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This paper investigates why the static friction peak is mostly absent in reciprocating sliding and gross-slip fretting
literature. Here, reciprocating sliding tests were conducted on ultra-smooth silicon surfaces. A prominent static
friction peak was present in the initial cycles. However, a rapid wear-induced decay in the static friction peak
occurred after the first cycle with the peak being mostly absent by about 30 cycles. Two possible explanations are
proposed for the wear-induced decay: (1) that increasing surface roughness (with cycles) reduces the fully stuck

contact area and (2) that wear reduces the bonding strength of the stuck interface by removing third body
contaminant molecules. Predictions from a multi-asperity friction model are used to support these arguments.

1. Introduction

The static friction force F; is the force needed to initiate sliding be-
tween surfaces and kinetic friction Fy is the force required to maintain
sliding at some velocity. Very often, in experiments on friction (in uni-
directional sliding), the static friction is greater than the kinetic friction
and this leads to the so called static friction peak [1]. However, in
reciprocating sliding and gross-slip fretting, the static friction peak is
hardly ever observed in the literature. This raises interesting questions
about why it is not observed and the circumstances under which the
peak might be observed in reciprocating sliding. In this paper, we
explore this question on the existence of the static friction peak specif-
ically in the reciprocating sliding scenario.

Before focusing on reciprocating sliding, it is worth addressing
existing theory on the static friction peak. The first thing to note is that
the magnitude of static friction is generally accepted to be dependent on
the time of (static) contact for many materials including metals and
polymers [2-7]: this is known as frictional ageing [5]. Contacts left static
for longer times require a bigger force to initiate sliding. This is often
explained via a time dependent growth of the real contact area via
processes such as thermally activated creep [2,8]. In general, we can
think of either static or kinetic friction F as arising from shear resistance
at the real areas of contact so that F = tA, [9], where T indicates an
effective shear strength of the interface and A, is the real contact area.
However, the transition from static contact to full sliding is subtle and
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assumptions about contact area have often been difficult to verify as the
contact is frequently unobservable. However, recent advances in in-situ
high resolution measurement of contact area have been able to shed
more light on this. For example, Weber et al. [10] made accurate high
resolution measurements of contact area during the three key stages of
contact for a polystyrene (PS) sphere in contact with glass coated with
pressure sensitive rigidochromic molecules: (1) ageing of the fully stuck
contact, (2) the transition from stick-to-slip (pre-sliding) and (3) full
sliding. In their experiments, they observed the contact area growth
during ageing of the ‘fully stuck’ contact, but noted that this produced an
increase in the kinetic friction level as well as the static friction level
(although, the gap between the two AF - the static friction peak - did
increase slightly with the fully-stuck ageing time). One could easily ask
whether another possibility for the lower level of kinetic friction (as
compared to static) might be the so called shear induced contact area
reduction that occurs in pre-sliding (mostly in softer materials like
polymers) under the application of tangential force [10,11] (i.e. the idea
being that A, might be lower during sliding). However, the Weber et al.
[10] experiments found that the majority of shear induced contact area
reduction had already occurred by the time the maximum friction peak
was reached. In fact, real contact area A, then increased very slightly (~
1%) during sliding. This led the authors to conclude (according to F =
tA,) that the interface must have weakened (i.e. effective T must have
reduced) to explain the friction drop from static peak to steady state
kinetic. Therefore, another plausible reason for the friction drop from
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Fig. 1. (a) Schematic illustration of a typical frictional hysteresis loop in reciprocating sliding and (b) experimentally measured loops from aluminium bronze in
contact with steel from Hintikka et al. [32] (ranging from the dotted loop at 5000 cycles to the black loop at 100 x10® cycles with the grey loops in between being
taken at 10,000 cycle spacing). Note the absence of any static friction peak — this is typical of the vast majority of reciprocating sliding and gross slip fretting results.

static to sliding might be an accompanying reduction in the shear
strength of the interface. The origin of this shear strength is generally
accepted to arise from chemical bonding interactions (at least for stuck
contacts and for low velocity sliding) [9,11-13]. Indeed, Filippov et al.
[13] notes that the probability of bond formation depends on the time of
contact so the lower time available for bonding during sliding may
explain some of the differences between the strength of static and sliding
contacts. According to Budakian and Putterman [12], the chemical bond
formation and rupture argument is also sufficient to explain the
commonly observed stick-slip phenomenon. Li et al. [7] provided evi-
dence that frictional ageing can also result from chemical bond devel-
opment. They argued that, at the nanometer scale, at relatively low
contact pressures and for hard brittle materials, frictional ageing cannot
be explained by increases in contact area due to plastic creep. At the
nanometer scale, using silica AFM tips in contact with silica, they found
slow logarithmic ageing resulting in an increase in static friction with
time of contact and showed that this was due to strengthening of
chemical bonding rather than contact area growth. The magnitude of the
static friction peak (or friction drop) AF grew linearly with the logarithm
of hold/ageing time. However, the effect was far more pronounced than
for equivalent macroscopic rough contacts. The relative static friction
peak (or relative friction drop) AF/Fj for the nanoscale AFM contact
ranged from 0.5 to 5 for a 100 s hold time, while the equivalent relative
peak value for the macroscale contacts was less than 0.05. The impli-
cations of the Li et al. experiments for macroscale rough contacts are not
fully resolved, but Li et al. surmised that the smaller frictional ageing
effect in macroscale contacts is likely due to the asperities in the
macroscale contact all being at different stages in their evolution from
stick to slip. Li et al. also used two surfaces that would not be expected to
form bonds (hydrogen terminated diamond and graphite) and found no
difference between static and kinetic friction. Therefore, in F = 1A, it is
likely that both t and A, can be altered by parameters such as time of
contact and tangential force. Xu et al. [14] developed a contact me-
chanics based model of the transition from static to sliding friction for
the rough surface scenario. By implementing a fracture mechanics
approach at each contacting asperity [15] that considers pre-sliding
transition from stick to full sliding as the propagation of an interfacial
crack through the bonded interface (at each asperity contact) under
mixed mode loading, the model was able to reproduce a static friction
peak primarily arising from the fracture toughness of the fully stuck
bonded asperity contacts (i.e. interfaces with higher work of adhesion
(or smaller mode mixity) gave a more pronounced static friction peak).

The implementation in Xu et al. [14] of the asperity level model to the
rough surface case was handled via a Greenwood and Williamson [16]
approach to the surface statistics. Interestingly, friction studies carried
out by Vlassov et al. [17] on ZnO nanowires inside an SEM also suggest
that the overcoming of static friction is governed by reaching unstable
propagation of a crack through the interface. As noted by Weber et al.
[10], the detailed mechanism behind the static friction peak may not be
universal and may depend on the specific material pair and the sur-
rounding environment. For instance, He et al. [18] noted that any sur-
face exposed to air will likely adsorb small hydrocarbon molecules and
they proposed a theory of static friction based on third body layers of
molecules that act to lock the surfaces together. In the case of humid
environments, Persson et al. [2] mentioned the formation of capillary
bridges and in the case of polymer contacts, they cite the mechanism of
chain interdiffusion of polymers in static contacts. In well-bonded clean
metal contacts (such as for outgassed virgin metal surfaces in vacuo),
shear induced junction growth (of the real contact area) can occur
during pre-sliding leading to very large contact area and static friction
levels [19-22] (i.e. the opposite of the shear induced contact area
reduction in softer materials). It is clear therefore that the mechanism
producing the static friction peak is somewhat dependant on the cir-
cumstances (materials, surface layers, temperature and environment).
However, like most friction phenomenon, the static friction peak
behaviour is likely governed by some combination of real contact area
and chemical bonding interactions.

We return now to the issue of static and kinetic friction in recipro-
cating sliding. Reciprocating sliding is the case were repeated cycles of
nominally identical sliding occur with the sliding direction being rapidly
reversed at the end of each stroke. Frictional behaviour in reciprocating
sliding is generally characterised by measuring frictional hysteresis
loops (plots of tangential force F, versus displacement § — see Fig. 1a).
Reciprocating sliding tests are an important way of assessing the wear
performance of materials. They can be used to assess the durability of
coatings and surface treatments etc. The energy dissipated is the area
enclosed in the loop and this energy is then lost in heat generation and
acoustic emission as well as in the plastic deformation and fracture
processes that produce wear debris. Reciprocating sliding where the
stroke length is a small fraction of the contact patch (often tens or
hundreds of microns) is commonly referred to as gross-slip fretting — a
situation which often occurs in contacts and joints in vibrating ma-
chinery. To the best of the author’s knowledge, a static friction peak is
rarely ever observed in experimental reciprocating sliding or gross-slip
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Fig. 2. Schematic representation of the reciprocating sliding rig: (1) upper silicon specimen, (2) lower silicon specimen, (3) upper backing block, (4) upper arm, (5)
button load cell, (6) lower backing block, (7) low fiction bearing, (8) base plate, (9) linear stage, (10) Connecting rod, (11) Tension/compression load cell and (12 and

13) motion limiting stoppers (Note: the motor is not shown here).

fretting tests in the literature [23-34]. Fig. 1b shows a typical test result
from the literature [32]. This result is from tests on aluminium bronze
against steel at various cycle numbers, but is representative of results
across the literature. One can see that, at the points marked A, gross
sliding occurs, but without any distinguishable static friction peak. In
gross slip fretting tests, a peak is often observed at the end of the sliding
stroke (points marked B in Fig. 1). This is not to be confused with the
static friction peak. It has been shown to be caused by wear scar inter-
action and has been addressed in papers by Mulvihill et al. [23] and
Hintikka et al. [32,33,35]. At this point, a number of interesting ques-
tions arise: why do we not see a static friction peak in these tests and
under what conditions might we be able to observe one? There is also
the interesting notion that reciprocating sliding tests might be able to
shed some light on the mechanisms governing the static friction peak.

In a previous work [36], we observed distinct static friction peaks in
the unidirectional flat-on-flat sliding of silicon (Si) against silicon
(where the samples were cut from commercial silicon wafers with
nanoscale RMS roughness of about 1 nm). In the present paper, we
subject the flat silicon contacts to reciprocating sliding and investigate
the behaviour of any static friction peak. To help interpret the results, we
implement the Xu et al. adhesive multi-asperity friction model [14] for
the sliding silicon surfaces in the experiments. The model can predict an
evolution for the tangential force during the transition from stick to slip
and is useful to compare with experiments. The paper is arranged as
follows: In Section 2, we outline the experimental aspects of the recip-
rocating sliding test and in Section 3 we outline the details of applying
the Xu et al. adhesive friction model and the input parameters needed
from the specimens. Finally, in Section 4, we outline the results and
discuss their physical implications before drawing conclusions.

2. Experimental procedure

The rig used is a slightly modified version of the one developed for
unidirectional sliding by the present authors in Bin Jaber et al. [36]. The
approach is somewhat similar to the sled-type friction test in ASTM
D1894 [37]. A schematic representation of the rig is shown in Fig. 2
(with numbers indicating the key components). The contact adopted for
the study was a flat-on-flat contact with silicon sliding against silicon.
The silicon samples were cut from commercial silicon wafers and
therefore possess high global flatness (< 2 um) and nanoscale RMS
roughness (< 1 nm). The wafers were p-type with (100) orientation. The
contact consisted of a stationary upper surface (1) pressed against a
moving lower surface (2) to enable reciprocating sliding. The upper
surface was cut to 10 x 10 mm? while the lower surface was longer (and
wider) at 15 x 20 mm? to facilitate sufficient sliding distance and avoid
edge effects (i.e. upper surface moving over one of the edges of the lower
surface). The upper specimen was bonded to an upper backing block (3).
Normal load F, was transmitted to the contact by compressing four
springs (via turn screws) against an upper arm (4). A 110 N button load

cell (5) (LBS, Interface Force Measurements, UK) was positioned be-
tween the upper arm and the upper backing block to accurately measure
the applied normal load. The button load cell has a spherical tip which
allows the upper specimen to self-align with the lower specimen. The
lower specimen was bonded to a lower backing block (6), which in turn,
is fixed to an ultra-low friction linear bearing (7) mounted on a base
plate (8). Movement of the lower specimen was achieved by a linear
stage (9) connected to the lower backing block by a connecting rod (10).
Tangential force Fy is measured by a 45N universal tension/com-
pression load cell (11) (SML, Interface Force Measurements, UK) con-
nected in the path of the connecting rod. Actuation of the linear stage
was achieved via a high torque hybrid stepper motor (NEMA 23, Lin
Engineering, USA). The modification made for the present work was the
introduction of stopper systems on both the left (12) and right (13) of the
contact to prevent horizontal movement of the upper specimen with the
lower specimen in either sliding direction (motion in only one direction
was constrained in [36]). A LabVIEW program was used to control the
motorised stage and record the test data. Signals from the load cells were
first passed through a NI-9237 full-bridge amplifier (National In-
struments, USA) before being processed by a PC. Displacement of the
stage was extracted directly from the motor’s control software.

Prior to testing, the silicon samples were cleaned using acetone fol-
lowed by IPA and then rinsed in DI water and subsequently air blow-
dried. The upper samples were then scanned in an atomic force micro-
scope (AFM) (Bruker, USA) using ten scan areas of 10 x 10 me on each
surface to measure surface roughness. After roughness measurement,
the solvent treatment was applied again to clean the samples before the
test. For the reciprocating sliding tests, a fixed normal load of 10 N was
applied to the contact for the duration of the tests. Prior to sliding, the
contact was held stationary under the normal load for 3 min. The con-
tact (lower surface) was then oscillated with a stoke length of 0.5 mm for
100 cycles (total sliding per cycle of 1 mm). Steady state velocity during
sliding was 0.05 mmy/s. This produced a frequency of about 0.05 Hz. The
test was repeated five times each time with new nominally identical
samples. After testing, the samples were again scanned in the same way
as before using the AFM to determine any changes in roughness.

3. Adhesive friction model for transition from stick to slip
3.1. Theoretical background

To help interpret our experimental results on the static to kinetic
friction transition, we apply the multi-asperity adhesive friction model
recently developed by Xu et al. [14]. This is useful because the model
offers a prediction of the evolution of the tangential force, Fy, normal
load, F,, and real contact area, A,, as an elastic nominally flat rough
surface in contact with a rigid flat proceeds from fully stuck to gross
sliding. The interfacial friction is induced by the coupling between the
adhesion and tangential load at the contacting asperity level. This is
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governed by Papangelo and Ciavarella’s model which describes the
transition from stick to slip based on the fracture of asperity contacts
[15]. Assuming the asperity height follows the Gaussian distribution and
the classical multi-asperity contact model, Xu et al. summed the
tangential forces, normal loads, and real contact areas at the asperity
level (i.e., T, P, na® respectively) to produce predictions for a normally
flat macroscale rough contact (F,, F, and A,;). Most interestingly, the
model qualitatively predicts key phenomenon observed in friction tests,
e.g., the shear-induced contact area reduction in pre-sliding (more
common in soft materials) and the static friction peak. The static friction
peak in the Xu et al. model essentially arises from the fracture toughness
of the fully stuck contact areas at the asperity level. This is because the
limiting tangential force needed to fully slide an asperity is governed by
the tangential force required to fully propagate a crack through the
interface which is considered to be adhesively bonded. For example
(according to the model), a higher work of adhesion at the asperity
contacts results in a more pronounced static friction peak.
The governing equations of the Xu et al. model [14] are:

o 3
F.(d,67) = nA, / Prc(5,57)@(d + 8)d5 + A, / Prione(8)@(d + 8)d5
8 2
o)

52

Fu(d, 87) = nA, / Toe(6,61)@(d + 8)d5 + nA, / Tons (8)2(d + 5)d5
8 )
@

5

A(d,67) = 1A, / 1 (8,67)@(d + 8)d5 + nA, f 7, (8)@(d + 8)ds
8 3
3

where 7 is the density of asperities, A, is the nominal contact area (10 x
10 mm?), § is asperity normal displacement, 57 is asperity tangential
displacement and d is the separation distance between the two surfaces.
For a given combination of (5, 67), the contacting asperities in stick or
slip stages are governed by the Papangelo and Ciavarella (PC) model and
Hertzian contact theory (Hertz), respectively. The integral limits, §; and
82, are the critical indentation depths associated with the transition
between non-contact, stick and slip stages. A detailed description of the
model can be found in Xu et al. [14].

3.2. Model input parameters

A key input for the Xu et al. model [14] are the parameters describing
the surface topography. These parameters were extracted from AFM
scans on the silicon samples acquired prior to testing and after testing.
The parameters required are root mean square asperity height (o),
asperity density (1) and mean asperity radius (R). The extraction of these
parameters from the AFM scans followed the same procedure as detailed
in Xu et al. [14]. It should be noted that Xu et al. [14] used McCool’s
solution to numerically calculate the curvature of each asperity using
central differentiation, and then the mean radius of curvature is the
average of all asperity curvatures. This method was extensively dis-
cussed by Sayles and Thomas [38]. The pre-test scans represent the
intact condition of the silicon surfaces before being affected by wear;
whereas, the post-test scans represent the state of the roughness at the
end of the test. Here, we assume that o; is the only variable during the
test, while the other parameters remain constant. To investigate the
impact of roughness changes on friction behaviour for the silicon sam-
ples, o5 from the pre and post-test scans were assumed to be the
roughness corresponding to Cycle 1 and Cycle 100, respectively. Values
of o for intermediate cycles were then estimated by using linear
interpolation.

Mechanical properties are also required. Here, the Young’s modulus
E, shear strength 7 and Poisson’s ratio v are sufficient. These parameters
were obtained directly from Refs. [39,40] as (E = 169 GPa, T = 10 GPa
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Table 1

Total surface tension, dispersive surface tension and polar surface tension of the
liquids used in the measurement of surface energy on the silicon specimen
surfaces (from [42,43]).

Liquids Surface tension - total (yY)  Surface tension - Surface
(mN/m) dispersive (y%) tension -
(mN/m) polar
()
(mN/m)
Water 72.8 51.0
21.8
Ethanol 21.4 2.6
18.8
Ethylene 48 19
glycol 29

and v = 0.272). The value of the shear strength might seem quite high,
but it can be considered as a limiting value. The chosen value of the
shear strength is quite accurate as the experimental results show in
Section 4. An effective Young’s modulus was then calculated from E*
=E/(1-17).

The surface energy (work of adhesion) is also a key parameter in the
Xu et al. model. Here, we measured it experimentally on the pre-test
silicon surfaces using the Owens, Wendt, Rabel and Kaelbel (OWRK)
method [41]. This method implements contact angle measurement via
dropping liquids (with known surface tensions) on the sample surface.
The liquids used in the measurement were water, ethanol and ethylene
glycol. To carry out the OWRK calculations, the total surface tension (y),
dispersive surface tension (yd) and polar surface tensions (yP) of the
liquids are required. These were obtained from Refs. [42,43] and are
presented in Table 1. Once the contact angle © made by droplets of the
liquids impinging on the pre-test silicon surface is known, the surface
energy of the silicon surface is calculated by fitting a line between the
points obtained with values of Eq. (4) (below) on the abscissa (x-axis)
and values of Eq. (5) as the ordinate (y-axis).

d a
x(Prt) = 7 “

v

The slope and y-intercept components of the fitted line raised to the
power 2 give the polar and dispersive components of the surface energy
required (in this case, the silicon surface), respectively. The summation
of these is then the required silicon free surface energy.

The contact angle between a droplet of each liquid and the pre-test
silicon surface was imaged using a high resolution camera and subse-
quently measured in ImageJ software. Images were captured one second
after the droplet touched the surface. Fig. 3 shows the shapes (and
contact angles) for droplets of the same volume of each of the three
liquids on the tested silicon surface. It can be seen that the water droplet
occupies the smallest area (highest contact angle) on the silicon surface
due to its high surface tension. On the other hand, the largest area
occupied by the droplets is from ethanol, which produces the lowest
contact angle as it possesses the lowest surface tension among the three
liquids. The contact angle measurement was repeated three times on
each of three different silicon samples. The total average surface energy
of the pre-test silicon surfaces was calculated at 42.8 mJ/m?>.

y(@7yp’},)_1/2(1+cos(9))< 14 ) -

4. Results and discussion

Table 2 indicates how the surface roughness on the silicon samples
changed during 100 cycles of testing. The mean RMS roughness Rq and
the mean RMS peak asperity height o5 are given for samples scanned
both before and after testing. It is clear that a significant wear-induced
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(a) Water

(b)

Ethanol (c)
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Ethylene glycol

Fig. 3. Measurement of wetting contact angles for: (a) Water (b) Ethanol and (c) Ethylene glycol in contact with the silicon specimen surfaces for calculation of

surface energy using the OWRK method [41].

Table 2

Average RMS roughness Rq and average RMS asperity peak height o; for silicon
samples before and after 100 cycles of reciprocating sliding (bracketed values
are standard deviations).

No. of samples ~ RMS Roughness Rq (nm) RMS asperity peak height o, (nm)

Before After Before After
1st 0.16 +0.004 28.9+42.0 0.12+0.003 26.9 +44.4
2nd 0.17 + 0.07 35.8+48.9 0.22+0.20 35.4 +51.6
3rd 0.64 + 0.44 29.1+528 1.09+0.9 27.2+52.8
4th 0.32 + 0.04 31.3+47.1  0.47 £0.07 28.3 +48.1
5th 0.31 +0.27 27.8+43.8 0.36 +0.30 22.01 +39.8

increase in surface roughness has occurred. On average (for the five
repeat tests), Rq was 0.32 nm before testing, but had risen to 30.6 nm
after 100 cycles of reciprocating sliding. Standard deviations are high for

(a)

2 4 Cycle1 No. of
~ / cycles:
Q [
S s S — 2
u? e Cycle 12 3
4
© 2 s
= 6
qC) — 7
1 — 8
X 9
© —_ 10
= = — 1
0 0.05 0.1 0.15 0.2 025 — 12

Tangential displacement (mm)

the post-test roughness values: this is because of wide variation in
roughness levels across the worn surfaces i.e. from areas of worn tracks
to more unworn areas etc.

The evolution of the tangential force (from stick to full slip) in the
first 12 cycles of testing are shown in Fig. 4a. The measured roughness
evolution during the tests was then used to predict the equivalent
tangential force evolution using the Xu et al. model [14] (o5 being the
key model input) and the result (also for the first 12 cycles) is given in
Fig. 4b. Note: only results from the forward stroke are shown here for
comparison with the model - the reverse stroke is similar and the full
hysteresis loops are given in the Appendix (Fig. A1). What the results
show is that a prominent static friction peak is very much apparent in the
initial cycles of reciprocating sliding, but that it largely disappears after
relatively few cycles. In Fig. 4a, Cycle 1 has the most prominent peak
and, by Cycle 12, the peak is vastly reduced. As the cycles of recipro-
cating sliding are nominally identical, this suggests that wear must be

(b)

No. of
cycles:

Tangential Force (N)
|

-~ — 10
o Cycle 12 11
0 0.2 0.4 0.6 0.8 1 12

Tangential displacement (x10* mm)

Fig. 4. Tangential force versus displacement plots indicating the evolution of the static friction peak in the first 12 cycles for (a) a representative reciprocating sliding
experiment and (b) the prediction from the Xu et al. multi-asperity friction model based on an evolving surface roughness. Note, the experimental plot in (a) shows
only part of the forward sliding stroke (up to 0.25 mm displacement). Full hysteresis loops for (a) are given in Fig. Al in the Appendix.

(a)

0.6
* Test 1
05° Test 2
©Test3
~ 04 *Test 4
. o aoTest 5
E 0.3 —fitted curve
TN\ . |y=017e00% 400800

(b)

0.6
—fitted curve
0.5
Llf 0.4
} 0.3
< o y = 0.17 £(-028%) | 0,08 (~0-060)

Cycles

Fig. 5. Relative static friction peak (AF/F,) versus number of cycles from experiment showing: (a) individual results from each of the five tests and (b) the average

result from the five tests. Note: the best fit exponential curve fit is also plotted.
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2Model
* Experiment

x
., 06
>t
< o4 4
$
0.2 H% ﬁﬁ,
4
L ++*%H§§£ ¢ .4 -4 A & "
% 10 20 30 40 50

Cycles

Fig. 6. (a) Relative static friction peak (AF/Fj) versus number of cycles as predicted by the Xu et al. multi-asperity friction model [14] based on the roughness
evolution estimated for each of the five experiments (including best fit exponential curve) and (b) Comparison of average results from the Xu et al. model [14]

with experiment.

responsible for erasing the peak. In terms of the Xu et al. multi-asperity
model [14], we account for this wear effect by inputting the cycle
dependent surface roughness as estimated from surface scans. This
produces the result shown in Fig. 4b. Although the predicted magnitudes
of the friction forces are somewhat different (discussed later), the model
also predicts a static friction peak decaying rapidly with number of cy-
cles. The model helps offer one possible explanation for the wear
induced decay in the static friction peak. Since increasing roughness for
each cycle is the only variable input to the model, the model suggests
that an increasing surface roughness due to wear can (potentially)
explain the decay in the static fiction peak. It is worth noting that the
kinetic friction level for Cycle 1 is in agreement in both model and
experiment (both are about 3 N). Since kinetic friction is determined by
F = 1A,, this indicates that, at least the product of tA, is correct in Cycle
1 of the modelling result (it also indicates that the t value chosen from
the literature must be reasonably accurate). After the first cycle, the
kinetic friction in the model (Fig. 4a) remains nearly constant up to 100
cycles of sliding. However, in the model, because 7 is assumed constant
(for silicon-on-silicon), the product of tA, (i.e. the kinetic friction) re-
duces with number of cycles (see Fig. 4b). This is simply because of the
reducing A, (with No. of cycles) which arises in the model because of the
increasing surface roughness. This perhaps suggests that the interfacial
shear strength T may not be constant during the test, but we are not in a
position to assume this in the absence of direct measurements of inter-
facial shear strength. Note that, for some cycles, a rigid body shift of the
interface occurred (at a tangential force of about 1.6 N —see Fig. 4a), but
this has no bearing on the limiting friction (static or kinetic).

The relative static friction peak (AF/Fy) for each of the five repeat
tests is plotted against number of cycles of reciprocating sliding in
Fig. 5a (up to 50 cycles) and the mean result is given in Fig. 5b. Fig. 6a
shows the evolution of AF/Fx from the Xu et al. model [14] based on
estimated roughness evolution in the five tests and Fig. 6b compares the
mean experimental result with the mean result from the model. In the
experiments, the static friction peak is (on average) about 25% of the
kinetic friction level in the first cycle, but decays to a negligible level
after only 30 cycles of sliding (Fig. 5b). The general form of the decay is
exponential as indicated by the best fit exponential-based functions
added in Fig. 5. The model predicts a similar trend (see Fig. 6), although
the magnitudes of the relative peaks are somewhat different (Fig. 6b).
This is because the magnitudes of static and kinetic friction differ be-
tween experiment and model. For kinetic friction, this is for the reasons
already mentioned. For static friction, as we see in Fig. 4, the magnitudes
differ between experiment (Fig. 4a) and model (Fig. 4b), but this is
because the static friction in the model is calculated based on a complex
multi-asperity implementation of asperity level fracture which is un-
likely to find exact agreement with experiment in a macroscale contact
partly due to errors introduced via the model in interface and material
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Fig. 7. Evolution of normalised real contact area percentage versus tangential
displacement as predicted by the Xu et al. multi-asperity friction model [14] for
Cycle 1 using the test surfaces corresponding to Fig. 4a. The plot illustrates how
the contact area in the stick state and the sliding contact area evolve and
combine to determine the evolution of the total A, The higher fully stuck
contact area (at zero displacement) as compared to the contact area in sliding
(beyond about 0.3 x 10~* mm displacement) is one of the key factors pro-
ducing the static friction peak predicted by the model (see Fig. 4b).

properties etc. In fact, the similarity in magnitudes is encouraging given
the complexity and assumptions inherent in the model.

We turn now to exploring exactly why the model predicts a static
friction peak and to exactly how increasing surface roughness (with
cycles) might lead to a decaying peak. Fig. 7 shows how the real contact
area (normalised by Ap) evolves during the transition from ‘fully stuck’
to ‘full sliding” when the Xu et al. model [14] is applied to Cycle 1 of one
of the experimental interface pairs. The ‘total’ real contact area (at any
value of tangential displacement) is the sum of the stuck contact area
and the ‘sliding’ contact area. One of the contributors to the friction
force peak (in the model) is the fact that, when a force peak is observed,
the fully stuck contact area (i.e. at zero tangential displacement) is
usually greater than the sliding contact area (i.e. beyond 0.3 x 10™* mm
in Fig. 7). The other reason is that, the static friction force in the model is
determined by fracture of the stuck asperity junctions; whereas, the
kinetic friction is governed by Fx = tA,. So, factors such as high inter-
facial work of adhesion and low mode mixity (and indeed low values of
7) also contribute to the situation when F; > Fi. In the experiments, the
static friction force F; reduces with number of cycles while the kinetic
friction remains roughly constant (Fig. 4a). This can be explained by
referring to Fig. 8 which plots the modelled evolution of the fully stuck
real contact area with number of cycles in Fig. 8a and the corresponding
evolution of Fy in Fig. 8b. The argument based on roughness is as follows.
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Fig. 8. (a) Mean fully stuck real contact area (at zero displacement) as a percentage of nominal contact area versus number of cycles as predicted by the Xu et al.
model [14] (based on the measured roughness evolution in each test) and (b) Static friction force F; versus number of cycles from the Xu et al. [14] model.

Surface roughness increases with cycles due to wear (see Table 2). This
causes the fully stuck real contact area to reduce with cycles (Fig. 8a)
and this results in the reduction in F; with cycles (Fig. 8b).

The argument based on evolving roughness is only one possible
explanation. We have considered it in detail above because of the
considerable increases in roughness detected and because the Xu et al.
model permits an explanation based on roughness. However, there are
other scenarios which need to be considered. Another possibility is that
repeated cycles of wear reduce the strength of the fully stuck interface.
In the Xu et al. model [14], this could be accounted for via a reducing
interfacial work of adhesion with cycles. Similarly to what we have
shown for increasing roughness, this scenario would produce a friction
force peak decay similar to that in Fig. 4b (and Fig. 6a) — see Xu et al.
[14] for more details on the effect of work of adhesion. In this regard, a
possible mechanism is that, thin layers of third body molecules that act
to initially lock the surfaces together, get rubbed off after a few cycles of
reciprocating sliding. For example, He et al. [18] mentioned that small
hydrocarbon molecules adsorb on any surface exposed to air and can
arrange to lock two contacting surfaces together. Li et al. [7] called
attention to the possible mechanism of hydrogen bonding in the pres-
ence of contaminant molecules such as H,O. If these are the dominant
reason for the static friction peak at the beginning of reciprocating
sliding, then it is reasonable that a few cycles of sliding could wear away
the responsible molecular layers. With a hard brittle single-crystal ma-
terial like Silicon, it is unlikely that creep induced contact area growth
could be responsible for the initial peak in Cycle 1. In this case, and given
that the initial roughness is very low (Rq =~ 0.32 nm), it appears that the
chemical bonding argument is more realistic. An interesting aspect that
arises in the reciprocating sliding test is that, the first cycle occurs after a
dwell time (3 min in these experiments), but the stuck time is very small
for subsequent cycles as the contact reverses direction and resumes
sliding in a matter of milliseconds at the end of each stroke. What is
interesting here is that several of the subsequent cycles (Cycle 2 to at
least Cycle 12) also produce a distinct static friction peak (albeit
decaying). There is certainly not enough time available during the mo-
tion reversal for creep induced contact area growth of the fully stuck
contact. However, chemical bonding processes can be rapid and we can
assume that there is sufficient time to reform bonds here during motion
reversal. Finally, it is possible that both wear induced roughness changes
and wear induced removal of surface layers contribute simultaneously to
the observed wear-induced static friction peak decay observed here in
reciprocating sliding. Finally, it is worth returning to the question of
why the static friction peak is mostly absent in gross-slip fretting tests in
the literature. The absence of the peak is probably because the data
reported in results are generally from cycles occurring long after the test
initiated meaning that enough cycles have already occurred to produce
both wear-induced removal of initial surface layers and wear-induced
increases in roughness. Also, most of the fretting test data comes from

metal-to-metal contact and not enough time will be available during
motion reversal (at the end of each reciprocating sliding stroke) for the
kind of creep induced aging that can occur with static metal contacts.

5. Conclusions

This paper has set out to investigate why the static friction peak is
very often absent in literature on reciprocating sliding and gross-slip
fretting. Using reciprocating sliding tests on ultra-smooth samples cut
from flat Silicon wafers (Rq ~ 0.32 nm), we find that a prominent static
friction peak is present in the initial cycles of reciprocating sliding, but
that it decays relatively quickly and has mostly disappeared by about 30
cycles. Therefore, the reason the peak is often absent may be because
hysteresis loops are often reported for cycles well after the initial cycles
(due to running-in periods etc.). As the sliding cycles are nominally
identical, we attribute the decaying static friction peak to wear pro-
cesses. In the experiments, the reduction in the friction peak took the
form of static friction reducing with cycles with the kinetic friction level
remaining roughly constant. Results also showed that surface roughness
increased significantly with cycles of testing. Two main explanations are
advanced for the wear-induced decay. The first is that significant in-
creases in roughness during the test lead to reduction in the fully stuck
real contact area (with cycles); thereby, producing a corresponding
reduction in the static friction force. Applying the Xu et al. multi-
asperity friction model [14] to the test surfaces, we showed that
implementing the measured roughness reduction in the model predicts a
similar static friction peak decay. The second possibility is that the initial
static friction peak is caused by bonding involving third body contam-
inant molecules such as hydrocarbons or water and that subsequent
cycles of sliding removes these layers leading to a somewhat weaker
fully stuck interface in later cycles. Weakening of the fully stuck inter-
face (with initial cycles) can also generate static friction peak decay in
the Xu et al. model (via reduced work of adhesion). As Silicon is a brittle
single crystal material, creep induced growth of the contact area is an
unlikely explanation for the static friction peak here. This is also
confirmed by the appearance of the peak in cycles following the first
cycle where time available for junction growth (of the real contact area)
is insufficient as the reciprocating contact reverses direction in milli-
seconds. Therefore, a stronger chemical bond in the fully stuck case is
the most likely explanation. It may be that both surface roughness
changes and molecular layer removal both contribute to the behaviour.
However, the exact origin of the wear-induced decay observed here in
reciprocating sliding requires more investigation.
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