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I, Introduction

[

Tire wear dapends on many factors. Some of these factors sre

menticned in 2 previous raport {1}? A esreful study of thase factors

reveais that & single tire wear formulz cen nod describe the complicated

phenomenon suitsbly. %¥e will go imto this In more detail below.

In general, differsnt tread materials are differently affected by

those factors which affect wesr rate., Conventionally determined road

rear retings usually do noi allow decailed conelusions to be drawn with

respect t0 the relative importance of the¢ factors as they refer to tire

wear under ordinsry conditione, Anciho: problem is thet facters infiuencing

road wenr w not be independent of esch other,

¥

2 In.this report ccmpare wear formules in he litersture, ‘we examine$
_)E

the fatigue phenmnon, em the tﬁmera‘aure effect on wear rate,

Finaily -+

"-:gi}.l look:into rubber deformetion as related to bacic thermodynamic

concepts and examineéthe feasibility of en energy balance approach for

the wear process.

RS
™~
,

 Tipe Year Formulas (for autombile tires)

The following formulas have received wide attention
A=0fr (1 +a(t;~t,) +ed]

5-g5- ! 2485

A - const. (E/, ) i éal) " Jc2+8s)

A= K (PO‘«P Q6™)

*mabers in the brackets refer {0 references.

- -

(3

(2}

13)
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Hare A = wear rate
6 = s1ip angle
p = regilience of the wheel
f = wheel stiffness

y_ = ahradibility

o = temperature coefficient

t_ = tire surface temperature

t_ = reference temperasture st which v = v

¢ = congtant
d = spacing of sbrasion pattern
E = modulus of elssticity

¢ = ordinary tensile strength

= coefficient of friction

= fatigue exponent

m o

= narameter specifying track roughness

8 = length of cortact area

»

= constent

P = materisl constant

¢ = material constant
%.) Their originsg are ag follows

Schallamach {2, 3] etarting from the sbrasion of an ideally
elastic wheel with an elliptic pressure distribution over the areas of
contact, derived a wear formula for siipping wheeis. In this formula
he found that wear rate was not consistent with what was to be expected.
Then he modified it by considering the effect of an abrasion pattern and
a temperature effect, finally arriving at equaticn ‘1).

[A¥)
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Kraghelsky end Nepomnyashchi [Z4] based on a fatigue thecry and
the geomeiry cf the contact surfacée derived the wear formula for wheels
rolling with slip as In eguation (2).

Rulgin and Yaiters [5] made experiments with iarge varieties of
different rubber matapials., They fcund that different materials have
different wear mechanisms which Introduced deviations when equetions (1)
and (2) were used to deseribe wear rate, Using a combination ¢f abrasive
and {eiigue wear they set up an empiriesl relation for tire wear as given

by equation {3).

2.) Yhut can be inferred from the formulas

Aoparently equation ‘1) shows the importance of the slip angle
and the tire surface tempersture. The properties of the wheel are
included. The properties of the contact surface are implicitly expressed
by the sbradibility term. Rut according to Buigin and Walter's data [5],
a high styrene SBR (Styrene-butediene rubber) has & negative temperature
coefficient. This seems unreasonable,

In equation /2) the tangentisl ioed (icngitudinal and lateral
fores or side slip angle), length of the contact arce, roughness, elasticliy
and strength properties ere involved, The dependence of slip angle
on wesr has a power of (2+88) which is approximately 2.43. This is the
speciel characterisvic of fatigue wear which distinguishes itself from
abrasive wear which usually has a power of 2. Temperature effect is not
included in equetion (2).

Equation {3) hae the advantage of taking care of the chang: of

slip angle dependence, but it can not give any information other than




IR DI SISO TS SR ¥ <1 60 SRR TR

3.)

slip angle. Fig. 7 shows scme resuits from [5] which £it equation (3)
well.

Reviewing the deflciencies stated sbove and realizing the
different properiies for different kinds of ribber one can easily see
the difficuity in setting up a unified equation to deseribe the tire
wear phenomencn.

Feciorsg that effect vear rete

Kraghelsky and Yepomnyashchi [6] from a fatigue mechanism
demcnstrated some of the effects of basic fsctors on wear, Fig., 1 shows
how wear depends on pressure, siip, the coefficient of friction, the
roughness of the surface, the elastic modulus, th: strength and the
resistance of the rubber to fetigue, It should be noled, Lowever, that
thene relationghips are ldeslized, since thess parameters sre interconnected.
For exampie, presgsure influences both siip (siip decreases with increase
in prezsure) and ccefficient of fricti-n; the siress, strength and
faetigue properties are sisc interconnected, Hence, during ex,<rimentel
deterninations of these reletionchirs it is essentisal to selact the
samples and test conditions extremsly carefvliy, so that when one parametér
18 changed the othere change as 1itile as possible,

Bulgin and Walters [5] studied the wear rate on asperity surfaces
and smooth textured sdrfaces (which Schallamach called "sherp abrasives"
ani "blunt abrasives";. In general. cn ssperities the wear rate is
proporiional to spplied load, modulus of elasticity, carbon content,
temperature and the sliding distence. On the smooth surfaces wear rate is
proporticnal to the power of applied stress, while the carbon content and
temperature have an inverse effect. However, we should notice that
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there asre meny exccpsions as will e seen from the foliowing figures.

Fig. 2 gives the itemperature 2flect on msperity surfaces for different

- kinds ¢l rubbers. Fig. 3 gives the case for smooth surfaces. As seen

. from tiwe figure, the proportionality between vesr and those factors
affecting wear rate may only be true in a eevtain regime,

117, Fatizue failure of Rubbers

When a tire rollg on the road surface it is essy to see the

R

tire girface is subjeet 4o 2 gyelie action of extension and compression,

ae 1o this cyelic action on the tire surface, fatigue of rubber will
4 oceur after s certein number of cycies is perfommed, i.ec, frasture cracks
and their propsgation will oceur. Thare are geveral different approaches
in investigating this phenomencn, two of which will be discussed beslow.
1.) Fatizue curve {Wihler curve)

Reznikovskii {7] investigated fatigue wear and proposed an

. empirical relation Yo deseribe the fatigue life of rubber

(4)

L]
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vhere n=the number of cycles to failure

¢ = appllivde of the stress

PRI

g, = constant with the physical mesaning of the bresking stress when

G A AN

n=1; and

ORI 2

5 = a constent expressing the resistance of the material to repeated
loading.
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ser Kreghelsky et ad, [8] cheeled the applicavility of this

relation experimentaliy and estadblished a relationghip between normal
{volume} fatigue phenomena and conbact (surface) fatigue, They foun?
that there is nd significant difference between the itwo for scme
=ateriais, It is obvioum that in the abrasion of rubber by a fatigus
wechenism, we are interegted in comtact fatigue (caused by tengentisl fovres),

Yhen siipping oceurs, both compression zone and slongation ‘
zone are forped, wheress the elongation is most dangercus from the
voint of view of possible failure. According to preser: soluticons of
contect problems in slasticity theorv {9, 10) the meximun stress in
the elongation zore is proportionsl to the product of the meximum coniact

pressure and the coeificient of frietion, Therefore, a first epproximation

would he:

g}edz}«(,cPrzgf(f (5)

‘where Creg = the stress, reduced to simple elongation

~

"
»

the meen actual pressure

“
"

H {the maximmm contact pressure

b
i

coefficient of proportionality

+y
[E}

coefficlent of friciion

-
L]

the sghear stress

Fig. 4 shows fatigue curves, deternined sxperimentally, for an
unfilled netural ruovber vulecanizate, The resulis given confirm the
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appiicability of equations {4) end (5} and show that the value of &
(the slope of the fatigue curves in logarithmic coordinates), which
expresses the abliity of a praterlal %o reslst repeated lcading, is
almogt identieal for voiume end contact fetigue, Fig., 5 and 6 give
fatigue curves for trsad vulcenizales baged on natural rubter amd
3K (scdium-catajysed polybuisdiens ruober) snd on Buroprene.

Comparison of volume Tatigue curves with friction.-contset:
fatigue curves gives reason to suppose that the breaking stress in the
latter case is the elongation siress of the surfecs Zayer due o the
friction force, The resulis cbiasined conflrm the sxistence of a cor-
reletion between ebrasicn resisiance and fatigue iife of vulcanizates.
The tearing energy criterion

Some types of test pieces (fig, 8) were used in determining
the tearing energy 2nd the fatipgue life of rubders [11]., £ cut, generally
sbout % mai long, is ingertéd in ome edge and the test plece is vepestedly
cycled to a fixed maximem extension, the minimum ncrmaily being zero.
Measurerents of the cut length ¢ al suitable intervals of n cycles
enatle the cut Zrowth rate de/dn to be dotermined., For the tensile strip
test piecc [11]

where ¥ is the strain energy density in the bulk test plece and kX iz a
slowly varying funciion of strain which has been determined experimentally
{12].




The cut growih rate de/dn ie primdrily detersmined by the maxinum

. tearing snergy etisined Auring & cycle, 7The latter can be calculsled

. f2im equation (5} using th

g

valus of 2KY 5% the maximum sirein apd Tha

measured cut Ienpth e, Pesults cbisine

£
A
]
-
-
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if e given tearing srerzy is etiained ithe smount of cut growth which

oceurs is irndependent of the itest plece used {fig. 20).
=yerimerts {132] on the rropagation of cuis heve enabled the

X fazigue Taiiure of rubhar subjecied o repested cimpie extensions 10 be

guantitatively understosd as a eracli-growth process waich comzences at
smail nsburelly oceuring flaws., Fiom thege experimenss two mechapiams of
fiow or cub growih heve bSeen identified., Or2 is "mechanico-oxidative®
sus growvh due 3o primariiy mechanizel rupbure which can be {ncilitated

. by the pn sence of oygen; She other 1s ozone cut grosth which is 2
corrosive type of process cauged by chemical breeXing of the polymer
molecuies by ozone. It is found that no mechsnico-oxidstive cut
growil ocours halo® a eritizel velue of the ensrgy svailable for crack
propagation, This eriticel energy is reiat:d to primary mciscular-bond

. girenzths sné ia apprexirately constant Jor 21l rubbers

e L 1y i N e el G bR A TR

Fraz its cut~growsn charvacterisiics, the fati
rubbei can be accuratzly nsredicied over = wide renge of deformetiocns and
3 for various stmsrheric conditions, Ccrrespondirg to the oritieal energy,
there i3 a mechanieal fatipgus limil {analogous ic the fatigue limit
obgerved for metsls), 3elcw the fetigue limit, fiaws at first gros only

sicwly in the présence of ogone until the criticsl energy is reached,

o — S et s % 4= == -
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vhen faiiure e¢nsues fairiy rapldiy. A% higher deformstlons the more
rapid mechanico-oxidative cut growth staris immediately and fatigue lives

are much mors shorter {fig, 11},

Activetion Fnergy and Weer
The {emperature dependence of the durebility {(at nominsl stress

o=const, ) for solids -nd polymers is expressed by the equatien

Mgy

c- T el

where s is a constent numerically simiiar to the pericd cf thermal
ogceillation of the stoms; U is the activation energy for the process of
faiiure; R is Boltzmannfs constant; T is the absolute temperetu. 2.

The activation energy U depends, for many solids, on the state _

-of stress 0; and decrgases according to the formulia

U= U, -y 0

where Uo is the activation energr of the elementary failure process in
the absence of stress and is similar in value to the sublimation energy
for metals and to the energy of chemical bonds for poiymers; v is a
coefficient which depends on the nature of the structure of the materiai,
Substituting equation (8) intc (7}, the temperatuve-time dependence of the

stivength of rubber may be expressed by

T=71 exp (U= Yo) /R T) - ©)

i

1 SRR

|
1
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This is the equation Zhurkov and Narzulaev ,14) used in their kinetic
sheory of strength,
1.} Thermc-activation equation for abrasion
¥hen applying équation {9} to abrasion the role of fatigue
iife is then taken by abrasion resistance, 1.e. the tinme necessary’ 4o
abrade a certein amount of material. Ii is more convenient, however,
to use the rate of failure, i.,2. the rate of wear I #hich is récorded

directly by expeviments. Thus for strasion [15]

I

I, exp (- (U=~ A'up)/RT]
I, exp[-(U-Ap)/R T} | (10)-

Il

shere o 15 the coefficient of friction; pp the force of friétion and !
has the same physical sense as v in equation (9); I_ is anelogous to

/T .

o

The activation bsrrier UG in sbresion is reduced by A% pp. But,
since u changes oniy slightiy in the region below the flow temperature
(Tf) with changes in p and T, then uA'=) .can be ccnsirlered ss constant.

‘¥aen determining the physieal sense of T o ¥ nose that. s is the
ainimur fatigue life, depending neither on temperature ncr load, Fallure
at such a high rate mgy occur when elther T7 ® or ~ is so great that
¥ ¢ completely counterbalances !Io. In such criticel conditions the time

dependence or activaiion pature of the failure process is lost,

TR AT T CTLAPES DRATALT Toh
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2.} Temperature effect
Fig. 12 shows the relationship between log I end I/T for
geveral loads, According to equation (10), these coordinates should
produce a straight line, with a slope proportionsl to activation energy

U, where

In ract, the experimental points do iie on a straight line, but semsvimes
" a *bresk® 15 observed in the line. The data were obtained with all test
-materdsls-abraded by Detal gauze [16].
As-we can sée from the figures, if temperature cherges from 30°C
to moc,the-iééi' rate may chénge by a factor up to 50; very significent
effect, ‘ B
Fig. 13 shows the effect of tempersture on the abrasidh-on
.gauze. (fatigue vgar)gm on abrasive paper (abrasive wear).
= ALY the:ifimip’gé-?ﬁtgﬁ&-ébme:ém based on the 55 called
wlecular-kinetic theory of failure, eccording to which abﬁs;;on is the
faﬂure of che&ital bonds as-a result of certain fiuctuaticns in the ?
‘thermal movements of -moiecules. ¥hen the tangertial force is great
enotgh 10 eliminate. the barrier U, then each therzal movement results
If .abrasion 1s stidied from the point of view of macro-feilure
then, iugeneml, abrgsion is s fatigue process: [15, 17, 18] failure of
‘the «stu‘face‘ takea plaee -ef'ter repeated deforwstion by projevcions of
.ahredant,
Notice that in fig, 12 the slope of the lines decresces with
increases in lcad.

' lv‘
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7. Frictionel Temperature Rise of Tires

T 1}

i,} vViehmran's derivations
Viebmarm [19] atiempted to determine the friciional temperatures
which zay oceur in tirss under various conditions, It wes based on
shenomenological theories of heat conduction, The temperature rise
was found to be localized in boundary leyers of the order of 1072 em,
From the estirated values of the temperatures (see table 1}, he

concluded that the abrasion vhiech sceccurs under normal driving conditions

is pursly mechanieal. Onliy under extreme conditions, sach sz in very
rapid accsieration, or in case of locked wheels - particulariy st what we

call "eonbact bridges® or surface slevations - mey we expect high frictional

semperatures, which lie far sbove the decomposition tenperaturé of rubber,
2.} Schsilamachis derivations
Schailamach [20] ussumed tire arnd rosd sve taken o be in
idesl contaet with each other, and the temperature rise of a surface
element is celculated as if it were in the surface of a semi-infinite
body. Further assumption is that heat flows only st righi angles to the
contsel surface because the iow thermel conductivity of rubber allows
iateral heat flow to be negiected. The problem to be solved is thus
redueed to an one-dimensional orne,
Starting from a theory of Iinear heat conduction, in a semi-
infinite body [21] and through some lengthy derivations he cbiained a
maximur frictionel temperature rise em which ocecurs at the rear of the

contact area of & 8lipping wheel:

&
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where K, = thermal diffusivity of road

A
r

thermil conductivity of road

X

thermal diffusivity of tire

-
[

thermal conductivity of tire

V = circumferenitial velocity which for moderste -slip, can

équated With the tréveiilng velocity

: ? i = coefficient of friction
:":E_‘ ' L = the load of the tire

] § a = length of centact area
= b = width-of contact aree

_ t = the total sliding time

S s = 8lip

1]

‘In the derivations Scheilamach did not give the numerical values for

equation (12), however he gave an expression for { z)/sIn {whevre 2 is the

S

‘cé-ofditjéte st right angies to the comtact surface)-

i o - &
e "t = (z-erf

Ooal A )1~
O = 2(Kt)? 2(Kt)F/NT ¥t ent (12)
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where erf is.the ertor funecsion, ¢ stands for

s
2= (T/8) K&es/,uL

The value of ¢ is small encugh at mecderate slip for the temm in sguare
bracksts {2 be repilaced by unity [2]. The ratic G(Z)/Bm, depends then
oniy on Z/Z(Kt)% and is shown as & funciion of this quantity in Fig, 14.
A typical figure for-¥ for ‘h:gar;‘. yubber is 17107 cmgj’sec; the sliding
time t i3 of the order of 10 %see., at a © velling speed of 30 agh.
¥ith these num’ériéal values, the depth % at which the temperature hss
droppad to 1 per cent of the surface temperature is about 0,15 mm, The
heat into which the frictional energy has besen converted Is therefore
confined to & very thin surface isyer. This fact is conaistent with
that pointed out by Viehmann [19],

Arunner [22] has determined the temperature profilies acrcass
the thickness of the tread of a travelling tire by mesns of thermccouples
embedded in and on the tire., The drawn-out curve in Fig, 15, ta%en
from Brunner's psper, shows the temperature distribution ir e natural
rubber tire travelling at 80 km/h and exhibits a well defined maximum,
Brumer's measurements do not cover the critical region near the ocutside
surface where, in any cese, no constant temperature distribution can be
maintaired tecause of the periodicelly occuring fricticral temperature rise.
The dotted part of the curve in fig, 15 indicates schematiesily the

instantaneous frictional temperature sccording to Schaliamach [20] when




supk sed on Brunrerfs curve, For ciarity, the horizontal mcais
v 3

of this transient hes been expanded about ten-fold.

Thermodynamics and Rubber Deformaticn
Fudanentsl principles
The first law of thermodynamics provides us with s definition

of internal energy, namely

dE=dQ +dW (16)

This -equation states that the incresse in interral energy 4E in any
change taking place in a system is equal to the sum of the heat added
to 1%, dC,. and the work performed on it, d¥. The second law defines

the entrory change dS. in any reversible process by the relation

TdS=da @)

‘Define HeImholtz free -energy A by the relation

A=E-TS | /~:'»; (+2)

gl

R

it ERINH
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Treloar [23] used the fact thst the change in Helmholtz free energy in

ity 11

an isothermal process is equal to the work done on the systém by the

TR

‘external forces and that the tension is equsl to the change in Helrholtz
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free energy per unit axtension,

i

i BRI EH A

AU AN SR R DR

i
oo

FEhp bl

i



A N84 AR

A KA

R,

ot
(%3

He then obtained the following expressions:

(33/38)T = - (af/BT)g

(29)
(0E/5t) = f ~ T(2F/aT), (20)

vhere { is the tensile force, and 2 is the length, measured in the
direction of the force., Equation {19) gives the entropy change per

unit extension in terms of a measurable quantity (3£/8T)%, the itemperature
coefficient of tension at constant length. Equation (20} gives a
relationship for the correspondirg internsl energy change. These two
equations are of fundamental Importance in rubber elesticity, since they
provide a direct means of determining experimentelly both the internsl
energy and entropy changes accompanying a deformation. The only experimental
data which are necessary to provide for this purpose sre a 58t of
equilibrium vaiues of the tension at constani lengih over 2 range of
temperatures, If, for exemple, the curve cct in fig. 1€ represents the
variation with temperature of the force at constani length, iis slope

at the point P, which is (3f/3T)%, is by equation {1%), equal to the
entropy change per unit extension (3%/34)T when the rubber is extended
igothermaily at the temperature T. 1In & corresponding wey, the intercept
of the tangent to the curve at P on the vertical axis T=C (absolute zero),
is £-T{3f/aT)L, which by equation {20) is equal to the internal energy
change per uait extension /3E/34)T.

The course of the internal energy snd entropy changes accompanying
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the deformation may thus be obtained by direct ingpecticn of the

stress-temperature curves, In particular, If these curves are linear
(as in Meyer end Ferri's data, Fig. 17) both internsl energy and
entropy terms ars independent of temperature. If, in eddiiion, the
stress-temperature reletion is represented by a straight 1ine passing
through the origin, the internsl energy term is zevo. It follows

thet in this case the elastic force arises solely {rom the change in
entropy.

Exparimental investigations

A typical curve, representing the behavior of a rubber
vulcanized with 8% of sulphur, is iliustrated in fig, 18. The stress
1s seen to be very nearly proportional to the absolute temperature

cver a range of about 120 degrees, Tt ig therefore concluded that

- the elastic tension is due almost entirely to the entropy term, in agree~

-pent ‘with the prediction of the kinstic theory of elsstieity. At about
_2139K the temperature coefficient of tension exhibits an abrupt reversal
of sigr. This corresponds to the transition to the glass-hard state,
where the rubber loses its cheracteristic extensibiiity. The behavior
then corresponds to thet of an ordinary hard solid, with the internal
energy term dominant,

Fig, 19 shows some other stress-temperature curves for the same
meteriel. The results confimm Meyer and Ferri's original conciusions in
a general way. Calculation of the terms (35/3£)T end (3E/34)T from the
curves in fig. 19, by means of equations (19) and (20), ylelded the result
shown in Fig. 20, It is evident from this figure that the form of the

force-eiongation curve is effectively due to the entropy term (3S/32)T.
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Exeep: at small extensions (< 100 per cent) the internal energy term
accounts for not more than one-sixth of the observed tension for Ifree-
encrgy chapge, At low extensions, however, the internal energy chenges
are of the same order of magnitude as ithe entropy term, while the laiter,
instead of remaining negative (as required by the kinetic theory), chenges
sign at an extension corresponding to the thermo-elastic inversion point,
The thermo-elastic inversion phenomenon” 7

In fig. 19 one can cbserve that whilst above 10 per cent elongation
the tension at constant length increases with rising temperaiure, at lower
elengations the variation with ‘emperature is in the opposite direction.
Meyer and Ferri interpreted this thermo-elastic inversion phenomenon in -
terms of the expansion of volume of the rubber on heating. This expansion
will clearly have the effect of tending to increase the length at co‘n’stim‘br
stress, which is equivalent to reducing the tersion at constant length,
At very low stresses the reduction in tension by thermal expansidn exceeds
the increass of tension to be expected from the kinetic theory of elastieity;
the thermo-elestic imversion point is the elongation at which these two
effects exacily balance,

The fact that volume changes enter into the thermo-elasiic
phenorenon of rubber in no way limits the applicability of the funda-
mental equations {19) and (20) for the derivation of the internal energy
and entropy changes on extension. These relations are purely phenomenological;
they do not imply any particular mechanism, It is in the interpretation-
not in the derivation-of the internal energy and entropy changes that

physical or molecular concepts may usefully be introduced. In this
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commexion, the sxpianation of the thermo-clastic inversion put forward
by Meyer and Ferri is of the uvitmost significance since it points to the
importence of hitherto negliected volums changes in the discassion of ths
thermcdynamics of rubber elastieity.
4.) Thermsl effects of extension

It has been found that when rubber is girstched adiabaticelly
its texperaturs will rise. Also it wes mnoticed that a pices of rubber,
extended by a constent load, contracied when the temperature was raised,
which means that at constant length the tension incressed with increasing
temparature.

By the second law of thermodynamics, as represented by equetion
{17), the evolution of heat {~d0) in a reversible change gives a direct

megsure of the chenge of entropy in the proeess. 7F hest

Joba

<
voived

58

-on the extension of ary materlal, the entropy change is negative

Conversely; if hest is absorbed, the entropy change is pogitive., On

B

account of the smeliness of the heat effects in rubber, it iIs usual ic

SRBHIR AR

measure the change of temperature in an adisbatic deformation rather than
the heat evolved in an iscthermel deformstion, IUnder adiabatic conditioms,
- by definition, the entropy change is zero, and the change in Temperalure

is given by the relation (since 8T = 8¢/C,)

. T
i R I

(3T/28)y=—11/C,)(2Q/5¢ ), (21)

AR U B

where C 2 is the specific heat at constant length, and -(3(/3%] )g is the

isothermel hest of extension., Thus the temperature change in a quick
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extension from the initiel length EG t¢ the {inzl Zength £ is obiained

by integretion of {21) wiih respect Ic £. Thus

¢
T ,
AT =~-——| (55/3¢)_d¢
C, J 7
£,
Fig. 21 is a curve given by Joule {1859}, vwho used & thermo-

eoupie in contact with the rubber for this purpose. The turve ghews an

-

initis® eooling foliowed by a repidiy rising heating effeecl as the

»
=f

extengion was incressed. Later on g slight difference beoilween ihe

effects on extension and on reirastion respeciiveiy wsz found, due to

ct

he irreversibvie phenomonon of relazeiion. The dada given in fig, 23

are nean figures for oxiension @nd retracticn.
At higher elongations ithe varistiow in ihs heat effect

the veriations in internal energy changs, src more compisx and depend

rubber sre shown in f£ig. 22, Yp i6 shoul 230 per cent exiensicn

curve is reversible.

have the opposiie rhenomenon,

I Energy 3Balance for Wsar Process

Chcnea and Roach [24], based on the removal of wear particies
from material as a wear process, derived some eguatiors {or mass balance

and energy balance. After assuming an isothermal and steady state, the

¥

{22)




mechanicel wear beiween identical materials can be exprassed by

do__ZfPV
| dt _f_ + f)’Ee (23)

o 3
el rman
£ | (=

Jo

(B pem)dm

-

wvhere h

totel change in surface level

ok
13

time

]
]

friction:ccefficient

P-= normai Yoad.

~. - V=sliding »veiodity' - - 7
o :§ = gurface energy per uUnit -area of wé}:r particies
L ‘- = density
gp = inte’;?ﬁal ‘energy per unit mass of wear perticles
. ‘a-= -ghape factor for wear particles

m = mass of the perticle

T = fréequency function
‘From eguation '{23)61:,/& can be interpreted as wear rate, On the right
‘hend side, normel loed, siiding velocity, suﬁ'ag:e energy and internal
energyare /,all -involved, However, the ‘wear of tiresis mostly interpreted
a; the fatigue failure of rubber, Thus the application of "removael of

wear particles" mey not be s‘\_xitable' for the tire wear process, A further

i

inadequacy is the iscthermal assumption, -since we know. tire wear will

never be -an isothermal process as we saw in the section on frictional

";li!
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tempersture rise. Although the spproach does not fit the iire weer

process too well the ijes of using the energy balance for 8 wear Btécesg,

mey be a promising way of solving the problems. : S =
Rabinowicz [28] has attempted to account for wear in metaih;é’s‘

a fracture process by equating the energy necesgazy to form fresh surfaces

found in the wear particles to the energy necessary to prodlicé.a fractui‘é. V

Such calculations have not been particularly successful up to now and it

seens that energy methods are better applied through chemical and '
mechanical activation processes.
¥iIi, Influence of the Type of Stiess on the Failure of Rubbers and Elastofﬁg’rs -
The most critical type of stressed state for elastomers:in ténsion
!E—‘-: under which various types of failure may be- ob,served;_ rupture, sl;ear, or ‘ . - _
é a combination of rupture Qfld_shéar (rig. 22:3). A complici‘géiffaﬁﬁfeis o i*; -
EE observed in the specimen when in s@é:fn’é:j;‘g_}iﬁoghoéd 81&5!3.3; teimgrow;@?‘g_lﬁs 7
:E; each other and then join by local shear. 7 7 “
| é Types of failure ave frequently met iﬂ;h 4in elastomsric -strips : ‘;
é [25) which are used to make sealing rings where -unﬁer.gfea§~.gﬂd pm}.b“ggégf : R
= é compression thére appear, due to fatigue, .slight tgaré in the packing nhi_.qh
% ) are either at an angle of 450 to the direction of tﬁe comgressiox: ’(fig, 2!.)::_
or parailel to the contecting surfaces (fig, 25), where the side of the: ,
) deformed packing bulges most. The rectengular cross-section of the
packing takes on the shepe of a "barrel” (fig. 26), whereby in the points: - )
A and B under great compression & tension g;}pe’grs in the latersl directiom. .

The greater the. compression of the packing, the more the free side

surfaces bulge. Along tle line AB of that *barrel® a growth of small

R A R PRTaT

pre e

I TR T
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7ears takes place from the surface into the depth of the material [27].
It should be roted in conciusion that very littie work has
been done on the failure of polymers and glassee under compiicated

stress systexs [26].
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vehiele tire,
- S )
200 awvhr,
sliprage = 3%

furved road,
56 \w/hy,
slippage = 10f

s - Spimming tire,

10 -cycles/sec,
slippage = 502

Locked skidding =

tire, max. 120 km/hr

TABLE 1

FRICTION TEMPERATURES FCR VARIOUS DRIVING

CONDITIONS AND ROAD MATERIALS

SuTfa0264. .0 -4 ASPRAlL Concrete

3

210

-{1100)

Friction temperature, %

. Basali
Ircn Asphalt Conerete

Basalt

10 2 €6 40
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160 {3000) (650}

(700) 1C0

Iron
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Iocalizetion: in
the boundafy layer,
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6.5 X107
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Fig., 2

Vesr rete (mm¥msg)

/[/ |

Roughness Coefficient of

friction
l
3 l \
]
'
Elut-c mecduius Resistance
to fatigue

Fig. 1 The dependence of wear on the main

parameters
- Butodiene:
L Je] of Styrene
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Fig. 3 Vear rate on smooth surfaces

Vlear rate on asperities surfaces
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log n. number of cycles
FYG. 4—Fatigue curves, obtained with the “PUPS™ apparatus for an unfilled
patural rubber vulcanizate: O, @—-radius of curvature of indentor 20 mm;
&, A—radius of curvature of indentor 1S mm ; (7}, i —radius of curvature of
indentor | mm. l—volumc fatigue; 2—contact fatigue; 3—contact fatigue
Qogr — log n)

E kof/cm?®

€ kgf/cm®

00-‘—4-‘40—-.—0’-.-.-.
p =3 IhmTI"\Lu 7T
o0 o w wt P /o'
Number of cycles ‘
G, 5—Fatigue curves. obtained on the "“Tsiklometr™ apparatus, for Furoprene
tread vulcanizates: @ —repeated clonyation; (P»-com:cl fatigue (log r ~ log
n): s—E =22 kgfcm?. b—E = 28 kglem®; ¢c~E = 32§ kglem?. (The
ordinate azes should apparently be o, or v, E being the clastic modulus of
the rubber; Fd.).
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Y. 6—Fatigue curves, obtained oa the *PUPS™ apparatus. for natural rubber

(2) and SKB (b) tread vulcanizates: @. O—radius of curvature of irdentor

GS mm; A. A—ndius of curvature of indentor 10 mm: &Y. [—radius of

curvature of indentor 1-S mm; ¢, O—radius of curvature of indentor 20 mm.

. 1—volume fatigue; 2—contact fatigue (logoy — logn); 3—contact fatigue

Natural rubber/20 HAF
Natural rubber/30 HAF
Natural rubber/50 HAF
Intcl 1500/50 HAF
Adiprene G/50 HAF
Polybutadiene/50 HAF

(ogt — logn)

Waight loss (gms/mite)

0 20 30 40
Stip ongtz {6)

Figure 7 Logarithmic graphs of
tyre abrasion against
slip angle, showing
that the wear rate
increases as a power
of the slip angle,
varying from 1°8
Vo 32
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Figure 8. The tearing energy criterion. Various types of test

piece which can be used for cut-growth measurements in rubber: left
to right, tensile strip, pure shear and 'trousers' test pieces; the
equations define the tearing energy for each test piece,
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Figure 9, The relationship between cut growth and fatigue., Cut-growth
results for natural rubber vulcanizate A obtained in the laboratory
atmosphere at a frequency of 100 cycles/min (iest pieces allowed to
relax to zero strain on each cycle).
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Figure 10, The tearing energy criterion, Typical
cut-growth results plotted against energy for the
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Figure 11, Fatigue behavior of arious rubbers in the
laboratory atmosphere (minim'm sirain zero): A, natural
rubber (vulcanizate A); B, SBR !vulcanizate B); C,

butyl rubber; D, polychloroprene; E, butadiene-
acrylonitrile copolymer; F, synthetic cispolysoprene;

G, polybutadine, Rubbers A, D, F are strain crystallizing,
C is weakly crystallizing, and B, E, G are non-

crystallising,
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Fig. 12 Temperature dependence of abrasion on
a gauze:; l-h.p., polyethylene, II-PVC

+ 30% plasticizer; III-PVC +80%
plasticizer; IV-BMMA + 407 plasticizer.
Load: a-2 kfg/em; b-1.3; c-0.65; d-
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Fig. 13 Effect of temperature on the
relative abrasion on a gauze
(curves 1 and 2) and on
abrasive paper (curves 2 and
4); 1 and 3-PVC; 2 and 4-
h.p. polyethylene,
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Fig, 16 Slope and intercept of
stress-temperature curve
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Fig. 17 Force at constant length as
function of absolute tempera-
ture, EFElongations as indicated.
(Meyer and Ferri, 1935)
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Fig. 18 Force at constant length as

function of temperature,
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(Anthony, Caston, and
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Fig. 20 Changes in internal enmergy (E) and
entropy (S) accompanying extension
of rubber. (Anthony, Caston and
futh, 1942)
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Fig. 21 Temperature rise in adiabatic
extension, + Joule's experiments.
0 James and Cuth's experiments,
---James and Guth, Theoretical
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Fig. 22 Temperature change in adiabatic
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Fig. 23 Types of failure of technical
. rubber under tension, 1., Shear
- 2. Shear and rupture, 3. Rupture.
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Fig. 24 Failure of rubber sample under

- _u‘. :
compression (cgief tear under
an angle of 45°)

Fig. 25 Failure of rubber sample
under compression (tear
. cn the lateral surface
. of the rubber packing)
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Fig. 26 Schematic deformation of
rubber specimen under com- )
pression without slipping
along the supporting
surfaces (formation
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