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Polished ultra-high molecular weight polyethylene has been micro-scratched
with 90° cube corner tips, cleaved from silicon wafers. The normal load was
270 mN and the scratch mode was flat-on, uni-directional and single pass.
The quality of the tips has been evaluated with scanning electron microscopy.
The micro-scratches have been characterised with atomic force microscopy.
No detached debris is produced. Cross-sectional scratch profiles have been
analysed using Zum Gahr’s formalism suggested for ductile metals, however,
applied by some towards the characterisation of polymer wear. Results show
that the volume of the two pile-up ridges alongside the scratch equals the
volume of the recovered scratch cavity.

1.

Introduction
Polymers, such as polyethylene, are used for a variety of macroscopic applications in
areas as diverse as food packaging, aerospace and automotive manufacturing, and biomedical
engineering. More recently polymers have been applied extensively as one of the preferred
materials towards the miniaturization of functionality in the form of microscale devices. The
tribological performance of polymers under such circumstances, where loads are small and
where surface properties tend to be more important than bulk properties, is expected to be
significantly different than in macroscopic applications [1]. Presently suitable tribological
characterisation techniques based on micro-scratching are being developed. The microscratches are produced with well-defined indentation tips acting as a single micro-, or nanoscale, hard asperity. Often commercial diamond tips are used with Berkovich or conical
geometry. In this work the efficacy of readily available 90° cube corner tips, cleaved from
{111} silicon wafers along crystal planes and mounted on a vertical beam under normal load,
is explored. This approach may be an alternative to much more complex commercial
tribological characterisation systems, which are typically designed as multipurpose
instruments.
Among technologically relevant polymer materials ultra-high molecular weight
polyethylene (UHMWPE) is particularly interesting, since it is a standard bearing material in
artificial joint prostheses. Furthermore UHMWPE is very ductile in comparison to other
polymers [2], so that some established theoretical approaches, such as Zum Gahr’s formalism
of analysing cross-sectional scratch profiles in ductile metals [3], may be applied successfully.
Sani et al. [4], using micro-scratching with conical diamond tips, have observed an excess
pile-up of material in two ridges alongside the micro-scratch for several polymers (PMMA,
PEP, PC). This excess has not conclusively been explained theoretically [4]. Interestingly,
these authors found that UHMWPE showed a deficit. In marked contrast to the other
polymers studied, for UHMWPE the observed two ridges are however not symmetric in the
data presented in Ref. [4]. This is puzzling and motivates further investigation.
A better understanding of micro-scratching of UHMWPE should shed some light on the
production of debris particulates when this material wears in a moving articulation. Such
particulates are presently limiting the long-term biocompatibility of the UHMWPE in
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artificial joint prostheses. It has been proposed [2,4], based on experiments with conical tips,
that for UHMWPE such abrasive debris results from multi-directional scratching and wallformation at the intersection of scratches. This contrasts with results for other, in particular
more brittle, polymers, such as epoxy, where a single uni-directional micro-scratch produces
many debris particles and a linear relationship between microscopic and macroscopic abrasive
wear appears to exist [2]. The present work explores, if the considerably different geometry of
90° cube corner tips with flat-on attack may result in the generation of debris particulates on
UHMWPE during uni-directional scratching.
2.

Experimental Details

2.1

90° Cube corner silicon micro-scratching tips
Several square pieces (4 mm × 4 mm) were cleaved along crystal planes over a clean
glass slide edge out of a commercial {111} p-type 4 inch silicon wafer. Using scanning
electron microscopy (SEM) using a Hitachi TM 1000 instrument, several good quality tips
were selected. Before application, the silicon tips were cleaned in ethanol and inspected with
SEM to exclude the possibility of foreign particle contamination. After cleaning and
inspection, the tip was carefully mounted on the load beam of the micro-scratch apparatus.
2.2

Specimen preparation
From a 2 mm thick commercial UHMWPE polymer sheet 10 mm × 10 mm square
specimens were cut and then polished to a typical average roughness Ra = 50 nm using grade
4000 polishing paper (6 nm variation). The roughness was determined on three representative
specimens by atomic force microscopy (AFM) . The specimens were handled with tweezers
and latex gloves in order to avoid any contamination. Following polishing specimens were
washed in ethanol and ultrasonically cleaned in distilled water for 3 times (10 minutes each
time) and dried in a steady flow of nitrogen.
2.3

Micro-scratch apparatus
All scratch experiments were conducted using the manual micro-scratch apparatus
shown in Fig.1 (a). This apparatus, built by the local workshop, can perform single, unidirectional micro-scratches on planar specimens with a normal load of 270 mN or less. The
load beam is free to move under gravity in the vertical direction through a square opening in a
moving stage. Depending on scratch direction, edge-on or flat-on attack by the tip can be
studied. In this work flat-on attack was chosen in order to differentiate the attack most
markedly from that achieved with a conical tip. Figure.1(b) and (c) illustrate the geometry of
the cubic corner tip attack.

(a)

(b)

(c)

Fig.1. (a) Photo of the manual micro-scratching stage with a mounted cube corner silicon tip;
(b) Illustration of the scratching geometry. (c) Cross-sectional cut showing the 45° attack angle.
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Gently landing the tip on the UHMWPE specimen, so that the tip indented into the polymer
surface, micro-scratching was conducted with a typical scratch length of 200 µm by turning
the micrometer screw continuously at an average velocity of about 300 µm/s. The scratch
mode was uni-directional and single pass. After micro-scratching, the silicon tip was removed
carefully and then imaged with SEM to identify any polymer debris.
2.4 Scratch characterisation and Zum Gahr’s formalism
The micro-scratches were characterised using a NT-MDT atomic force microscope.
Cross-sectional cuts through the AFM image of the scratch have been analysed using Zum
Gahr’s formalism [3] in a similar fashion as applied in Ref. [4]. In this formalism the
relationship of the cross-sectional area (Fig.2) of the recovered scratch Av and the crosssectional areas A1 and A2 of the two ridges piled up alongside each side of the scratch is
described by the Zum Gahr ratio f ab, according to
f ab 

AV  A 1  A2 

(1)

AV

3.

Results and Discussion
Figure.3 shows SEM images of three 90° cube corner scratching tips cleaved from a
silicon wafer. It is apparent that at distances of less than 5 µm from the apex the tips have the
correct geometry and any variations are within acceptable limits. Thus reproducible results
may be expected from the use of such tips, since, with the set-up and parameters applied here,
the depth of the micro-scratch is typically of the order of 2 µm. SEM before and after microscratching has shown that the tips remain unchanged.

{111}

{111}

{111}

Fig.3 SEM images of three cube corner scratching tips made by cleaving silicon. The geometry and definition of
the tips is within acceptable limits at distances less than 5 µm from the apex.

A three-dimensional AFM image of a typical micro-scratch is displayed in Fig. 4 (a). As
with all other scratches studied in this work, the two pile-up ridges alongside the scratch
cavity are symmetric about the scratch direction, in contrast to the observation displayed in
Ref. [4]. None of the micrographs showed any evidence of detached polymer particle. This
supports the view that multi-directional, intersecting scratching leads to wear debris
production [2] with tip geometry being a negligible factor.
Figure.4 (b) shows a cross-sectional cut through the AFM data for the scratch shown in
(a) taken at about 50 µm from the end of the scratch. The principle of Zum Gahr’s formalism
as applied in this work is also illustrated. From the repeated analysis of several of such crosssectional cuts a Zum Gahr ratio f ab = (0.01 ± 0.09) has been determined. This is much closer
to expectation for ductile polymers, such as UHMWPE and PTFE, than the ratio of fab = 0.45
published by Sani et al. [4] for a conical tip. In contrast to PMMA, PEP and PC an excess
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pile-up of material in the two ridges alongside the micro-scratch is not observed. Instead, the
volume of the ridges equals the volume of the recovered scratch cavity.

(a)

Fig.4. (a) 3D AFM image of a typical micro-scratch produced with the set-up described above. Material pile-up
in ridges alongside the scratch is apparent. (b) Typical cross-sectional cut through the AFM data at about 50 µm
from the end of the scratch. The application of Zum Gahr’s formalism is illustrated by the dots and lines.

4.

Conclusions
A novel experimental approach to micro-scratching experiments on polymers is being
explored using cleaved silicon tips and atomic force microscopy. It has been shown that the
cleaving of commercial silicon wafers reproducibly produces 90° cube corner scratching tips
which can be readily mounted on a simple manual scratching stage.
No UHMWPE debris particles have been observed on any of the specimen or the silicon
cube corner tips following single-pass, unidirectional, flat-on micro-scratching. This is
consistent with results for conical tips.
The formalism suggested by Zum Gahr has been used to analyze some of the microscratches produced. Results suggest that the micro-scratching of ultra high molecular weight
polyethylene with cube corner tips produces ridges on each side of the scratch, the volume of
which equals the volume of the recovered scratch cavity. This is consistent with expectation
for ductile polymers such as UHMWPE and PTFE, where none or little detached debris is
produced. However, this behaviour contrasts with other polymers, such as PMMA, PEP and
PC, for which published, inconclusive results, obtained with conical tips, suggest an excess
pile-up, which would imply an inconceivable change of mass density.
A further development of the novel experimental approach presented here is underway
towards efforts to better understand the micro-scratching of ultra high molecular weight
polyethylene.
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