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Synopsis

An experimental study of the linear viscoelastic and friction properties of passenger tire
tread compounds containing realistic black and oil contents and several different types of
elastomers including cis-polyisoprene, cis-polybutadiene, emulsion polymerized polybuta-~
diene, and three emulsion polymerized butadiene—styrene copolymers (SBR’s) has been
carried out. E’ (w)and tan & were determined as a function of frequency and temperature.
At any specific frequency and temperature, tan § was an increasing function of T, or a
decreasing function of 7 — 7T,. When the tan éfrequency data were plotted at the
same T' — T, all of the treads based upon emulsion-polymerized butadiene polymers
yielded nearly the same curve. Wet coefficients of friction of the tread compounds
correlated with both tan 8 and T — 7', supporting the idea that lubricated friction is
largely due to hysteresis. The correlation among the butadiene-styrene polymers was
much better than with the natural rubber, which exhibits a lower tan 3 and a higher wet
coefficient of friction than an SBR of the same T,. The experimental results are used
to investigate the heat buildup and skid properties of tires containing these tread com-
pounds.

INTRODUCTION

Considerable concern exists about tire skid and traction on wet roads
where accident rates are more than five times higher than on dry roads.!—3
If we couple this with the rapid changeover in recent years from bias ply to
bias-belted to radial ply tires, it indicates a growing need for quantitative
tire dynamics supported by experimental data. It is well known that the
primary dynamic characteristics of pneumatic tires are due to the cord
construction of the so-called tire carcass. Indeed, most papers treating the
mechanics of tires are concerned with the inflation and deformation of
membranes reinforced with cords.* However, the road performance of
tires is greatly modified by the composition of the tread which overlays this
construction and contacts the road. This has long been realized with re-
gard to skid resistance and tread abrasion.®® It is our purpose in this
paper to investigate the dynamic mechanical properties of the rubber com-
pounds in tire treads and their interaction with wet and dry pavements.
These experimental results will be used in conjunction with theoretical
analyses to consider tire behavior.
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BACKGROUND

We begin by discussing the character and mechanical properties of tire
tread compounds. It must first be noted that these compounds contain
only about 509, rubber by weight, and another 509, consists of various fillers,
notably finely divided carbon black and mineral oil. The recipe in Table I
taken from Kienle et al.5is typical. The rheological properties of these com-
pounds are reasonably represented as being close to isotropic viscoelasticity
(though some thixotropic character is often found.” Thus, orie may express
the stress tensor as an hereditary functional of the deformation historys-®
which for small deformations of these materials may be represented by the
Boltzmann equation:

¢ .
oy = —pdy + 2f Gt — s)dy(s)ds. ¢y

where §,; is the Kronecker delta, d,; is the rate of deformation tensor, and
G () is the relaxation modulus. Most studies of the deformation fo elas-
tomers and their compounds have involved the dynamic stress response to
sinusoidal strains. Consider a uniaxial sinusoidal extensional strain,

() = ¢ sin wi. 2)
The stress response!! is
o(t,w) = E'(w)e sin wt + E"(w)eo cOS wi (3a)
with
E'w = o f E(2) sin wzdz (3b)
0
E'(w) = w f E(2) cos wzdz (3¢)
0
TABLE 1
Recipes of Tread Compounds®
Ingredient Source Rubber, pph
Rubber See Table I1 100
N-285 (ISAF) carbon black Cabot Vulcan 5H 70
Aromatic oil Sundex Aromatic-4120 37.5
Zinc oxide St Joe N, 20-21 3.0
Stearic acid — 2.0
Paraffin wax —_ 0.5
N-Isopropyl-N-phenyl-p-
phenyldiamine Uniroyal Flexzone 3C 1.0
N-cyclohexylbenzothiazolyl
sulfanamide Uniroyal Delac-S 1.0
Diphenylguanidine American Cyanamid DPG 0.3
Sulfur Stauffer Crystex 2.0

s Adapted from Kienle et al.®
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where ¢ is the amplitude of the strain, E(f) is 3G(¢) for incompressible
materials, and E’(w) and E”(w) are known as the extensional dynamic and
loss moduli. One frequently represents the out-of-phase component of the
stress in terms of the phase or loss angle é between the input E(f) and output

a(t):

o(t,w) = oo sin (wi + 8) = E*¢ sin(wt + 6). (3d)

The tangent of angle 6 and E* may be shown to be related* to E’ and E” by
_E"()

tan § = (@) (3e)

E* = V(B'): + (E")? (36)

The monograph by Ferry!! reports experimental studies distinguishing
between the linear viscoelastic characteristics of glassy, semicrystalline and
vulcanized and raw elastomers. There have also been investigations of the
rubber constituents of tire compounds, i.e., natural rubber (c¢zs-1,4-poly-
isoprene),'?—* polybutadiene,'*® and butadiene-styrene copolymer 12.13.16
vuleanizates and their blends have been reported in the literature. Ex-
perimental results for the effect of carbon black on the dynamic properties of
rubber compounds date to the work of the early 1940’s" and there have
been numerous reports since that time,—? with the work of Payne during
the last decade being most notable. Generally, the qualitative features of
the dynamic mechanical properties of vulcanized gum elastomers are now
understood, as are the distinctive differences in response between the major
synthetic rubbers. Furthermore, the qualitative variations in properties
with addition of compounding ingredients are known. However, there is
little in the literature about the mechanical properties of these elastomers in
realistic modern trend recipes. The various “tread” data published during
the Rubber Reserve Program are based on outmoded recipes, as both the
compounding ingredients, in particular the carbon blacks, and the types of
elastomers have changed.

The friction characteristics of a tire are determined by the detailed
interaction between the tread and the road surface. As such, it varies with
the nature of the pavement and the tire construction and tread compound
as well as the mode of contact, in particular whether the tire is in motion or
sliding and if there are lubricating fluids, such as water, in the region of
contact and the quantity of such fluid. Certainly, the place to start any
analysis is with the nature of the frictional contact. Generally, the friction
force fis characterized through the coefficient of friction u defined by Amon-
ton’s law?!:

f=wWorp=f/W (4)

where W is the normal load. Generally, u is considered to be the sum of
deformation and adhesion?! or abrasion?? components,

B = pget + Maan + pabr (6))
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and is a function of temperature and applied pressure. By a deformation
component is meant the contribution of hysteresis losses as the vulcanizate
is pulled around and over the asperites.

Tabor and his co-workers?!:23:2¢ have made a basic study of the mecha-
nisms of friction in rubber vulcanizates in contact with rigid surfaces. In
1952, Tabor?® was able to show that rolling friction was apparently entirely
due to hysteresis induced by deformation. This has found experimental
support from various later researchers?-% and several relatively sophisti-
cated stress analyses of this problem?~% based upon the theory of linear
viscoelasticity, eq. (1), have appeared. In 1958, Greenwood and Tabor2*
argued and presented evidence showing that sliding rubber vulcanizates over
surfaces covered with liquid films was also dominated by hysteresis, i.e., u
was simply pger. While this idea has found support from Bueche and
Flom,?* Percarpio and Bevilacqua,3? and others, the opinion has not been
unanimous (see the discussion of Tabor, Gough, Allbert, and Walker3?).
Surface characteristics such as wetting and adhesion have been put forward
to explain away experimental results supporting the hysteresis mechanism.
However, the majority of evidence certainly supports the Greenwood-Tabor
hypothesis. Several papers®*—% have also appeared which relate dry slid-
ing friction to viscoelastic behavior. Materials-oriented comprehensive
experimental studies of the coefficient of friction or its equivalent for
elastomers and rubber compounds and various surfaces have been reported
by Grosch,* Sabey and Lupton,® Percarpio and Bevilacqua,3? and Baran-
wal,® among others. With few exceptions, most investigations have only
considered a single sliding velocity. However, some conclusions may be
drawn. For butadiene-styrene copolymer tread compounds, it is found
that increasing the styrene content increases the coefficient of friction.®®

The rubber friction and tire skid literature is in many respects difficult to
read and evaluate, for there often seems to be confusion among authors
between the coeflicient of friction as a basic physical property of relatively
ideal geometrics in contact and what actually occurs in a patterned tire
tread in contact with a road. First, we note, as indicated by Gough?®
among others, the nature of the deformations and stresses between the
tread and pavement are complex. Furthermore, as pointed out by Gough
and Moore,® Allbert and Walker,! and others, the nature of the contact
between a tire and a wet road is generally not uniform and the drag force
must be represented as a series of terms. For sliding with locked wheels
over a wet road,

Zl MtA 1
=== _|W 6
f 1 (6)
where the summation over ¢ is for the different zones of contact. As one
moves from the front of the contact to the back of the region, the thickness
of the liquid film on the road surfaces will probably decrease due to water
being pushed into the grooves. In the rear of the region of contact, one
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may have nearly dry sliding conditions. This will probably result in an
increasing coeflicient of friction.

The purpose of this paper is severalfold. First, it is to present a serious
study of the linear viscoelastic properties and lubricated and dry sliding
friction behavior of tire tread compounds based upon well-characterized
polydiene and butadiene—styrene copolymer elastomers. OQOur compounds
resemble those used for passenger automobile tires. Second, we seek
to relate the viscoelastic characteristics of the treads to the molecular
structure of the base elastomers. We will then investigate the relationship
of lubricated friction behavior to the viscoelastic properties of the tread
compounds and, in turn, to molecular structure. In the final part of the
paper, we look at several specific practical problems related to tire treads
(heat buildup, skid distance, lateral force on turning) and try to use the
experimental results of this paper to investigate these problems.

EXPERIMENTAL

Polymers

The elastomers included in this study are summarized in Table II. They
are six in number, including natural rubber, two polybutadienes, and three
butadiene-styrene copolymers. Of these, four were polymerized in emul-
sion (BR-2, SBR-1, SBR-2, and SBR-3), one is Ziegler polymerized (BR-1),
and one is naturally occurring material (NR). The molecular weight dis-
tributions of these polymers have been obtained by means of the gel permea-
tion chromatograph using a calibration method essentially the same as that
recommended by White and Salladay.4* Glass transition temperatures of
the polymers have been measured using a Perkin Elmer differential scanning
calorimeter. These results, together with presumed polydiene micro-
structures, are summarized in Table II. These results are in good agree-
ment with experimental studies on similar polymers.4!-42

Tread Compounds

Tire tread compounds of varying composition have been made by mill
mixing elastomers with carbon black, oil, accelerators sulfur, and other com-
pounding ingredients according to the recipe summarized in Table I. This
is the same recipe as used by Kienle and his colleagues® in a recently
reported extensive tire-testing program related to treadwear. All of the
usual problems encountered in mill mixing of these polymers were ob-
served.#® Addition of oil into natural rubber was especially difficult.

The tread compounds were vulcanized at 144°C for various periods so as
to obtain the same 3009, modulus in an Instron tensile test at 20 in./min
and 20°C. This modulus was taken as 690 psi. This vulcanization pro-
cedure was carried out in the manner recommended by Kienle et al. with the
intention of obtaining tread properties similar to those devised by rubber
compounders. The compounds generally contain less than 50 wt-9, rubber
and contain almost 35 wt-9, fine carbon black and 159, aromatic mineral
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oil. The natural rubber compound is an exception, for it was not possible
to incorporate as much oil in it as in the other compounds. It only contains
18.75 parts oil per 100 parts rubber. The modulus of the natural rubber
vulcanizate was higher than those of the other compounds.

Pavements

Pavements of varying composition and texture have been used in the
friction studies. Specifically, these are a coarse-textured and a fine-tex-
tured asphalt and a smooth concrete. The coarse-textured asphalt is rep-
resentative of a relatively new asphalt road surface.. The fine-textured
asphalt and concrete are representative of worn pavements. The specific
pavements together with their composition and history are summarized in
Table III.

TABLE III
Structure of Pavements Used in Friction Experiments

Relative amounts in pavement type, %

Ingredients Concrete Asphalt
Cement 13.2 —
Agphalt — 6.5
Mineral filler —_ 6.1
Water 7.9 —
Sand gravel

fine aggregate 31.7 82.7
coarse aggregate 47.2 4.7
Mechanical Measurements

Young’s dynamic modulus, E’(w), and loss tangent, tan §, were measured
as a function of frequency and temperature using a commerecial Rheovibron
viscoelastometer of the type designed by Takayanagi.#* Measurements
were carried out at frequencies of 11, 35, and 100 Hz and in the temperature
range from 25° to 100°C.

Friction Measurements

The coeflicients of friction were measured using the British Road Re-
search Laboratory Portable Skid Tester.#-4.4 In this apparatus, a
pendulum containing a rubber slider is allowed to swing from a predeter-
mined position and come into contact with a pavement surface and then
swing up onto a calibrated scale. Thus, if M is the effective mass of the
swing arm, W is the average normal load on the pavement, and H and 4 are
the initial and final heights of the swing arm, then the fractional energy loss
is

Mg(H — h) = §-D = uWD

(7a)
p = (Mg/WD)H — k).
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The magnitude of the upswing gives the coefficient of friction. In practice,
the instrument upswing altitude is calibrated in terms of a skid resistance
rating which is approximately 100 times the coefficient of friction. Spe-
cifically, this is

friction calibration (British Portable Skid Tester Rating)

330u
34+

Using again a simple energetic balance as in the derivation of eq. (7a), we
may show that the velocity of initiation of sliding is determined by

2
MgH=y2—v+AE

~H=—he~ (7b)

(7c)

v = VoH — (2AE/M)

where AE is the internal friction loss in the instrument during the down-
swing. Generally, H is 1.33 ft, yielding a value of v of about 9 ft/sec if AE is
small.

RESULTS
Linear Viscoelastic Properties

The dynamic modulus E’(w) and the loss tangent band were obtained for
the six tread compounds as a function of temperature frequency. Figure 1
shows E’(w) for the SBR-2 and BR-1 compounds at the various tempera-
tures. Figure 2 contains a similar plot for tan 8 of these two compounds.
These data are typical for all of the compounds. It was found possible to
apply the frequency-temperature shift procedure to obtain master curves
for E’(w) and tan & of each of the compounds. The data for all of the

78 I

tog E'(dyne/im?)

76

24 1 I 1
10 15 20

Log Frequency, w (Hz)

Fig. 1. Plot of E’(w) as a function of frequency for SBR-2 (solid symbols) and BR-1
(open symbols) treads compounds at 25°C (m0); 50°C (@0); 75°C (AA); 100°C (¥V).
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Fig. 3. Master curve of E'(w) vs. frequency for the tread compounds studied at the 25°C
reference temperature.

compounds is represented in terms of master curves at a 25°C reference
in Figures 3 and 4.

Friction
Values of the coefficient of friction determined from the standard
British Road Testers procedure under both wet and dry conditions on each
of the pavements investigated are summarized in Table IV. The lower

values of the coefficients of friction on the wet surfaces are noted, with the

concrete values being the lowest. The coarse-textured asphalt has higher
values than the fine-textured asphalt.
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TABLE IV
Coefficients of Friction of Tread Compounds on Different Pavements

Coefficient of Friction u

o ?me ; Asphalt (coarse Asphalt (fine
astomer o. Concrete texture) texture)
tread
compound 7T, °C wet dry wet dry wet dry
NR -71 0.18 1.06 0.65 >1.5 0.57 1.16
BR-1 —-107 0.16 1.29 0.50 >1.5 0.44 1.14
BR-2 -82 0.15 1.11 0.64 >1.5 0.51 1.13
SBR-1 —66 0.18 1.09 0.68 >1.5 0.60 1.12
SBR-2 -55 0.19 1.04 0.73 >1.5 0.63 1.06
SBR-3 —-43 0.27 0.98 0.76 >1.5 0.71 1.16
02s b
SBR-3
Q20 |
SBR-2
- SBR-1
5
2
S 015 o
4 W
BR-1
o0 F
ws 1 1
10 20

Log Frequency, w (Hz)

Fig. 4. Master curve of loss tangent (tan 3) vs. frequency for the tread compounds studied
at the 25°C reference temperature.

DISCUSSION
Linear Viscoelastic Properties

Certain trends in the experimental data are clear in Figures 1 through 4.
From Table II and Figure 4, the loss tangent may be seen to be an increas-
ing function of styrene content among the SBR’s. However, the three
zero-styrene polydiene compounds each have rather different values of tan
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Fig. 5. Tan § (25°C, 35 Hz) as a function of T — T',. Solid points are for the polybuta-
dienes and the butadiene-styrene copolymers. Open point is for natural rubber.
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Fig. 6. Plot of tan 8 vs. frequency for tread compounds at the same T — T, tie points
BR-1 (O); NR (®); BR-2 (a); SBR-3 (V); SBR-2 (m); SBR-1 (O).

4, with the BR-1 and NR compounds having lower values than the BR-2.
These results are pretty much in qualitative agreement with experimental
studies on gum vulcanizates by Fujimoto and Yoshimura.’® It must be re-
alized that the loss tangent curves of Figure 4 involve, relatively, low
frequencies. At higher frequencies, the curves will exhibit a maximuam and
then decrease. In this very high frequency region, the order of the curves
will be reversed.

If one thinks in terms of chain flexibility rather than styrene content, it
would seem obvious to make a plot using a coordinate of the difference
between the temperature of measurement and the glass transition tempera-
ture. Figure 5 plots tan é measured at 25°Cand 35 Hz versus 7 — T',. A
rather good correlation is obtained except for the natural rubber where the
value of tan § is somewhat too low. It probably may be concluded that the
tan 6—(T — T,) relationship only has a quantitative meaning within a fam-
ily polymers such as the butadiene-styrene system.
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Another interesting way of replotting loss tangent data is to consider
whether the tan é function itself may be uniquely dependent upon T — T',.
For this purpose, we have plotted tan é~frequency data in Figure 6, with all
of the curves being evaluated at the same T — T, = 130°C. Thus, we
have the BR-1 tread compound data at 25°C, the NR at 60°C, and the
SBR-3 at 87°C. It is clear from Figure 6 that the data seem to separate
into two distinct ranges, one for the BR-2 and the three SBR’s and the
second for the BR-1 and the NR. This would seem to suggest that the
tread compound based on emulsion polybuiadiene microstructures and
styrene behave as a family and so do the high ¢is-1,4 polydiene tread com-
pounds.

Friction

The most striking result from the friction experiments is, of course, the
well-known phenomenon of wet friction giving lower values of u than dry
friction experiments. The value of u increases with the coarseness of the
pavement. Such experimental results are well known. '

It is of interest to contrast the wet coefficients of friction with the com-
position and properties of the tread compounds. If we restrict ourselves to
the butadiene copolymers, it is clear that x increases with styrene content.
This is in agreement with an experimental study of Baranwal® using similar
compounds. According to the Greenwood-Tabor hypothesis,’” the lubri-
cated coefficient of friction depends upon the level of hysteresis in the rubber
compound. In Figure 7, we plot x against tan 8§, which measures the ration
of dissipated to recovered energy in a vibration experiment. The frequency
for tan § is taken arbitrarily to be 35 Hz; u is a monotonically increasing
function of tan & for all of the butadiene polymers. The value of u for the
polyisoprene is too high. A correlation between the wet coefficient of fric-
tion and the rebound R of a steel ball off a tread specimen has been found
by Percarpio and Bevilacqua.?? Rebound is not a fundamental property,

08 C T —T T ]
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5 | Asphalt n
}30.6 - —
e I . _
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@ Asphalt
< 7
Boz /o .
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1 1 | 1
[} 005 010 015 0.20

Tan 8

Fig. 7. Plot of wet cosfficient of friction vs. tan 3 at 125°C, 35 Hz. Solid points are for
BR’s and SBR tread compounds; (x) for natural rubber (NR).
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Fig. 8. Plot of wet coefficient of friction vs. T — T',. Solid points are for BR and SBR
tread compounds. Open points are for the natural rubber compound.

so this is not a basic correlation. Marvin¥ has however shown that,
approximately,

RNe—rtana (8)

which suggests at least qualitative agreement between their work and ours.

If we realize that hysteresis is related to chain flexibility, a second possible
correlation is between the lubricated coefficient of friction and the glass
temperature T',. In Figure 8, we plot u versus ' — T, a good correlation
is obtained though the value of x for natural rubber seems somewhat too
low.

APPLICATIONS

General

The experimental results of the previous section of this paper may be used
to make calculations of interest to tire response. This is especially the case
for heat buildup which relates directly to the rheological properties of the
vulcanizate and to the skid resistance of treads. However, it must be borne
in mind that such calculations are only of qualitative value.
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Heat Buildup in Tires

If we represent the rheological properties of a tread vulcanizate as a
linear viscoelastic material whose response is represented by Boltzmann’s
equation, then the energy equation may be expressed as follows:4

oT
pCSt“ =~V q+ & (9a)

t
dissipation function = & = g,d,; = 2d,(t) f G(t — s)dy(s)ds (9b)

where T is temperature, p is density, ¢ is heat capacity, and q is the heat flux
vector due to heat conduction. Remembering that tires are subjected to
periodic deformations as they roll down a road, we may represent applied
deformation as a Fourier series in time. In the rolling of tires along a sur-
face, the effective friction on the road surface is due to hysteresis, implying
that the deformation in the tread is primarily extensional rather than
shearing. We may thus approximately represent the deformation at a
position in a tread as a sum of tensile sinusoidal deformations with different
frequencies. If we choose only the major component which has frequency
w, the extensional stress may be represented by eq. (3). Substituting eq.
(3) into eq. (9), it may be shown that of the two terms in eq. (3), the term
involving E'(w) sin wf does not contribute permanently to the dissipation
function, but rather produces heating and cooling action which cancel out
for each cycle. We may thus write eq. (9) as

T
pc %7 = —V.q + E"(w)wle? cos® . (10)

The maximum amount of heat buildup during a period of time ¢ equal to one

cycle is found by neglecting the heat conduction term and integrating to

yield

_ E'(w)e'e®
oc

T — TO) = AT ¢ (11a)
Let us compare the various tread stocks that we have been considering on
the same carcass. If we presume equivalent density and heat capacity and
equivalent strain cycles under similar rolling conditions, the ratio of T for
one of these tread stocks to, say, the SBR-2 (23.59, styrene) compound
would be

AT E"(w)

AT(SBR-2)  E"(w)(SBR-2) (12a)

A detailed comparison is carried out in Table V. However, these results
are suspect, for they imply the tread responds in the same manner irrespec-
tive of its modulus or the applied forces. If we normalize egs. (11a) and
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TABLE V
Predicted Relative Heat Buildup in Tread Compounds Relative to That
of Compound Based on 23.5%, Styrene SBR®

E'(w) X 1077, E"(w) tan & J?(w)
Compound dynes/cm?  E"(w)(SBR-2) tan 3(S8BR-2) J”"(w)(SBR-2)

NR 29.1 1.74 0.70 0.28
BR-1 11.2 0.61 0.63 0.65
BR-2 16.2 1.10 0.78 0.56
SBR-1 12.3 0.96 0.90 0.77
SBR-2 11.5 1.00 1.00 1.00
SBR-3 14.5 1.77 1.40 1.12

2 Based on eq. (12); w = 110 Hz, T = 25°C.

(12a) so as to compare compounds with the same value of E'(w), we obtain
instead
AT _ tan &
AT(SBR-2)  tan 5(SBR-2)

Detailed calculations based upon eq. (12) are also contained in Table V.

To compare heat buildup at the same stress, we note that the stress
response out of phase with a sinusocidally oscillating strain is given by eq.
(3d) from which it follows that E*¢ is the stress amplitude oy, and one may
write the temperature rise in eq. (11a) in the equivalent form

E" (w)w?ae?
E*2pc

Comparison of the temperature rise at constant stress with the (SBR-2)
tread yields

(12b)

AT = (11b)

AT _ I (w) (12¢)
ATSBR-2) J"(w)(SBR-2)’
where J” (w) is the loss compliance
E’ E’
J'w) = = = tan é (13)

E® T By + E)Y EWI + tan?s]

A detailed comparison based upon eq. (12¢) for the tread compounds
studied in this paper is given in Table V.

The relative heat buildup results are of considerable interest if only to
indicate that when the dynamic modulus varies, from stock to stock one
must be careful to specify the mode of application of the deformation to
obtain a realistic comparison. Thus, the high-dynamic-modulus natural
rubber compound exhibits a more than 709, higher heat buildup than the
SBR-2 compound when the comparison is made at constant kinematics
and a 709, lower value when the comparison is made at constant stress.
The question, of course, arises as to which column is most appropriate.
The answer may perhaps be found in the studies of Kainradl and Kauf-
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mann,*® who have shown experimentally that heat buildup in truck tire
treads is related to the dynamic properties and may be expressed in the form
AT = Ci + CJ"(w) tresd T C3 tan é tread + Cy tan § carcass: (14)

crown base

If the tread crown compound is the only variable in question, then J”(w)
will be the determining factor. If both the tread crown and tread base
compounds are in question, then tan 8 needs to be considered. A not too
dissimilar conclusion would seem to be reached by Collins, Jackson, and
Oubridge,® who find that energy losses in passenger tire treads may be
represented as a sum of a term proportional to J”(w) and containing E” ().
Thus, one is led to expect after studying Table V to conclude that heat
buildup will be least in NR and BR-1 treads and will increase with styrene
content in the emulsion polymer treads.

Skid Distance and Time

If a moving vehicle locks its brakes and skids to a stop, the initial kinetic
energy of the moving vehicle may be related to the frictional dissipation

by
o ~ [ gas - [ IN Zm(S)At(S)dS] (15)

where we have introduced eq. (6). It follows that the skidding distance L
is

L = ;—; (16a)
where f (2,‘,() i(s)>%s (16b)

Generally, A,(s) will change during the skid and u.(s), with the increasing
temperature. Using the SBR-2 compound (23.59, styrene) again as a
standard, we may contrast the relative skidding distances for the various
treads studied (if placed on the same type of tires and the same automobile)
through the expression

L A(SBR-2)
LSBR2) &

The problem with eq. (17) is that we do not know 4,(s) or u,(s). Table
VI summarizes the results of calculations based on eq. (17) where we have
considered a single zone to exist. Our reason for believing that these
results have some meaning is the correlation of Percarpio and Bevilacqua. 46
The longest skid distances involve wet smooth roads with cis-polybutadiene
treads. High-styrene SBR and dry, coarse aggregate roads leads to small
values of L.

7)
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TABLE VI
Relative Skid Distances and Lateral Forces for Cornering Tires Upon
British Portable Skid Resistance Tester Values

Base elastomer of L» an F(SBR-2)
tread compound Road conditions L(SBR-2) F
SBR-2 fine-textured asphalt, wet 1.00
SBR-2 fine-textured .asphalt, dry 0.60
SBR-2 coarse-textured asphalt, 0.86

wet
NR fine-textured asphalt, wet 1.10
BR-1 fine-textured asphalt, wet 1.34
BR-2 fine-textured asphalt, wet 1.24
SBR-1 fine-textured asphalt, wet 1.05
SBR-3 fine-textured asphalt, wet 0.90

* On wet, fine-textured asphalt pavement studied.

Lateral Force in a Cornering Tire

Consider a tire with a circumferential velocity V which is turning around
a corner which results in a net traveling velocity v. A tire must be slipping
if its circumferential velocity is different from its traveling velocity. This
slip velocity is

Av=v — V. (18)

Schellamach and Turner® and Livingston and Brown’? have analyzed the
lateral force F of the tire due to this slip. The lateral force counteracts
centrifugal forces and high values improve driving stability. Inspecting
the contact region, they point out that there will be at first an elastic
lateral deflection of the tread increasing along its length until a point is
reached, say, at distance a at which slipping begins. Thus,

a !
F=Fatf=b fo @z + b [ w@ie (19)

where Fye is the elastic deflection force, f is the slip friction force, b is the
contact width, & is the lateral stiffness, y(x) is the lateral deflection, and
p(x) is the pressure distribution. The distance a is determined by the
equality at the point of contact between the two regions:

ky(a) = up(a) (20)
and eq. (19a) is equivalent to
F=p@)Wa (21a)
with
_["v@ <x) ' @) p@) (z)
“[ o ya\i) T j;/lﬂ(a) ® \i ] (21b)

W’ = p(a)bl. (21c)



3290 WHITE AND LIN

Let us compute the ratio of lateral forces exhibited by two tires of equiv-
alent carcass construction and tread design on the same vehicle; we obtain
F u(@)a

F(SBR-2)  u(a)a(SBR-2) (22a)

where we have again used the SBR-2 compound as a standard. It should
be noted that the value of W’ is not exactly for force bearing down on the
contact area, and there may be errors in eq. (22a) in comparing tread
compounds with very different moduli. If we are comparing tread com-
pounds with similar moduli, the « factors will also be equal and eq. (22a)
is

F u(a)

F(SBR-2) ~ u(a)SBR-2)’ (22b)

Table VI summarizes values computed from eq. (22b) using the coefficient
of friction values determined in this paper. In our calculations, eq. (22b)
is the.reciprocal of eq. (17). High lateral forces go together with short
relative skid distances.

CONCLUSIONS

An experimental study of the linear viscoelastic and sliding friction
properties of tread compounds with modern black oil, ete., recipes contain-
ing a variety of well-characterized polydiene and butadiene-styrene co-
polymers has been carried out. Specifically,

1. Dynamic modulus E’(w) and loss tangent tan é§ were measured over
a range of frequencies and temperatures. The loss tangent decreases
with increasing 7' — T, of the elastomers, though the natural rubber gives
a lower value then expected. The natural rubber compound, however,
contains a lower oil level. The tan é—frequency curves of all the emulsion-
polymerized SBR’s are nearly equivalent at the same T — T, presumably
because of their similar microstructures.

2. Coefficient of friction measurements were carried out for these
compounds on a variety of surfaces. On wet asphalt surfaces, these in-
dicate that friction increases with increasing hysteresis of the compounds,
specifically with tan 8. Thus, friction increases with 7, and styrene con-
tent in butadiene-styrene copolymers. Natural rubber gives a higher
value of 9 then expected from the correlation.

3. Calculations based on tire deformation behavior were carried out to
prediet (i) heat buildup, (ii) skid distance, and (iii) lateral force during
cornering. General compounds with higher tan §, i.e., polymers with high
T, and SBR’s with increasing styrene, give large values of (i) and (iii)
and small values of (ii). cis-Polybutadiene gives the lowest lateral force
and the greatest skid distance and, together with the natural rubber, the
lowest heat buildup.
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