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Abstract

Wear is connected to friction and hence affects energy efficiency and the environmental footprint of the process. The precise
evaluation of wear damage will gain further relevance because it is a core input for developing prediction models of mechanical
behaviour of materials, to be applied in the design stage of components and systems, and in the optimisation of new manufacturing
processes and innovative materials, within the framework of Industry 4.0 and circular economy.

Given the complexity of wear phenomenon, simplified wear tests are required; amongst these, pin-on-disc is a widespread test. It
consists in sliding a pin against a disc either according to a circular path or along a linear alternate motion, to generate a track, whose
volume is the characterisation target. Its characterisation standards rely upon gravimetric and volumetric method, which have several
limitations, though. The former is inadequate for low-wear application and multi-material and multi-phase components, due to the
difficulty in locally estimating material density. The latter, requiring profilometric measurements, does not suffer from these
limitations; however, profilometric measurements are superseded by high-resolution and information-rich inspection techniques
based on surface topography measurement, with respect to whom are less robust and representative. The profilometric method
relies on a-priory defined track geometry; despite it is largely exploited, the effect of this approximation is unreported within a
rigorous metrological framework.

This work aims at assessing the effect of the track geometry on the accuracy and precision of the volumetric method, both according
to standardised and surface topography approaches, within the current standards for topography measuring instruments based on
metrological characteristics. This provides insights in the performance comparison of standard and non-standard volumetric methods
in quantifying wear in pin-on-disc testing. The results will support the standardisation of topography-based method by providing
users with confidence in their use and establishing traceability for this tribological test.
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phenomena the linear reciprocating layout usually performs

1. Introduction better.

Huge efforts have been made towards the deeper
understanding of tribological problems. They source high
economic costs, frequently cause mechanical components
failure and replacement, and impact on industry’s
environmental footprint. Wear control and its quantification are
indeed involved in this process and have become central for the
application of the modern principles of Industry 4.0. The
upcoming effort towards smart design and optimisation of
engineering systems also require accurate evaluation of wear
damage [1]. Because tribological phenomena are very complex,
the experimental practice often looks for simplified approaches,
as model tests, since identifying the effect of the influence
factors is non-trivial [1,2]. Model tests allow comparative
analysis of results in standard conditions, as their
conventionality makes them highly reproducible, even though it
limits their representativeness.

Amongst the model tests, pin-on-disc has been extensively
used. It consists in applying a known force on a static pin
orthogonal to the surface of a moving sample [2]. The sample is
rotated or linearly displaced to generate a relative motion with
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Figure 1. Anton Paar TRB tribometer: (a) rotation and (b) linear
alternating motion pin-on-disc set up.

This method has produced a vast amount of scientific
literature and is still used today because setup and control of
test parameters is very easy. Pin-on-disc is successfully applied
in the aerospace [3,4], automotive and aeronautical fields to

constant or continuously variable speed, respectively, see Fig. 1.
The choice of the type of motion may be motivated by the
specific application of the materials under study, e.g. for
application involving static-dynamic friction or stick-slip

characterize new low-density and high strength alloys, e.g. Mg-
Al-Si-Zn alloys and cermet coatings as Ti[Nb,V]N [5], and to
explore the tribological properties of innovative 2D-coatings,
e.g. graphene sheets [6]. Vast use of this test method exists for
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the characterisation of manufacturing processes, e.g. to analyse
the performance of coatings for tools [7] and to investigate the
behaviour of additive manufactured components [8].
Lubrication-related issues are also widely investigated by pin-on-
disc and similar model tests [9].

The purpose of any wear testing is typically the quantification
of the wear damage. ASTM G99-17 [10] prescribes two
measuring techniques for pin-on-disc tests: weighing of samples
with precision balance (gravimetric method) and stylus-
profilometry of the wear tracks (volumetric method). However,
present-day technologies make available much more
information-rich inspection measuring techniques based on
topography. An increasing number of laboratories rely on these
methods  [11,12], despite a rigorous metrological
characterisation in literature and the recognition by standards
are still lacking in the tribological field.

This work exploits the evaluation of the measurement
uncertainty for surface-topography based methods in
quantifying surface damage after the pin-on-disc test to
compare the performances of available topographical
characterisation methods and investigate the effect of the track
geometry on the obtained results, which is unreported in the
literature. Section 2 discusses the available state-of-the-art
methods for wear volume evaluation. Section 3 addresses the
evaluation of measurement uncertainties. Section 4 describes
the experimental set-up by which results are obtained and
discussed in Section 5. Section 6 draws conclusions.

2. Methods for wear quantification in pin-on-disc test

The relevant standards, i.e. ASTM G40 and ASTM G99 and
ASTM G133 [10,13,14], require to measure wear in terms of the
volume of the damaged material. The overall damage can be
considered as consisting of protuberances caused by plastic flow
(or debris deposition), i.e. galling, and voids caused by material
loss, i.e. namely wear; their summation is the total surface
damage, Vp.

Two standardised approaches are available to measure wear.
The gravimetric approach is frequently used because of the
relative ease of measurement [15]. However, it cannot detect
damages related to plastic effects and errors may occur if some
material binds to the interface surfaces. Moreover, the low
sensitivity makes it unsuited for measuring small wear occurring
on large bodies. Another relevant limitation is the accuracy
required for the density value to get reliable volumetric data
which further limits this method’s application to homogeneous
materials [16]. Conversely, the volumetric approach directly
measures volumes, thus being independent on phases and
densities, and is sensible to surface damages due to removed,
displaced and, sometimes, transferred material, enabling for
separate assessment. Therefore, the volumetric method seems
more flexible because it allows to characterise the right quantity
according to every application’s requirements. In the following,
the analysis will focus only on the volumetric methods applied
to the measurement of the material loss. The standards require
to measure some profiles [17] across the wear track, so that Vj,
for the rotary and linear reciprocating tests, respectively, are:
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where R is the radius of the circular wear track, L the length of
the linear track; S; is the cross-section area of the wear track at
the j-th location, M the number of sampled points in the profile
with height z; and ps is the lateral sampling step, i.e. the pixel
size.

The standard approach might suffer from the approximation
of real track geometry with an ideal one, e.g. the radius of the
circular track can be highly irregular. Moreover, the profiles can
be measured either by means of contact stylus or by areal
surface topography measuring instruments. In the latter case, it
is even more evident how the standard procedure features an
inherent information loss. Profiles have to be measured, equally
spaced, radially and transversally to the track for the rotary and
linear test, respectively.

Alternatively, methods are available in literature to exploit in
full topographical measurements. Amongst the others, the
material and void volume parameters, V, and V,, that represent
the galling and wear volume respectively [18], can be applied.
They are computed from the areal material ratio curve (MRC) as:
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where h = Sp,(m;), i.e. the inverse of the areal material ratio
function at the material ratio m,; Npj, the number of bins to
which the material ratio curve is discretised and B the bin
containing the threshold height to distinguish the contributions.
K is a factor to convert the relative volume into the most
appropriate unit and represents the horizontal area and is K =
nppsz, with n,, the number of pixels. Summing them yields a total
damage wear volume, Vp ypc.

3. Measurement uncertainty in wear quantification

To enable statistically meaningful comparison of the
performances of methods available in literature to measure
wear, it is necessary to evaluate the related measurement
uncertainty. This provides users with confidence in their usage,
by establishing traceability, and information on the precision. If
the output is a linearisable function of a set of input, i.e. V, =
f (), uncertainty can be estimated by propagating model inputs
contribution through the law of uncertainty propagation:

U(Vp) =k Zn: ((%;)2 u2(9,) (6),
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where k is the coverage factor, at the given confidence level [19].
The output of topographical measurements is a set of heights
z(x,y) that are input in Egs.(1)-(5). Consequently, the uncertainty
contributions are those describing the coordinate axes of the
measuring instrument. When performing topographical
measurements, a simple, compact and thorough framework to
metrologically characterise the influence factors of measuring
instruments is provided by the Metrological Characteristics
(MC): characteristics of the measuring equipment, which may
influence the result of measurement, may require calibration and
have an immediate contribution to measurement uncertainty
[20]. They describe the measurement noise, uy, the flatness
deviation, ugz,, ., the repeatability, Ugep (i.e. the surface
topography repeatability), the axes linearity deviation after the
adjustment of the axes amplification, u,, ,, and the lateral
resolution, Upyg- They can be combined to estimate the standard
uncertainty of measurement axes as [21]:
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u(x,y) = ’uﬁVR +uZ, (8).

Literature establishes methods for their calibration, which thus
allows for measurement traceability [21,22]. Applying Eq.(6) to
Egs.(1)-(5), the uncertainty of the wear evaluation methods is
obtained as:
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where u(L) is approximately computed considering a uniform
distribution with half-width of 2 units of the least significant digit
of the nominal stroke [23] and u(ps) associating a triangular
distribution to the pixel resolution [21]. R; is the radius of the
circular track at the j-th location, described by the angle 9. As
standard methods ultimately require the evaluation of an
average volume, the standard uncertainty of averages is
computed.

4. Experimental set-up

The previous sections introduced the theoretical analysis that
is now applied to a set of pin-on-disc tests in rotary and linear
reciprocating motion. Tribological tests were performed by an
Anton Paar TRB tribometer (see Fig. 1) by wearing-out an
aluminium sample and a PTFE sample against a 6 mm steel ball
(100Cr6). Samples were accurately prepared before tests to
improve the surface finish: grinding and polishing were
performed to achieve a smooth surface roughness (Sa of 0.3 um
and Sqg of 0.4 um) on both samples. A single test was performed
on each sample in similar testing conditions (5 N load, 0.05 m/s
average speed and 50 m of test duration in terms of length) in
rotary (track radius 5 mm) and linear reciprocating mode (track
length 4 mm). Fig. 2 shows the surface damage on the two
samples at the end of the rotary tests. The two materials were
chosen because they react very differently against a steel ball:
aluminium generates large debris due to strong adhesion and is
characterised by a highly irregular track, whereas PTFE features
a smooth regular track due to abrasion and plastic effects, with
limited galling.

Figure 2. Wear track on the PTFE saple (on the left) and wear track
appearance on the aluminium sample (on the right) after a rotary pin-
on-disc test

After the tribological test, the samples were cleaned with
acetone. Surface topography was measured using a CSI Zygo
NewView 9000, with a 5.5X objective lens, with a field of view
(1.56x1.56) mm with a pixel size of 1.56 um. To cover the whole
tracks stitching of several field of views was necessary. Profiles
required to apply the standard method were extracted from the
surface topography measurements.

5. Results discussion

Measured surface topographies of linear alternating and
rotary test of the wear tracks on the two samples are shown in
Fig. 3. The aluminium is characterised by a more irregular
topography, with galling on the edges of the scar and attached
debris inside. The linear alternating motion introduces smaller
galling and less debris in the track, which, though, is deeper. The
PTFE track, as intended, is regular.

Figure 3. Surface topography of linear alternating test on (a) Al and
(b) PTFE and on rotary test on (c) Al and (d) PTFE.

The uncertainty contributions of the metrological
characteristics were introduced in the model as Type B
contributions [19] exploiting the characterisation of a similar
measuring instrument [21]; repeatability as Type A based on 30
measurements [22]. Table 1 reports the corresponding values.
Law of uncertainty propagation was applied and expanded
uncertainty with a coverage factor of 2 was computed, see
Eq.(6). Results are shown in Fig. 4 and 5, respectively for PTFE
and aluminium sample. It results that the wear track geometry
introduces a systematic difference in the measured wear
volume; this effect, as can be noticed comparing Fig. 4 and 5,
depends on the material.

For a given geometry, the tribological standard approach
(ASTM), is less accurate and precise than the MRC approach. The
accuracy performances result from the lower
representativeness of the ASTM method: for the regular track
on the PTFE sample, the relative difference of the mean wear
volumes is 1% and 3%, respectively for the linear and the circular
track; these, due to the irregular topography of the tracks (see
also Fig. 3), are 1% and 15%, respectively, on the aluminium
sample. The worst precision of the ASTM method to evaluate
wear has to be ascribed to the greater impact on the final
expanded uncertainty of the lateral scale uncertainty
contributions, see again Table 1.

Table 1. Metrological characteristics (MC) considered for the
evaluation.

MC Uy Uzprr URep U, Uy Uy,

u/nm 0.2 5 0.04 10 100 902
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Figure 4. Comparison of the effect of track geometry and methods to
estimate wear volumes on the wear characterisation of the PTFE sample.
Uncertainties are computed with a coverage factor of 2 (i.e. at 95%
confidence level).
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Figure 5. Comparison of the effect of track geometry and methods to
estimate wear volumes on the wear characterisation of the aluminium
sample. Uncertainties are computed with a coverage factor of 2 (i.e. at
95% confidence level).

6. Conclusions

Measuring wear is core for several applications where friction
and energy consumption are critical. Today innovative materials
are designed to optimise the mechanical systems’ durability,
energy consumption, and pollutant emission. To test innovative
materials’ wear in terms of volume of damaged material,
industry and academia often resort to pin-on-disc tests, because
of its conventionality, repeatability and realisation simplicity.
Different layouts are available, i.e. rotary and linear alternating
motion, whose effect on the estimated volume is unreported in
literature. This work compared the performances of the most
accredited methods available in literature to assess wear volume
exploiting the measurement uncertainty. Results show that the
wear track geometry introduces significant differences in the
results, also dependent on the characterised material.
Moreover, it is shown that the material tribological response
impacted relevantly on the accuracy of the characterisation
method. These were proven to feature dramatically different
precision performances; in particular, the one currently
suggested by tribological standards is more uncertain than other
approaches which exploit topographical measurements and rely
on accepted surface topography parameters.
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