanoindentation marks to track surface
locations before and after wear to detect wear volumes as small as
4 x 10°8 mm®. Furustig et al. [28] used the AFM image subtraction
technique developed by Gahlin et al. [26] to quantify the wear of steel
disks (flat-on-flat). In both studies [26,28] the use of indentation marks
precludes the need for a post-test realignment procedure as the two
images are realigned manually. Improvements beyond these previous
studies are possible through increased AFM measurement resolution and
optimized realignment. Furthermore, previous high resolution wear
measurements have addressed the wear of the counter surface —not the
slider- of the tribological system.

Here, we develop a method, based on the work of Gahlin et al. to
overlap, realign and subtract AFM topography measurements of a multi-
asperity surface with nanometer scale precision. A 6-degrees of freedom
alignment procedure is applied to the AFM measurements recorded
before and after wear in order to quantify the volume of material that
has been gained and lost. Using a large sample AFM we scan sphere apex
surfaces up to 90 pm in size with a spatial resolution better than 20 nm,
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enabling the quantification of wear from the nanoscale all the way up to
the size of the apparent area of the sphere-on-flat contact. The presented
wear detection method can be applied to both the slider and the counter-
surface of the tribological system studied.

Our improved method enables the detection of wear volumes as
small as 1.6 x 107 + 3.7 x 1072 mm® at the asperity level
(800 x 800 nm?), thereby providing new opportunities to connect
fundamental insights in single asperity wear [17-20] to experiments
with industrially relevant contact conditions.

2. Method and results
2.1. Samples

The surfaces used in this study were 3 mm diameter Silicon Nitride
balls (Si 3sN4) polished to an ISOV* grade 5 (BC precision, root mean
square height hpmssurface = 15-20 nm as measured by AFM on a
30 x 30 pm? area). To investigate the effect of surface roughness on the
wear detection method, some of the spheres were roughened to various
degrees. Two methods were employed to achieve increased surface
roughness. (i) The pristine sphere was placed in a plastic cylindrical tube
(15 cm high, 3 cm diameter) together with a double-sided piece of sand
paper (3 x 3 cm?, corundum particle size from 162 um down to 8 pm)
and the tube was subsequently inserted into a vortex shaker for 5-30 h of
shaking at a frequency of 2000 rotations per minute. Collisions of the
sphere onto the sand paper induced by the vortex shaker damage the
sphere surface, thereby increasing the hpmssurface Up to 200 nm
(measured by AFM on a 30 x 30 pm2 area). (ii) Pristine spheres were
subjected to a sand blasting procedure (0.8 pm particle size, 1, 2 and
3 bar of pressure for 5 s). The sand particles colliding with the sphere
surface create sharp roughness peaks, resulting in an hgys-surface
roughness of up to 500 nm (measured by AFM on a 30 x 30 pm? area).
Before AFM imaging, the spheres were cleaned through ultra-sonication
in acetone, isopropanol and distilled water (PERMAK Compact 100, Best
Water technology), each for 30 min.

2.2. Imaging technique

An AFM (Dimension ICON, Bruker) was used in tapping mode to
collect 30 x 30 pm? measurements of the sphere apex topography
(Fig. 1). Here, the AFM tip (RTESPA-300, Antimony (n) doped Si,
Bruker) is oscillated in the normal direction at a predefined amplitude.
Interaction between the tip and the sample results in a reduction in
oscillation amplitude. A feedback loop between the measured tip oscil-
lation amplitude and the z-position of the tip with respect to the surface
enables the tip to scan the surface and map the local height changes. The
measured topographs were processed using Gwyddion [29] software.
Any measurement artifacts were corrected and a polynomial back-
ground was removed to flatten the topography. The roughness of each
sample was extracted from these measurements and defined as the
standard deviation from the mean height of the surface (hrms-surface)-

2.3. Topographical difference method characterization with AFM setup

Three SigNy spheres, each with a different surface roughness, were
used to characterize the quality of the topographical difference method
presented. For each of these spheres, 5 subsequent 30 x 30 pm? AFM
topography measurements (1024 lines, pixel size 29.3 nm) were per-
formed. The samples were repositioned before each measurement. This
procedure simulates the misalignment that occurs when the sphere was
removed in between AFM measurements to perform a wear experiment.
The sphere samples were clamped in a ball holder that was marked on
one side such that the orientation of the sphere in the AFM system could
be approximately matched. At the same time, the ball holder enabled
placement of the spheres in various tribometers for sphere-on-flat fric-
tion and wear experiments. The main sources of mechanical
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Fig. 1. Experimental setup. Subsequent images of a Si3N,4 sphere surface,
before and after a wear test, are taken using tapping mode AFM. The red and
blue square illustrate the repositioning error caused by limited control over the
placement of the sample in the AFM and over the AFM sample stage. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

misalignment are the stage repositioning accuracy (2 pm) and the
sample orientation. We retrieved the approximate surface location by
using the optical microscope equipped on the AFM to find the apex of the
sphere. The positioning could be further optimized by making line scans
with the AFM in two orthogonal directions and ensuring that the apex of
the sphere was centered. A new tip was used for every topography
measurement in order to limit the influence of tip wear. Difference maps
from the alignment procedure were constructed by subtracting mea-
surement 1 and 2, measurement 2 and 3, measurement 3 and 4 and,
finally, measurement 4 and 5. We thus obtained 4 difference maps for
each roughness.

2.4. Topographical difference method: alignment procedure

Matlab scripts were developed to align the topography measure-
ments. To match the orientation of the topographies measured before
and after repositioning (or wearing) the sample, we subjected the
topographs to 6 realignment corrections, corresponding to the 6° of
freedom illustrated in Fig. 2. The first step consisted of a rotational
correction around the vertical axis (Yaw in Fig. 2). Next, lateral and
longitudinal corrections were applied simultaneously. This was followed
by a rotational correction around the lateral and longitudinal axis.
Finally, the vertical offset between the two measurements was cor-
rected. Each degree of freedom was optimized individually (except for
the lateral and longitudinal corrections which were optimized simulta-
neously), while the other degrees of freedom were kept fixed. However,
if necessary, the steps can be repeated once a first optimal value for all
parameters has been obtained. The alignment is based only on the
negative features of the pre and post test surfaces to ensure that we align
unworn parts of the surface. Alignment based on all surface features can
lead to non-negligible misalignment and thus inaccurate wear quanti-
fication (Supplementary Fig. 5).

In each correction step, we minimized the difference between the
‘before’ and ‘after’ topographies as a function of the displacement or
rotation. The difference topography was defined as the ‘after’ topog-
raphy minus the ‘before’ topography. Fig. 2 displays a typical outcome
of the alignment procedure. The standard deviation of the pixel heights
in this difference map quantifies the precision of the alignment
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Fig. 2. Alignment procedure of the topographical difference method. The ‘after’ topography (center) was rotated and displaced in 6 different ways, as illustrated by
the arrows, to give maximum resemblance to the ‘before’ topography (left). The actual resemblance was quantified by the difference map (right). All three maps were

cropped from the original data.

procedure and the repeatability of the AFM measurement. We quantified
the pixel height standard deviation across the full measured area using:

i O — )’

N (€Y

hRMS—di =

Here, x; is the height of a single pixel of the map, N is the total number of
pixels and p is the mean value plan of heights across the map, which is
0 by definition. To disregard most of the false wear visible in the dif-
ference image we define a threshold:

Toear =2 X hruss—aigr 2)

Pixels in the difference images only count toward the measured wear
if the (absolute value of the) pixel height is larger than the threshold,
Twear- The height distribution of the control measurement (no wear)
difference map (Supplementary Fig. 3) indicates that ~95% of the pixels
in the difference map are within the +2 x hgys.giff range, i.e. below the
wear threshold Tyear. The total wear volume generated by the remaining
5% of pixels that do have heights that exceed the threshold is summed
up to quantify the wear error (Veror) Of the topographical difference
method (corresponding to the full area to which the method is applied).

The values of the SigN4 sample surface roughness, the standard de-
viation in heights (hrus.giff) in the difference images (see Supplementary
Fig. 1 and Fig. 2) and the wear error are reported in Table 1. We
confirmed that hgrys.giff depends only weakly on the image size. The
wear detection depends more strongly on the surface roughness because
the AFM imaging is more repeatable on smooth surfaces. Higher
roughness means that the AFM tip needs to accurately follow more
surface features during scanning. Sharp features on the surface require
strong feedback parameters during AFM scanning which in turn in-
creases measurement noise. A series of measurements have been per-
formed on the rough sample, without repositioning (Supplementary
Fig. 4) emphasizing that repositioning is not the main source of the wear
error.

Wear that results from local height changes larger than 2 x hgrwys.giff,
leading to an overall wear volume (Vyar) significantly larger than the
wear error, can be reliably detected. In comparison to optical ap-
proaches to wear detection [24,25], the main advantage of the AFM
based method presented here is the improved lateral resolution.

Table 1

Left column: Root mean square height of the sample surfaces measured by AFM
on a 30 x 30 pm? area. Center column: Standard deviation of the difference map
after the alignment procedure. 5 independent difference maps were analyzed.
Right column: error on measured wear volume Veor; the wear volume detected
after applying the wear threshold to the control experiment.

Iy - surface (NM) hrys-ayy (nm) Verror (mm?®) for 23 x 23 pm? area

16 1.8 £0.2 3.9x 10711
173 2.5 +£0.4 1.1x 10710
264 16 +2.5 4.4x1071°

2.5. Detecting nanoscale wear

Wear experiments were carried out using the h rys-surface = 16 nm
SisN4 sphere sliding against a silicon wafer. The sphere holder was
loaded into a Universal Mechanical Tester (UMT Tribolab, Bruker) and
brought into contact with a silicon wafer (100 mm diameter, University
wafer, (100) crystal orientation, native oxide, hpys.surface = 1 nm as
measured ona 5 x 5 pmz area) at a normal force of 100 mN. Subse-
quently a unidirectional, lateral displacement of 10 pm was imposed.
This sliding cycle was repeated 2000 times in a non-repeated fashion
[30]; each stroke was performed on a previously untouched part of the
wafer by lifting the ball and displacing it laterally in between cycles. In
this experiment, most of the displacement imposed on the sphere results
in elastic deformation of the measurement system, rather than slip at the
sphere-on-flat interface. The surface topography of the Si3N4 sphere was
imaged in the AFM before and after the wear experiment and the
topographical difference method was applied to the AFM topographs as
described above. To ensure that the surface area that is scanned in the
AFM has been (or will be) in contact with the counter surface during the
wear experiment, AFM measurement areas were chosen so as to be
larger than the calculated contact size. For a 3 mm diameter SisN4 ball
loaded with 0.1 N onto a flat silicon wafer, the Hertzian contact radius is
13.5 pm, which easily fits into the scan range of the AFM (90 x 90 pm?).
Through the topographical difference method we could isolate different
asperities (Fig. 3 and Supplementary Fig. 6) to detect asperity scale wear
volumes as small as 1.6 x 107! + 3.7 x 1072 mm? (0.016 pm3). To
define the asperity scale error in wear volume, we applied our wear
criterion to an area of equal size on the corresponding control mea-
surement in which no wear occurred. To obtain a conservative error
estimate, we chose to select a region on the difference map within which
the height variations were maximal.

3. Discussion

The topographical difference method [25,26,28] is conceptually
simple yet not widely applied because without high precision reposi-
tioning and realignment of the topographs measured before and after
wear, the resulting wear measurement is dominated by artifacts rather
than actual wear. We presented a 6-degrees of freedom realignment
method to correct the mechanical repositioning errors induced by
mounting and unmounting the sample before and after wear experi-
ments. Our post test realignment enables the detection of wear volumes
significantly larger than 3.9 x 10~!! mm?® over an area of 23 x 23 pm?
which corresponds to an average height change of 1.8 nm (Supple-
mentary Fig. 1). While similar sensitivities in detecting height changes
have been achieved through the topographical difference method
applied to optical profilometry measurements, an advantage of the
present method is the increased in-plane resolution offered by AFM. We
detected asperity scale wear volumes as small as 1.6 x 107! +
3.7 x 10712 mm® (0.016 pm3). The main source of error in the wear
detection originates from the repeatability of the AFM topography
measurement, which scales with the roughness of the sample.
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Fig. 3. Nanoscale wear of a multi-asperity interface. a) AFM measurement of a smooth Silicon Nitride sphere (25 x 25 pm?, hpys.surface = 16 nm). The zoom in shows
topographs recorded before and after wear of the surface and focus on a single asperity that was worn off during the sliding against a silicon wafer. The wear volume
associated with the asperity in the square is 1.6 x 107! & 3.7 x 107!2 mm?® (0.016 um?®). b) Lateral cross section of the isolated asperity before and after wear.

The developed 6° of freedom topographical difference method can
easily be applied to study the evolution of the topography of slider and
counter surface in a wide variety of tribological systems using any
profilometer. Our results demonstrate that the limitation in the accuracy
of the wear detection originates from the repeatability of the measure-
ment device, not from the posttest realignment script (Supplementary
Fig. 4).

4. Conclusion

We have presented a method to track and image sphere surfaces
before and after wear against a counter surface using a combination of
optical and atomic force microscopy. The AFM topographs recorded
before and after wear were aligned and subtracted using a 6° of freedom
computer script. We characterized the accuracy of the topographical
difference method by applying the method to unworn surfaces. The
detection of asperity scale wear volumes as small as 1.6 x 107! +
3.7 x 107'2 mm® was demonstrated. High accuracy wear detection, in
combination with the topographical information of the full apparent
area of contact opens up new possibilities for the study of wear and
plasticity in relation to contact mechanics [31,32]. Our wear detection
method can help bridge observations and insights made at a funda-
mental level in single asperity experiments and simulations to the
multi-asperity interfaces that control applications in which friction and
wear play a crucial role.
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