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1. SLIDING SPEED

The increase of friction with speed for speeds ranging from 10~ to
10 cm/sec was evident throughout the investigation. At the lowest
speeds the values of the coefficients were seldom much over unity
and were usually somewhat less. For speeds greater than the order
of about 107% ecm/sec. the dynamic friction became greater than the
static friction. For the highest speeds at which the specimens slid
smoothly, the coefficients reached values ranging from somewhat over
2 to more than 4, depending on the cleanliness and smoothness of the
sliding surfaces. The limiting speed of smooth sliding seemed to be
determined by the properties of the specimen, being nearly 10 em/sec
for the channel-black compound and less for softer compounds. The
effect of the geometry of the specimen on this limiting speed was not
studied, although there was no observable difference between the two
sizes of specimens employed in the investigation.

(a) CHANGE OF FRICTION WITH SPEED

Observations of coefficients of static friction which were less than
dynamic coefficients and observations of dynamic friction which
increased with speed have been reported at various times for rubber
and for other materials. However, the reports do not include observa-
tions of such high values for the coefficients as have been found in the
present investigation on rubber. That the static friction for rubber
was less than dynamic friction was reported by W. S. James in 1924
[6], and by J. B. Derieux in 1934 [7], for sections of tires sliding on
various surfaces. Derieux also reported that the friction increases
with speed. R. Ariano [8] found that when a rubber belt was allowed
to slip over a pulley, the coefficient of friction increased with the speed
of slip. In an investigation of the frictional properties of small rubber
blocks sliding on wet and on dry roadway materials, Papenhuyzen [2]
also showed coefficients of friction which increased with the speed.

A large proportion of the investigations on the frictional properties
of rubber has dealt with the skidding of tires on roads. In many of
the earlier investigations the tire was dragged on the road and the
forces for starting the motion and for maintaining it at some constant
speed were used in determining, respectively, the coefficients of static
and dynamic friction. Sliding speeds of less than 3 mph (about 135
cm/sec) were seldom studied. It can be seen that if the coefficient
increases sharply with speed and reaches a maximum value at a speed
much lower than the one investigated, this maximum coefficient would
be reached before the observer was aware that the specimen was mov-
ing and consequently would appear to the observer to be the coefficient
of static friction. Thus one may readily account for the many obser-
vations of static coefficients which were greater than the dynamic
coefficients. In more recent investigations [3, 9, 10] the coefficients
were determined for various amounts of slip as the tire rolls along the
road. In general, when braking forces or accelerating forces are
applied, the tires begin to slip, so that the speed of rotation is not equal
to the speed of a free-rolling wheel.

When a braking force is applied to the wheel, the amount of this
slippage increases with the force until the wheel locks and slides.
Moyer [3] showed that for a speed of 20 mph on wet concrete, the
coefficients of friction increased sharply with increasing percentage of
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slip, reaching a maximum value when the slip reached about 18 per-
cent of the vehicle velocity. The coefficient of friction reached 90
percent of its maximum value at about 5-percent slip. A slip of 5
percent at 20 mph corresponds to a sliding speed of 45 ecm/sec. The
coefficients decreased as the slip increased above 18 percent. Schmid
[9] showed similar results for various types of roads by means of auto-
grapbic recording of the braking force and the angular speed of the
wheel. At 4 kilometers per hour (about 2.5 mph) the coefficient of
friction rose sharply with increasing slip up to 10 percent of the speed
of the vehicle and then rose less rapidly as the slip increased to about
20 percent. Beyond 20-percent slippage the wheel often locked and
the coefficient decreased. Because of the tendency for the wheel to
lock, difficulty was encountered in determining coefficients for slip-
pages above the point at which the coefficient reached a maximum
value. Similar increases of friction with increasing slip have
been obtained for various types of roads at the National Physical

Laboratory [10].
(b) VIBRATIONS

It is well known that when rubber slides on a solid surface, as in the
case of a tire on the road, a distinctly audible vibration often occurs.
In most of the investigations on frictional properties of tires, or of
other rubber products, such vibrations seem not to have been given
much attention. The coefficient of friction is usually regarded as the
ratio of the average towing force to the load irrespective of the con-
dition of slide. Papenhuyzen [2], however, does study such vibrations
for rubber sliding on glass and for rubber sliding on roadway materials.
Employing an apparatus in which one end of a cylindrical rubber
specimen was held coaxially against the face of a rotating disk of
glass or of roadway material, he found that vibrations occurred at a
critical speed which was greater for the roadway material than for
glass. Below this critical speed, sliding was smooth, that is, no
vibration occurred. Examination of the vibratory motion at speeds
immediately above the critical speed by means of motion pictures
showed that the cycle of vibration consisted of two parts, one in which
the specimen was distorted and the other in which the specimen
“broke free” ® and quickly receded to a position of much less distor-
tion. Tbke time required for the specimen to reach its maximum
distortion depended on the speed of the disk and the amount the
specimen slipped during the time of the distortion. This slippage was
small, but observable. The time of relaxation depended largely on
the physical characteristics of the specimen.

Vibrations of this type are known as mechanical relaxation osecil-
lations [11]. Analogous oscillations occur in certain electric circuits.
Mechanical relaxation oscillations are observed in oscillating systems
of small inertia, where the restoring force increases with the displace-
ment. An extensive study of such oscillations has been made of the
bowed violin string [12]. Oscillations of this type have been explained
[11, 13, 14] as being due to a decrease in friction with increasing speed.
The decrease in friction with. increasing speed was not actually ob-
served in the present investigation, but figures 1, 2, 4, and 9 indicate
that the friction approached a maximum at the speed at which chat-

3 In our investigation with tracks which were inclined at relatively large angles, specimens often ‘‘broke
free’” from a condition of uniform speed and slid down the restof the track with greatly accelerated motion.
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tering occured. Thus, it is reasonable to suppose that the chatter
was accompanied by a decrease in friction beyond this maximum and
that the chattering was a manifestation of relaxation oscillations.

Mechanical relaxation oscillations have been observed for mate-
rials other than rubber, metals in particular, but only with measuring
apparatus which possesses certain dynamical properties. Kaidanov-
sky and Haykin [11] studied such oscillations for a lubricated cylin-
drical journal bearing and stated that in order to obtain such oscilla-
tions it was necessary that the dynamic friction decrease with speed.
Haykin, Lissovsky, and Solomonsky [15] describe these experiments
in English and account for the “stick-slip”’ phenomenon of Bowden
and Leben [16], in which no lubricant was employed, as a manifesta-
tion of such oscillations. Extensive studies of mechanical relaxation
oscillations for both lubricated and unlubricated metals have been
recently reported by Morgan, Muskat, and Reed [17].

In a theoretical discussion of relaxation oscillations, H. Blok [13]
points out that these oscillations are not necessarily audible, but that
they may be either subsonic or ultrasonic, depending on the charac-
teristics of the sliding system. He also shows that for certain
materials and under certain conditions the amplitude of the vibrations
may be very small, and he calls such oscillations ‘“micro-vibrations.”

2. CHANGES IN FRICTION AT THE START OF SLIDE

It was shown in figure 7 that when a rubber specimen was towed on
the friction track, the coefficient of friction changed during the first
several centimeters of slide. These changes were apparently from a
value which may be regarded as the static coefficient to a constant
equilibrium value, which may be regarded as the coefficient of dynamic
friction for that particular speed. For speeds greater than 1072
cm/sec the coefficient increased from the initial value, and at speeds
appreciably less than 107® cm/sec the coefficient decreased. This
change in friction may be connected with the peculiar properties of
thin films of water which may be present on the sliding surfaces.
Derjaguin [18] has shown that thin films of water possess definite and
measurable shear moduli and yield points. A further confirmation
of the rigid properties of thin films of water has recently been reported
by Eversole and Lahr [19]. An explanation of this property of the
film supposes the existence of long chains of oriented water molecules
extending from the solid surfaces into the interior of the liquid.
Papanhuyzen [2] supposes that the presence of such films on the slid-
ing surfaces would account for values of friction which are higher than
would otherwise be observed. In addition he supposes that the
orientation of the molecules and the formation of the chains would be
enhanced by sliding of the surfaces, and that a certain time would be
required for the formation of these chains. This idea is similar to
that presented by Hardy and Doubleday [20] in explanation of the
time required to reach equilibrium conditions of slide when certain
oils are employed as boundary lubricants.

If one were to apply this idea to the data in figure 7, one would
arrive at a chain formation time of about 10 seconds for the speed of
1.0 em/sec, 100 seconds of 0.1 em/sec, and so on. At the speed of
10~* cm/sec, however, the chains do not seem to be formed, since the
friction decreases to its equilibrium value.
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3. ROUGHNESS OF THE SLIDING SURFACES

That the higher coefficients are obtained with the smoother surfaces
is in contradiction to frictional characteristics for many commonly
observed sliding conditions. This conclusion, however, applies only
to the range of speeds from about 107® cmysec to speeds at which the
specimens vibrate. Below 107% em/sec it appears that the rougher
surfaces show the higher coefficients. 1t will be noted that the speed
of about 107% em/sec is also the critical speed above which the coeffi-
cients at the start of slide increase, and below which they decrease.

Since measurements of the area of contact could not be made
without considerable difficulty, no attempt was made to correlate the
various coefficients with the actual contact area of the specimens.
The finer surfaces present more points of contact than do the coarser
surfaces, but this fact does not indicate the relative contact areas.

4. COMPOSITION OF THE RUBBER COMPOUND

Since rubber is the external phase in a rubber-filler system, one
might expect that the filler should not greatly affect the frictional
properties of the compound. Changes in other physical properties,
modulus of rigidity for example, would necessarily affect the critical
speed at which vibrations in the specimen occur. The inclusion of
waxes, oils, or other materials in the compound which come to the
surface would be likely to affect the coefficients greatly, and were
avoided as far as possible in this work. Cleaning the specimens
prevented lubrication due to blooming of the ingredients which were
employed.
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