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Subsonic to Intersonic Transition in Sliding Friction for Soft Solids
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We perform friction experiments between a compliant gel and a rigid cylinder at sliding velocities
comparable to the Rayleigh wave or secondary wave velocity of the gel. We find that, when the sliding
velocity exceeds the wave velocities, the contact state transitions from Hertzian like to flat punch like,
resulting in the breakdown of the lubricating oil film and the abrupt increase in the friction coefficient. We
succeed in deriving theoretical solutions for the contact pressure distributions and the deformation profiles
in the presence of friction, which are consistent with our experimental observations.
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Sliding friction is a dynamic phenomenon that occurs
when two solid bodies are in contact and in relative motion
to each other [1]. In normal situations during sliding
friction, the sliding velocity V is much smaller than the
Rayleigh wave velocity (V) or secondary wave velocity
(V) of the objects [1-16]. In these situations, direct
interactions between dry solids [17], fluid films between
them [18], and energy dissipation in the bulk [2,19,20] play
an essential role in friction. In contrast, if at least one of the
frictional pair consists of a soft solid, V becomes compa-
rable to Vi or V¢ due to its small elasticity and the inertial
effects come into play. These examples can be found when
a Formula-1 car applies sudden braking, and when the tire
of an aircraft hits the ground upon landing. Similar to what
happens when a flying object moves faster than the velocity
of sound in air [21], or when the propagation velocity of a
shear crack exceeds the secondary wave velocity (called
supershear rupture) [22,23], it is highly expected that some
specific phenomena like the radiation of shock waves and
the generation of Mach cones would be observed during
intersonic sliding friction.

In spite of these expectations, however, a limited number
of theoretical studies have been reported [24-28]. Their
results are summarized as follows: in the case of point
contact on a two-dimensional semi-infinite elastic solid (or
equivalently, line contact on a three-dimensional solid),
steady-state solutions without friction exist for all velocity
ranges [24-26,28], and those with friction between V¢ and
Vp (the primary wave velocity) [27]. However, the expres-
sions in [24] included errors [25-28] and those with friction
[27] were proved to be incorrect based on our recalcula-
tions, as discussed later. On the other hand, in the case of
contact between a rigid cylinder (with a nonzero radius)
and an elastic solid, the steady-state solutions without
friction exist in the sub-Rayleigh (V < V) and supersonic
(V > Vp) regimes [25,26], while the solution for Vj <
V < Vp was considered nonphysical, and the effects of
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friction were not discussed. Thus, the frictional behavior
above Vi has not been elucidated in spite of theoretical
efforts. Furthermore, very few experiments or numerical
simulations have been conducted for transonic regimes and
the experimental or numerical evidence presently remains
poor. Here we explore the sliding friction of a soft elastic
solid against a rigid indenter for these regimes.

In this study, we use silicone gel as a soft solid. It was
prepared by mixing and curing the following prepolymers:
CY52-276A: CY52-276B: SILPOT184: SILPOT184 CAT
(Toray Dow Corning) = 2:8:9:1 (by weight) at 70 °C for
6 h. The shear modulus was measured using a rheometer
(MCR-301, Anton-Paar) in an oscillatory shear with a
parallel plate (diameter ¢p = 25 mm). The storage shear
modulus G’ is 226 + 2 kPa for frequency ranges from 0.01
to 7.19 Hz, and their loss modulus G” varies from 1.16
(0.1 Hz) to 3.98 kPa (7.19 Hz). The density p is 980 kg/m?.
From these values, the secondary wave velocity of the gel is

estimated to be Vg = +/G’/p =15.2 m/s. The Rayleigh
wave velocity Vp is defined by the zero point of the
Rayleigh function R(V):

R(VR) = {2 - (VR/VS)Z}Z

— 4= (Va/Ve) (1 = (Ve/ V) = 0. (1)

For an incompressible solid such as rubber or a gel, Vp is
much smaller than Vp (~ km/s). Thus, the calculated
Rayleigh wave velocity is Vi = 0.955V¢ = 14.5 m/s.

The schematic of the experimental setup is depicted in
Fig. 1(a). A gel with a thickness H = 20 mm was prepared
at the periphery of an aluminum wheel with a radius of
80 mm. Thus, the outer radius R, of the gel is 100 mm.
The width of the wheel and the gel are W = 20 mm. The
disk is rotated with a dc motor. A hemicylindrical alumi-
num indenter with a radius R, = 21 mm is attached to a

© 2020 American Physical Society


https://orcid.org/0000-0003-1943-7790
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.238001&domain=pdf&date_stamp=2020-06-08
https://doi.org/10.1103/PhysRevLett.124.238001
https://doi.org/10.1103/PhysRevLett.124.238001
https://doi.org/10.1103/PhysRevLett.124.238001
https://doi.org/10.1103/PhysRevLett.124.238001

PHYSICAL REVIEW LETTERS 124, 238001 (2020)

(@)

Radiation thermometer

Fy=5N
Aluminum block
N . ‘ pigiibfass
High-speed camera

Silicone gel
R;=100mm
20mm
20mm

(b)

|
| White light
Polarizer

FIG. 1. (a) Schematic of the experimental setup. (b) In photo-
elasticity experiments, a LED white illumination, a polarizer, an
analyzer, and two quarter-wave plates are inserted at the front and
back of the sample.

vertically moving slider and a sliding contact is established
from the top of the rotating disk. To reduce the friction,
silicone oil (v = 1000 cSt, KF-96-1000cs, Shin-Etsu
Silicone) is used as a lubricant. The sliding velocity V is
altered in a stepwise manner every 5 s within the range of
0.1 to 19.1 m/s. The normal load F is set to 5 N and the
friction force F is measured with a strain gauge attached to
the indenter. We calculate the friction coefficient as the
average friction force over the middle 3 s for each
measurement time, divided by the normal load. We observe
the sliding behavior with a high-speed camera (VW-9000,
Keyence) at 4000 fps. Furthermore, we perform photo-
elasticity experiments to visualize the stress distributions
inside the gel [see Fig. 1(b)], and estimate the temperature
at the frictional interface with a radiation thermometer (IT2-
02, KEYENCE) by measuring the temperature of the side
face of the aluminum indenter close to the frictional
interface (distance < 2 mm).

Figure 2 shows the sliding velocity dependence on the
friction coefficient. As a comparison, the results without a
lubricant (“Dry”) and with silicone oil having a smaller
viscosity (v = 100 cSt, KF-96-100cs, Shin-Etsu Silicone)
are also plotted. Regardless of the lubrication conditions,
characteristic frictional behaviors can be clearly seen; as the
sliding velocity goes up, the friction coefficient gradually
increases and then decreases below V. In contrast, when
the sliding velocity exceeds Vg, it starts to increase and
continues to evolve until the maximum sliding velocity is
achieved during the experiment (V = 19.1 m/s). One
possible mechanism for the decrease in friction below
V& is the inertia-induced softening [25,26], which leads to
widening of the contact region [see Fig. 5(c)], reduction in
the contact pressure, and thickening of the oil film. Another
is the reduction in the viscous drag due to the shear thinning
of a lubricant. These result in the reduction in friction
for lubricated contact; however, it is not evident for dry
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FIG. 2. Sliding velocity—friction coefficient curves for the dry
and lubricated (1000 and 100 cs) conditions. The Rayleigh wave
and secondary wave velocities are drawn by the blue dotted and
red solid lines, respectively.

friction. Further investigations are required to understand
the mechanisms.

To understand the mechanisms for the abrupt increase in
friction above Vg, we firstly discuss the effect of the
interfacial temperature, since a temperature increase might
cause a reduction in the viscosity of the silicone oil, loss of
the load supporting capacity, and then breakdown of the oil
film; thus, leading to a further increase in friction. The time
evolution of the measured interfacial temperature is plotted
in Fig. 3(a). The temperature starts from room temperature
(=25 °C) and gradually increases below V (blue region). As
the sliding velocity exceeds Vp (red region), the temperature
still shows a gradual increase (though a small jump is
recognized just above Vp), and finally exhibits a rapid
increaseat V =19.1 m/s(t = 75 s), whichis well above V
(and V). In other words, the critical sliding velocity beyond
which the abrupt friction increase occurs (*V; = 14.5 m/s)
and the velocity where the abrupt temperature increase starts
(= 19.1 m/s) do not coincide with each other.

To further investigate the effects of the interfacial
temperature, we also measured the friction coefficients at
V =10.0,13.2,17.4, and 19.1 m/s at room temperature 7T\,
(~25°C). In Fig. 3(b), the temperature rise during the
successive experiments is plotted against the difference of
the friction coefficient at respective velocities between the
successive experiments and those conducted separately at
room temperature. As demonstrated, the friction coefficient
changes little with the interfacial temperature (Ay ~ 0.1) in
spite of &35 °C increase.

From these results, we conclude that the interfacial
temperature does not trigger the abrupt friction increase
even though the temperature is strongly affected by the
friction-induced heat generated at the interface.

We then consider the deformation behavior of the gel. To
facilitate observation, a grid was drawn on a part of the side
face of the gel. Figures 4(a) and 4(e) display the snapshots
at V. =10.0 m/s (below V) and 19.1 m/s (above Vy),
respectively. At V = 10.0 m/s, the deformation of the gel
is moderate and almost symmetric about the center of the
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FIG. 3. (a) Sliding velocity history and the resulting evolution
of the interfacial temperature during the successive friction
experiments. (b) The relationship between the temperature rise
during the successive experiments and the difference in the
friction coefficient for the respective sliding velocities between
the separate experiments at room temperature and successive
ones.

contact region. In contrast, at V =19.1 m/s, a bump
appears on the right side of the contact region; thus, the
deformation becomes highly asymmetric. The mechanism
for this transition can be explained as follows: the elastic
deformation is always mediated by the elastic waves. During
small sliding velocities (V < V), all types of waves are
transmitted downstream and upstream, and the symmetric
deformation is obtained. However, at the intersonic sliding
velocities (V > V), the Rayleigh and secondary waves are
only transmitted downstream (clockwise direction); thus,
leading to the accumulation of deformation in the right side
of the contact region. It is important to note that the primary
wave propagates much faster (~ km/s) than the other two
(~10 m/s) and it is still transmitted in all directions.

The competition between the sliding velocity and the
wave velocities has another impact on the deformation of
the gel. In Figs. 4(b) and 4(f), the profiles of the gel are
compared with (highlighted in green lines) and without (red
lines) contact of the indenter at V = 10.0 and 19.1 m/s,
respectively. When the sliding velocity is smaller than Vg,
the deformation is observed inside and outside the contact

region. As a result, the gel smoothly enters the inlet (left
edge), which is similar to the Hertzian contact [29]. In
contrast, when the sliding velocity exceeds Vg, almost no
deformation is observed before the contact region.

As a consequence of the absence of deformation, a sharp
kink is formed at the left edge of the contact region. If there
is a kink, concentration of the contact pressure and break-
down of the oil film are expected. To confirm this, we
performed in situ photoelasticity observations. Figures 4(c)
and 4(g) show the corresponding snapshots. During sub-
sonic sliding contact [V = 10.0 m/s, Fig. 4(c)], optical
fringes similar to the Hertzian contact appear, though they
are slightly deformed due to the additional frictional stress.
This means that the contact pressure develops smoothly
without singularity at the inlet. On the other hand, at V =
19.1 m/s [Fig. 4(g)], completely different fringes appear.
In particular, the pattern at the left edge is similar to the
frictionless contact between a rigid flat punch and a semi-
infinite solid, accompanying a singular pressure field due to
the edge contact [29].

These differences in the contact mode greatly affect the
frictional behavior; in the subsonic regime, the contact
pressure develops smoothly at the inlet and the entrainment
of the oil film is maintained [see Fig. 4(d)]. In contrast, in
the intersonic regime, the singular contact pressure breaks
the oil film; thus, resulting in starved lubrication at the
frictional interface [Fig. 4(h)].

Let us explain the abnormal deformation and photoelas-
tic fringes above V¢ with a theoretical model: the relation-
ship between the vertical surface displacement w(x) and the
contact pressure distribution p(x) can be described by the
following equation [29]:

p(x) +£lbLs1ds = aw'(x), (2)

T X —

where (a, b) is the contact region and w'(x) is the derivative
of the surface displacement with respect to x. Here, the
steady state condition is considered. The coefficients A and
a in the intersonic condition are given as,

FIG. 4. Frictional behavior in the sub-Rayleigh [V = 10.0 m/s < V, (a)-(d)] and the intersonic [V = 19.1 m/s > Vg, (e)—(h)]
regimes. (a),(d) Deformation of the gel, (b),(f) surface profiles without (red line) and with (green line) the sliding contact (the outlines of
the indenter are also highlighted in white), (c),(g) photoelastic fringes, and (d),(h) the schematic of the lubricating oil film behavior.
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M2 -M3)(2 - ME -2/ M5 —
AM3/MG =1+ u{(2 - M3)? +8<M§—1)}’
_ G{(2—M})* + 16(M3 — 1)}
AM3/ M3 — 1+ p{(2 - M3)* + 8(M3 — 1)}

3)

where Mg =V/Vy is the secondary (transversal) Mach
number, G is the shear modulus, and p is the friction
coefficient [the shear traction is given as g(x) = up(x)].
We also assume that Mp = V/Vp < 1 due to the incom-
pressibility of the gel. Details on the derivation of the
coefficients are explained in the Supplemental
Material [30].

The solution for p(x) within the contact region is
obtained as follows [29]:

p(x) = 2] C <x - a>7
V1I+ 2/ (x—a)(b—x) \b—x
aw'(x)  al 1 (x—a)V
L+2 1+ 27/ (x=a)(b-x) \b—x
/\/s—a )(b—s <S:2>y;‘}£szds, (4)
where C = [? p(x)dx and y = tan~!(1/1)/x. During con-

tact between the two cylinders (with the radius R; and R,),
the prescribed surface deformation is w'(x) = —x/R
[R=RR,/(R, + R,)]. The contact edge positions a
and b can be determined only if p(b) =0 and C =
Fy/W are satisfied (otherwise, the calculation does not
converge). To compare the results with the experiments, we
applied experimental values of V =19.1 m/s and
u = 3.25. The calculated contact pressure distribution is
plotted in Fig. 5(a). By observing this, the distribution is
highly asymmetric about the central axis (x = 0), and the
local pressure develops sharply at the inlet (x/R ~ —0.5).
This edgelike contact is similar to a flat punch [29] and is
consistent with the photoelastic observations. Several
features are noted: the pressure profile has a simple form

at V=+2Vg p(x)=-2G/[(1 +u)R]x and (a,b)=
[/ (1 +p)FyR/(GW),0]. In addition, from the numeri-
cal investigations at Vg <V < /2Vy, there seems to
exist no steady state solution for a positive 4 [or u <

(2=M3)/(2y/M% —1)]. We believe that this is the first
theoretical solution for the intersonic sliding contact and it
can be obtained only when the friction is considered.

On the other hand, the contact pressure below Vjp is
similar to the Hertzian contact in the static condition;
the solution in the subsonic condition is given by Egs. (4)
and (5):
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FIG. 5. (a) Contact pressure distribution at V = 19.1 m/s and
u=2325 V=100m/s and 4 =0.88, and V=0 m/s and
u=0. (b) Vertical displacement at the surface for V =

10.0 m/s and x = 0.88, and V = 19.1 m/s and u = 3.25. Thin
solid lines and arrows denote the indenter profiles and the contact
edge positions, respectively. (c) Sliding velocity—contact length
curves.
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Figure 5(a) also plots the contact pressure distribution in
the subsonic (V =10.0 m/s and x = 0.88) and static
(V=0m/s and u = 0) conditions. It is interesting to
see that the contact length becomes larger for an increased
V due to the inertia-induced softening. In addition, the
contact region is shifted to the right due to the frictional
stress.

From Eq. (2) with the obtained contact pressure, the defor-
mation profiles outside the contact region both for subsonic and
intersonic conditions can be calculated. In Fig. 5(b), the vertical
surface displacement w(x) at V = 10.0 and 19.1 m/s are
plotted. As demonstrated, the profile has a kink at the left edge
(x/R ~ —0.5)atV = 19.1 m/s, while it has a smooth shape at

= 10.0 m/s, which is consistent with the experimental
observations [see Figs. 4(b) and 4(f)]. In Fig. 5(c), the contact
length L = b — a is plotted as a function of V (and corre-
sponding y, obtained by the experiments) and compared with
the experiments. At small sliding velocities, the theoretical
value is almost constant and is in reasonable agreement with
the experimental ones. On the other hand, as V approaches Vi,
itincreases abruptly and starts to deviate from the experimental
ones. The reason for this deviation might be due to the viscous
damping of the samples (in fact, a slight increase is recognized
for the experimental values just below V). In contrast, above
Vs, a rapid growth was observed in theory and during the
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experiments. It is important to note here that a solution cannot
befoundatV = 15.1 m/s (Vx < V < Vy); the existence of a
steady state solution should be investigated in the future.

We experimentally investigated the subsonic to inter-
sonic transition in sliding friction by using silicone gel as a
soft solid. As a result, we successfully observed an abrupt
increase in the friction and abnormal deformation of the gel
when the sliding velocity exceeds its secondary wave
velocity. We also observed a transition in the contact
pressure distributions, indicating that the propagation of
the elastic waves play an essential role in intersonic friction.
However, several problems remain to be solved: observa-
tion of fracture or damage processes, application of the
elastohydrodynamic lubrication theory to intersonic fric-
tion, and the stability analyses around the steady state are
other important issues. These topics need to be studied in
the future.
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