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Abstract During sliding low elastic modulus, materials

can form ridges and distinct zones of contact vice the

commonly observed Schallamach wave phenomena. It was

shown that at low velocities (0.001 and 0.01 m/s), the

contact geometry retained a single region of contact and at

higher velocities (0.1 and 1 m/s) the contact separated into

two distinct zones. It was also shown that this phenomenon

was independent of the applied normal load.
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1 Introduction

Schallamach was the first to show that rubber can move without

true interfacial sliding. He observed ‘‘waves of detachment’’

where frictional contact was lost between rubber and the

counter-surface when an elastic instability formed at the front

of contact and propagated through [1].These phenomenologi-

cal occurrences have been the focus of much of the literature

regarding the sliding of soft unfilled rubber [2–15]. However,

Schallamach waves are not always responsible for interfacial

movement, as ridges may appear when soft filled rubber slides

on clean smooth glass but do not propagate [4]. These ridges

most likely form due to elastic instability within the contact but

unlike the waves of detachment these form and persist. Mod-

eling has previously shown that such an instability is predicted

to exist under certain conditions [16, 17]. The velocity and

forces necessary to develop these ridges are examined herein.

Schallamach waves have been observed at sliding

speeds of 40–800 lm/s between a stationary sheet of vul-

canized rubber and a moving glass probe [8]. The literature

focuses on these velocities and is largely silent regarding

higher velocities [3]. These higher velocities will be

examined thusly to determine their effect on contact area.

In these experiments, a hemispherical rubber pin was in a

persistent state of contact on a rotating transparent counter-

surface vice the historic setup of a glass probe on a rubber

counter-surface [1, 3, 4, 7, 8].

2 Materials

Carbon black filled natural rubber hemispheres of 2 mm

radius were used in this study. The rubber had an elastic

modulus of approximately 6.5 MPa. The average surface

roughness (Ra) and root mean square roughness (RMS) of

the molded rubber were determined to be *800 nm and

*1 lm, respectively, by scanning white light interferom-

eter (Veeco Wyko NT9100).

Calcium fluoride optical windows were used as the

counter-surface. The disks were 50 mm in diameter and

3 mm thick with an RMS roughness of *6.5 nm. Calcium

fluoride is comparable to borosilicate glass with regards to

transmission of light in the visible spectrum ([90 % trans-

mission of light between 400- and 700-nm wavelengths).

3 Experimental Methods

3.1 Tribometer

A pin-on-disk tribometer with in situ imaging capabilities was

used in this study, Fig. 1 [18]. A microscope objective was
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focused on the interface made between a rotating transparent

disk and a stationary pin [19]. The pin was mounted to a

displacement-based cantilever load head assembly that mea-

sured normal and tangential (friction) forces. Normal load was

applied by a displacement controlled linear air bearing and

spring assembly that also held the cantilever load head. The

disk was mounted in an open aperture rotary stage that was

driven by a digitally controlled servo motor.

3.2 Experiments

Prior to sliding, the sample was loaded against a clean

calcium fluoride disk to a prescribed force. An image of the

loaded contact area was taken before sliding. Unidirec-

tional sliding experiments were then performed at pre-

scribed velocities (0.001, 0.01, 0.1, and 1 m/s) and loads

(0.1 and 1 N) for 35 s. Images were acquired during sliding

at 125 fps.

4 Results and Discussion

An overview of the contact areas resulting from the pin-on-

disk sliding experiments is shown in Fig. 2 and relevant

measured values are given in Table 1. Each image is repre-

sentative of the contact area observed during each experiment.

to rotary stage

to interferometer
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to air bearing

capacitive probe
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Fig. 1 A schematic representation of the instrument configuration

showing the cantilever load head assembly, the rotating counter-

sample, and the microscope objective. Images of the contact interface

between an elastomer pin and calcium fluoride were acquired at

125 fps
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Fig. 2 Representative images from each experiment illustrating the

variation in contact size and geometry. Velocities beyond 0.01 m/s

and independent of load, the contact separates into two distinct

regions; a high-pressure zone and low-pressure zone. These two zones

were accompanied by a region where there was no observable contact

Table 1 Measured values from the pin-on-disk testing of a filled

natural rubber hemisphere on calcium fluoride

v (m/s) fn (N) l Astationary (mm2) Afront (mm2) Arear (mm2)

0.001 0.14 2.3 0.22 0.15 –

0.99 1.6 0.89 0.73 –

0.01 0.11 2.9 0.22 0.15 –

1.03 2.2 0.92 0.67 –

0.1 0.14 2.4 0.22 0.05 0.10

0.99 2.3 0.98 0.22 0.39

1 0.14 3.5 0.20 0.05 0.11

0.99 2.6 0.95 0.23 0.30

Contact areas are nominal and correspond to the stationary contact

area before sliding (Astationary), the continuous contact area during

sliding (Afront), and the sporadic contact area during sliding (Arear).

These areas are schematically illustrated in Fig. 3
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The contact area reached its steady state geometry after a short

sliding distance (*29 the contact width). During sliding, no

Schallamach waves were observed.

At low velocities (0.001 and 0.01 m/s), the contact area

remained uniform while at higher velocities (0.1 and 1 m/s)

the contact area bifurcated into two distinct regions, rem-

iniscent of a snail’s foot. This occurrence was independent

of the applied normal load. The only observable effect of

increased applied load was an increase in the overall area

of contact both before and during sliding. However, the

ratio between the stationary contact area to the contact area

during sliding was qualitatively the same between all tests

at a given velocity Fig. 3.

The contact area at velocities [0.01 m/s was separated

into two distinct regions. At the front of the contact, there

was a continuous and most likely high-pressure region,

followed by a trailing region with a discontinuous profile

(sporadic contact) which would support less of the applied

load. A region was considered continuous if the pixel

intensity remained constant over the prescribed region or

discontinuous if the pixel variability was high over the

same region within the image. This observation is sup-

ported by previous data obtained with thermal imaging

which showed higher contact temperatures at the front of

contact, suggesting higher pressure, and lower tempera-

tures at the exit, suggesting lower pressure [18]. It is also

possible that the low-pressure zone is only in optical con-

tact with the disk which would be difficult to validate with

either of these methods.

The region of noncontact behind the high-pressure front

is most likely a fold in the material induced by high strain

within the contact. It is most likely energetically favorable

to create this tensile zone/fold at high sliding velocities. It

is possible that by having a patterned surface this material

response could be mitigated [20, 21].

5 Conclusions

The separation of the contact area of a rubber sample

during sliding into two distinct zones of contact was shown

to be independent of the applied normal load and depen-

dent on velocity. The ratio of contact area during sliding to

the contact area at rest was approximately the same

between both normal forces for a given velocity.
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