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ABSTRACT

I IRE, or in its primitive form, Wheelan important invention for the transportation sector

has evolved from a circular block of hard and durable material to one witsteomplex
and influential componeabf an automobilelt is the only means of contaoetween the vehicle
and the road and is responsible for generating forces and mom#éms impact vehcle
performancestability, and control. Tire tribologyis the study ofnteracting surfaces in relative
motion which includegriction and wear. Tire friction is an essential concept for estimating the
tractive effort/ traction at the timmad interface that furthdrelpsto determine the control and
stability of the vehicleln contrary, it also results in rolling resistance and wear. Tire and vehicle
engineersare henceforth interestada robust and efficient approach towards estimatdfdriction

and wear.

Past &perimental observati®j1]i [4] using tread compourghmple have revealedhe different
factors influencing the friction at the contacting interfaceaddition different mechanisms or
compnentgesultingin frictional losses, beinglysteretic, Adhesive and Viscauend wear being
abrasive, fatiguggdhesieandcorrosivewerealso observedilthoughexperimental and empirical
observatios haveprovided us with an accurate estimation of friction and wear parameters, it is
very tediousand expensive approach. Recent developsnémtthe computational power
encouraged researchers and engineers towerdisition of analytical and numerical model

considering the underlying physionechanismatthe contact interface.

Past research studies developed multiscale techniques for estimation of friction coefficient due to
hysteretic losses from internal damping of the rubber material because of oscillation from surface
undulations Later, contact mechanics models developethgdertziantechniqueor stochastic
approachwereconsideredn conjunction withfrictional losses to obtain the hysteretic component

of friction to consider the effect of surface roughnda®vious studies @ CenTiRe focused on

surface characterizatiordhniqus and estimation of frictiofior dry surface usingPersson and

ARELATIVE MOTION AT TH CONTACT INDUCESFRICTION CAUSING DISSIPATIORF FRICTIONAL ENER® LEADING
TO TEMPERATURE RISENDWEAR (ABRASION)O




Klippeldb s approach. Compar at i v efcensidedgipressurainonnali | e d
load towards friction estimatioin addition,it was found thaéffect of adhesiofor estimation of

contact mechanics parameterast beconsidered.

The present research foes®n obtaining a comprehensive friction and contact mechanics model
considering the effect of surface roughnessférént length scales, surface condition (drgtw

and asperity interactionin addition, the developed model in conjunction with brush model is
consideredor estimating théire tractioncharacteristics such as the fae®d momerg A finite
element simulation of rubber block sliding on a rough substrate is performed using a multiscale
technique for estimation of friction, contact mechanics and abrasion parameters under dry
condition. The results thus obtained are comparedtivthnalytical model that is developed for

wet condition Experimental validation of the friction estimated using the analytical and numerical
methods will be performed using a linear sliding friction tester developedllaboration with

other members of thgroup.
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GENERAL AUDIENCE ABSTRACT

RIBOLOGY , a recent terminology for an agéd concept of friction, wear, and

lubrication. the study of interacting surfageselative motion which includes friction and
wear. Friction is the resisting force at the contact interface leading to heatipualtd material
loss at the contact interface which is known as flash temperature and wear respectively. Tire is one
of the most complex and influential components of a vehicle that helps in optimizing its
performance for better stability and control. Knowledge of tire friction and wear is important for
tire engineering and vehicle dynamics engineers as it helps in chaiagtahe handling
characteristics of the vehicle, characterizing the tire material compounds to understand the tire

durability.

Rubber is a viscoelastic material, the friction and wear in rubber is intricate as opposed to other
elastic materials. Based oxperimental observations in the past, friction and wear are influenced

by factors like material properties, normal load/ pressure, sliding velocity, temperature, surface
characteristics, and environmental conditions. In addition, the frictional lossbs abmtact
interface are considered to compose of adhesion, hysteresis and viscous components and wear is
categorized a3 adhesive, abrasive, fatigue, corrosive and erosive. Recent developments in
computational power encouraged researchers and engineedeveloping analytical and
computational models that consider the physical mechanisms occurring at the contact interface.

The present research focuses on obtaining a comprehensive friction and contact mechanics model
considering the effect of surface ghness at different length scales, surface condition (dry/ wet)

and asperity interaction. In addition, the developed model in conjunction with a brush model is
considered for estimating the tire traction characteristics such as the forces and momaités. A fi
element simulation of rubber block sliding on a rough substrate is performed using a multiscale
technique for estimation of friction, contact mechanics and abrasion parameters under dry

condition. The results thus obtained are compared with the madlytodel that is developed for
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wet conditions. Experimental validation of the friction estimated using the analytical and
numerical methods will be performed using a linear sliding friction tester developed in

collaboration with other members of the goou
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1 INTRODUCTION

I RIBOLOGY is the study oiterfacialinteractionof contacting bodiethat are in relative

motion. Itmainly involves three parametefsction, lubricationand wear. Friction is the
resisting force due to the energy losses at the contact interface. It is responsible foriduccessf
application of the contact by providing traction and grip; nevertheless, it is also the prime reason
for wear, a gradual material removal process at the contact. It is a complex and inevitable
phenomenon of any contacting applicattuth asumanwalking, holding an object, burning of
a match stick, piston moving inside a cylinder, bearings, tire movirgemoad, etc., and hence

is very important to understand and preftiction/wearfor contact performanceptimization

Tribological studiesean be dated to | ate 14006s when Leona
by using a pulley block system that is still being used in the name of Leonardo Da Vinci experiment

as shown inFigure 1.1 Based on thigxperinent, he devised the two basic laws$ friction,
Acontact aremd rhiag immoefafnectifo i cti on i s proport
nor mal | o a&l(9699) ahdn@olurhbg1v85) extended his work and were the first to come

up with an empirical relation for friction,

\.> 4;“ }EQ“

FIGURE 1.1: LEONARDO DA VINCI EXPERIMENT - PULLEY MASS SYSTEM [5]
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Developments in microscale observationsticed surfaces that appear to be smooth had
roughness at higher magnificatiorBasedon this Bowden and Tabor (1950) obtained the
influence of contact area on friction and stated that the real or actual contact area is only a very
small percentage of the apparent contact area.

1.1 MOTIVATION

Tire is one of the mostomplex andnfluential components of a vehicle that helps in optimizing
its performance for better stability and control. Based on IRTAD, International Traffic Safety Data
and Analysis Groupevery year worldwide around3.billion are killed and 50 billion are injured

due to road accides6]. In that, approximately 15% of the crashes were due to wet pavement,
4% due to icy conditions and 3% due to snow/ sleet. Tire failurédogedf traction are found to

be the two mairtauses leading to crashder different road conditi@nRecent advancemerits
electronic vehicle stability control (ESC), dtick braking systems (ABS) and tire health
monitoring systers, havehelpedin partially mitigating the issue by avoiding the vehicle from

skidding and predicting the failure probability of thegire

Force and moment characteristics of the tire piaysjor role for achieving the desired metrics

to meet the intended performanof the vehicle. Simulation tools are widely used in order to
predict and optimize the performance of the vehicle. Tire models are used in conjunction with
vehicle models to understand these aspects. Tire friction is an important parameter for predicting
the handling characteristics of the tire by providing traction, stability and coodtcht the same
time, it results in rolling resistance and wear. It is influenced by tread material properties (low and
high frequencies), contact surface charactesistiash temperature, operationaldaatmospheric
conditions[7]7[9]. In the past, experimental or empirical modelsreused to define the friction
coefficient at the contact intexde in tire dynamic models. Though the approadfalil, it is not
susceptible to changes in operatibconditiors and has to be redoffier new conditionsmaking

the process tedious and economically expensive. Hence, tire and vehicle engineersatednter

in developing a robust and efficient friction and contact mechanics model that is based on the

underlying physics at the contact interface.

Past research at CenTiRe focused on developing physics based models for efficient prediction of
contact mechaaos parameters, friction coefficient and wear for the case of a sliding rubber block

(of the size of a tread elamt) [10]i [13]. Persson an&ltppel [14], [15] obtained the friction
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model by considering thieysteresis losses as the sum over different length scales. Later, semi
empirical models were considered to includedffect of adhesiofil6]. A comparative study on

the models revealed Persson6és model loadao i | ity
friction coefficient. But experimental observatsonsinga Dynamic Friction Tester has shown
variatiors of friction with varyingnormal load. In addition, at lower velocitjesis important to

consider the effect of adhesion while obtaining theua contact area, as it influences the

deformation at the contact interfage7].

Hence, the present work focusses on enhancing the developed hysteretic frictiotoroaalgder

the influence ohormal load/ pressure to the friction coefficient by considering the deformations
at the contact interface and including the interaction between the aspadi@sihesion effects

In addition, the present friction model can predict the frictional paemender dry condition;
hence a comprehensive friction model that can estimate friction under different surface condition

is also considered.

The models also lack proper validation of the actual contact area because of the complexity to
measure the reaontact area on a rough surface using experimental tecknignd-E (Finite
Element) tool is developed to obtain the contact mechanics parameters and the approach is
validated using Nanmdentation results. The FE model is extended to obtain the hystantion

component and abrasion characteristics of the tread material.

Additionally, automotive and tire industries are interested in estimating the performance of the
vehicle that is highly dependent on the tire handling characteristics. The ticdingan
characteristics is further influenced by the -tioad interactionsA tool that integrateshe
developed friction model with physicsbasedire model (Brush modelyill help us in studying

the effect of tireroad interactions on the tire handlicigaracteristics

1.2 RESEARCH OBJECTIVES

1 Study the effect of normal load on friction characteristics of a rubber block sliding on a
rough substrate using physibased models
1 Develop a finite element framework to estimate the contact mechanics of a rubler bloc

sliding on a rough substrate
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1 Develop a multiscale framework for estimation of friction characteristics of tread block
sliding on a rough surface

1 Develop a Finite element model based on continuum damage mechanics to estimate the
wear characteristics of mubber compound sliding over a rough substrate under dry

condition

1.3 RESEARCH CONTRIBUTION

1 Understanding the effect of normal load on friction estimation and single asperity model
to include the effect of normal load to the friction coefficient considering adhesion losses

1 Hysteresis friction estimation using FE models and comparison of th#ésregth
experimental techniques using hypescoelastic material model

1 A multi i length scale finite element model for estimating the dynamic contact mechanics
parameters, friction coefficient and obtaining the abrasion of rubber sample using a damage

parameter

1.4 OUTLINE OF THE DOCUMENT

Section 1stars with an introduction and a short history on tribology followed by the motivations
in choosing the topic leading to the objectives and contribuabtiss research

Section _2provides ashort background on the topic of friction, wear or abrasion and contact
mechanics with a thorough literature review on experimental observatiescribing the
influential factors and the mechanismesulting inwear and friction.This is followed by
mathematical modelingpf contact mechanics and theoretical frictional studies and surface

characterization techniques.

Section 3provides a comparative study on two thegedtfriction modes$; Persson anéllppel.
Influence of normal load/ nominal pressure at the contact on friction estimation is looked into and
the conclusion on each model is discussed based on comparison with experimental olservation

from dynamic friction tester.

Section 4provides an approach towards validating the contact mechanics parameteysics
basednodels. A combination of experimantith finite element framework is considered for this
purpose. Nam indentation testareperformed to measure the force vs penetration depth relation
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using av‘ daspherical indenter. A finite element model is developed for a rubber block sliding
over a rigid rough contact surface. The material model to define the constitutive law is discussed

and the results of the model is compared with experimental and theloesidés.

Section 5provides a simplified approach towards considering the adhesion mechanism, viscous
losses under wet conditisrand interaction effects from neighboring asperities. The effect of
adhesionon contact mechanics parameters is also discussed to understand its importance in

estimating the real contact area.

Section 6provides a multi length scale framework to the finite element model discussed in section

4 for estimation of hysteresis component of friction. The estimated friction coefficient is further
used to simulate wear by considering a damage parameter which depends on the frictional energy
generated at the contact interfalbéscuss on how to decompothe rough surface into macro and

micro regimes for the respective simulati@me also discussed

Section 7provides a finite element framework for estimation of wear characteristics of the rubber

block slidng over a rough substrate. A continuum damage mechbaged approach is developed

to estimate the damage evolution of the contact interface based on failure analysis of the rubber
compound. The wear profile at the contact interface is simulated basedhage variable and an

el ement updating algorithm. Three cases are
wear law approach (2) Indenter sliding simulation (Scratch Test) using damage mechanics

approach and (3) Wear of rubber block using agenmechanics approach.

Section8 provides the conclusiarof the workto this pointanddiscusses thiture work.
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2 BACKGROUND

TRIBOLOGY, a geek word derived froriribome ani ng 1 rlogphnd anngion ganfds t udy
Though the term is a recent depiction of previous concepts related to friction, lubrication and wear
that s been around f froommohippifmgef starcks/fer tools, to denenaing k i n d
fire by rubbing wood or striking ofliit stones from about 400,000 years ago. Many paisting

from Egyptian and Sumerians civilizations around 1400 B@Ishown the usage of original
lubricants for reducing friction while moving heagbjects or transportinigrgestone statues as

shown inFigure2.1.

FIGURE 2.1: TRANSPORTING THE STAT UE OF TI - FIRST RECORDED TRIBOLOGIS T [18]

2.1 FRICTION

The first concept of tribology, Frictioms an important aspect of the contact interface, it is the
resisting force at theomtacting interface obtained when two bodies in contact are in relative
motionT Initial studies on friction was experimental using a pulley mass system by Leonardo Da
Vinci (1495) and obtained the relatitonisbet wee

proportional to weight and is independent of
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the advent of Newtonds principals of force, /

Vinci on friction and also obtained the effect of suefacea anthe amount of rest timen friction.

FIGURE 2.2: FRICTIONAL FORCE AT THE CONTACT |INTERFACE

Bowden & Tabof19] investigated the microscopic behavior of the contact wihengfound that

the effective contact area is only a part of the nominal area and observed the deformation and
relaxation of interlocking asperities that later was referred to as the stick slip oscillations due to
the instabilities during steady sliding velocities. They classified the friction in the contact into

static and dynamic friction coefficient . Static friction often occurs at very low sliding
velocities and up until the pull force causes no movement of the bodies in contact. It can also be
referred to as the friction during the stick portion of the body. In addition, the more the labdy is
rest the higher is the static friction coefficient. Kinetic or dynamic friction depends on the steady
sliding velocity. There is no universal behavior and we can observe a decrease or increase in
friction with change in velocity referred to as the velpeiteakening and velocity strengthening

effect.

Rubber, mainly because of its viscous nature is a widely used material for most contact
applicationssuch asseats, tires, footwear, wiper blades, etc. The material possesses the property
of both a liquid (vscous) and a solid (elastic). Hence, the material response itiorérequency

1 dependent and belongs to the complex dom@it E as given by Eq(2.1). Thereal part is
called the storage modulu® and the imaginary part is called the loss modulds . The
material response can be represented using a series of linear elaste(sfastig response) and

dampes (viscous response) as showrFigure2.3.
g 0O "x (2.2)

OAl Q1 7TC= (2.2)
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FIGURE 2.3: STANDARD LINEAR VISCOELASTIC MODEL

2.1.1 Friction in Rubber

Due to the dynamic nature of rubber and its temperature dependence, the frictional characteristics
of rubber fails to obey the classic laws of friction. Experimental observations on rubber friction
started f r doousieganrolbserving helvaridiactors effecting rubber friction. Roth,
Driscoll and Hold and ThiriofiL] observed the dependence of velocity and normal load on friction
coefficient. Schallamacfi], [3] later extended it for a rubber compound on a ground glass to
observe the variation of friction with respect to load, real area of contact and velocity. {8losch
observed the influence of the viscoelastic nature of the rubber on the friction coefficient. Based on
his experiment under different temperature and sliding veldo#tyelated the temperature and

velocity dependency of frictioto the velocity and temperature dependent viscoelastic behavior.

Hysteresis losses

v
— & _ 2
===
stretching

detaches and
relaxes

Molecular Adhesion

—_—

Viscous forces

FIGURE 2.4: DIFFERENT M ECHANISMS OF FRICTION

Depending on the operating and contact conditio® mechanism by which the frictional losses

occur at the contact interface is classified into three compoasgstsown irFigure2.4:
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1. Hysteresis Hj. ¥ Energy dissipated due to internal damping cabyedhdulation in the
surface. It is dominant on very rough surfaces at high velocities and is highly dependent on
the time dependent properties of the material.

2. Adhesion Hym 7 Due to intermolecular or Vander Waals attraction at the contact
interface. It is dominant on smooth surfaces at low velocities and high loads. It vanishes in
the presence of contaminalt lubricans on the surface

3. Viscous H,: yi Due to hydrodynamic resistance caused by the fluid in the contact

interface. It mainly occurs under the presence of lubricant or fluid in between the contact

interface.
‘ ‘ ‘ ‘ (2.3)
2.2 WEAR
First law of thermodynamicstatesthat Ener gy i s neither created nol
from one form to anothero. Based on ththes, t he

contact interface is either dissipated in the form of heat or gradual removal of material from the
softer compounsl This gradual material removal process from the contact interface is termed as
Wear. It is a complex process atglclassified dependingn the mechanism causing material

removal,

1 Adhesivel It is a mechanical wear process and depends on the interaction between the
asperities and the rubber. It is a material removal process by transient adhesion of
asperitiesFigure2.5 (A)

1 Abrasivei It is similar tothe adhesive wear except that it happens when the surface has
sharp projections and at high loads so that the contact stresses easily reaches the tearing
strength of rubber. It is a micro cutting or scratching proc¢agsre2.5 (B)

1 Fatiguei It is wear due to repeated elastic deformations of the rubber. It happens with
blunt projections or smooth surfaces and when rubber undergoes elastic deformations. It is
a very slov to moderate wear mainly due to the initiation and propagation of crack. It
mainly happens due to the cyclic deformations caused by a blunt asperity or smooth surface
of the tire.Figure2.5 (C)
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1 Corrosivei It mainly referred to the wear due to chemical degradation. It is due to the
breakage of the polymer chains and oxidation of the rubber material due to high
temperature experienced at the contact interface maiobyigen atmosphere. It is part of
the aging process.

1 Erosivei It is a gradual abrasion process. It mainly happens in extremely short sliding

motion at short time intervals.

rubber

$- $r
8" ” :
rubber _v» _v>

rubber _V,

(A) (B)

2 N _ . o

v rul v

A (Se\parauonof
: » ;| wear particle .
©
FIGURE 2.5: DIFFERENT WEAR MECHANISMS: (A) ADHESIVE, (B) ABRASIVE AND (C) FATIGUE

2.3 CONTACT MECHANICS

Contact mechanics the study of deformation and stresses at the contact interface under such
conditiors. Theoretical studiesontlsebjecbh e gan i n ear |l y 18&l0npsintby He.
contact on elastic half space for a single asperity [@88eA contact condition given by ER.4)

is considered in order to ensure no penetration between the contacting points.
0 6O 1 (2.4)

where 6 ando6 are normal deformation at the contact, anid the penetration depth at the
center of the contact affdw is the height profile of the elastic half space. The contact mechanics

parameters are thus obtained by considering a parabolic pressure dbstiabtibe surface.
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rubber

3
1
i
I
[}

asperity

FIGURE 2.6: HERTZ CONTACT MECHANICS THEORY
An advancement to Hertz t he o, KgndaltandnrRobeglKR)ar ound
[21], that includes the influence of adhesion for estimating the contact mechanicstpesdiye
considering the interatomic attraction using the surface energy at the contact zone. He also
observed the contact edges to have a concave nature rather than a tangential one in case of Hertz

as shown irFigure2.7.

FIGURE 2.7: JOHNSONSADHESION M ODEL [20]

Based on the Hertzian contact mechanics theories and in order to consider the surface roughness
Greenwood Williamsor22] considered the surfade bemade of asperities of same radius of

curvature with a height distribution. Using the stochastic processes, the contact mechanics
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parameters like the contact area, normal |@ed mean penetration deptre obtained. Later

Bush et al[23], in order to consider the distribution of asperity curvature and gradients for an
elastic contact on a rough surface apart from the height distribtkien developed a join
distribution model to obtainhe contact mechanics parameters. In this case, the surface is
considered as a distribution of ellipsoidal asperities and using the random process theory technique
by Nayak[24] the surface is characterized. Greenw@@8l] later simplified the approach by
consideing the curvature distribution as a geometric maaa assuming a single curvature
distribution for the asperities in 2D. All these theories are based of the basic assumption of the
general Hertzian contact theory of small local deformatwml neglecting the interaction between

neighboring asperities.

(A). ®).

FIGURE 2.8: (A) GW THEORY (B) VARIATION IN ASPERITY CURVATURES

Hertzian contact theoriesane the most commonly used contact mechanics theory up until the
20006s with the adyv e n taniostheory[ldtlevhePeche charartaridesl the ont a
surface roghness using power spectral density and obtained the area ratio using stochastic process

of the pressure distribution at different length scales. This is considered the first multi length scale
contact mechanics theory. Hertzian theory still remains telwaccepted contact theory because

of its ability to consider the deformation at the contacts to obtain the contact mechanics parameters
rather than assuming the contact to conform with the profile of the asperity as is in the case of

Perssondés theory.

2.4 MATERIAL BEHAVIOR

Rubber is an elastomeric material comprising a combination of elastiqp@gherbased
properties. It is often obtained by the process of vulcanizing or polymerizing of thermoset resin
using a set of crodiks or additives to alter itsiechanical and thermal properties depending on
the application. The materipbssessasnique chemical and physical aspects. It is highly resilient,

with elastic and viscous propertiaad can withstand large deformations in a reversible manner
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Dependingon the type of filler that is used, it can have hardening or softening behavior often
called the Payne effect (Cyclic hardening) or Mullins effect (Cyclic Softening). The material

behavior of such material is characterized using hyperelastic and visicoslaterials models.

Hyperelastic Behavior:

A material constitutive behavior often used to characterize materials has the ability to withstand
large stretch ratios or strains up to 500% and possess special properties like flexibility, resilience,
extensbility and durability. Such properties are generally impossible to model using the simple

isotropic constitutive model and are often characterized using strain energy density given by Eq.

(2.5) as a function of the stress invariant@iCHO or principal stretch ratios_ _ h_

Y QGichio  "Q_ _ h (2.5)

Most hyperelastic models developed based on phenomenological and empirical models whose
coefficients are determined from experimental data from uniaxial, biaxial, shear and volumetric
compression tests. A good hyperelastic model is one that can have daeniglfour properties

[26]:

Replicate the S curve (ndimear stress strain curve)

All deformation modes can properly be estimated

Has fewer fiting parameters

1 Should be a simple mathematical model, a polynomial equation

= =4 A

Stretchbased and invariaiitased are the mainly used to describe the hyperelastic behavior by

defining the strain energy dens[&6]i [28]. The commonly used models are as given in table

TABLE 2.1: HYPERELASTIC MATERIAL M ODELS

Model Strain energydensityFunction Notes

Requires data from at

Reduced least 1 deformation
Polynomial Y 0 O ¢ % VR modes. NedHookean
Model and Yeoh is commonly
used model
Polynomial . Requires data from at

% 6 0o O o least 2 deformation

Olo

Model
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modes. Mooney Rivlin i
commonly used model
‘ 3 deformation models.
S P,
Ogden > o 0 p
| = = = 0 Accurately accounts for
Model o
upturn stiffening
-' Based ommolecular
Arruda v o 2 o g P2 P _
0 ¢ chain network. For small
Boyce = ]
and large strains
Gent Strain - @, O o p Accounts for polymer
Y —atp — =0 p _ .
Energy v O chain extension limit

where "Oi0OT) ¢ ‘are the strain invariants related to the principal stretchies® ¢ Q

O

0 (2.6)

0
0 1 elastic volume ratiq, & Q are the empirical coefficient for the shear behavior@nid

for compressibility which are obtained by fitting the equation to the experimental data.

Viscoelastic behavior

Viscoelastic materials have a combination of elastic and viscous parts and the response of the

material is always time dependent. These nmalteare represented using a combination of linear

elastic springs, for its elastic response and linear dashpots, for the viscous part. It has a complex

modulus that is dependent on time rate or frequency as shokigure2.11 and given by Eq.
(2.2), the real part of the modulus is called the storage modulus and the imaginary part is the loss
modulus mainly due to molecular rearrangements. An apiplicaif sinusoidal stress on a
viscoelastic material will result in a sinusoidal strain but will be out of phase with the strain lagging
the stress. This phase difference between stress and strain is referred to as the lo€sAdgtor (

and is often giveby the ratio of the loss and storage modulus as shown in Eq. (2.3).

d 0 QO 2.7)
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o1 Xl 28)
- |

whereO is the storage modulu€xis the loss modulus

The complex dynamic moduli of the viscoelastic material is obtained either by using linear
constitutive model$29] or by experimental methods like dynamic mechanical analg6is

Some of the linear catitutive models, which are used for rubber, are the Kelvin Voigt model,
Zener slider or Standard linear model (Voigt form). The mechanics of materials and constitutive

relations are used to obtain the modulus from the linear models.

Kelvin-Voigt Model: This is the simplest case of viscoelastic solid that is represented using a
linear pair of spring and dashpot as showrrigure 2.9. Using stress balae and constitutive

relation the effective complex modulus of the material is given by,

o] 0 O - (2.9)
E

——— n p—
T
Ll

FIGURE 2.9: KELVIN -VOIGT M ODEL

Zener slider: This is also called the standard linear viscoelastic solid. It is represented with a single
spring and a Maxwell element in parallel to represent the viscoelastic behavior of rubber as shown
in Figure2.10(A). The mathematical relation for complex moduli is given by Eq. (2.5),

00 ©O 071 - 1 -

' X i 2.10
O] o % —©° (2.10)

Standard linear model (Voigt form): In this case, the spring is in series with a Kelvin Voigt

model as shown ifigure2.10(B). This closely resembles the bglma of the viscoelastic solid
that has an instantaneous response or rapid response. For example, rubber. The mathematical

relation for complex moduli is given by Eq. (2.6),

. Opfﬂﬁ .
O g + = oo,— (2.11)
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FIGURE 2.10: ZENER SLIDER (LEFT), STANDARD LINEAR MODEL (VOIGT FORM) (RIGHT)

Experimental testing using Dynamic Mechanical Analysis can also be done in cothsitothe
complex modulus of the viscoelastic materials. In the case of rubber, it is very important to obtain
the modulus in a very wide range of frequencies to notice all three regions (rubbery, transition and
glassy) as shown iRigure2.11. However, it is not feasible to do testing at very low and very high
frequencies because of instrument capabilities. Hence in order to obtain the elastic mbdulus

these wide frequency ranges Tihiemperature Superpositi¢l], [32] is applied.

The complex moduli are dependent on the temperature and compositithe ahaterial.
Experiments has shown that the complex material moduli curve shifts to higher or lower
frequencies with change in temperature in horizontal and vertical direction. Based on the
experimental observations William LandEerry [33] developedempirical formulation for
horizontal shift factor depending on tleference or glass transition temperature. It seemed to hold
well for temperatures in the range pfmt @ above the glass transition temperature. Later,
Arrhenius[31] developed a relationship to obtain the shift factor for temperature below the glass

transition temperature.

Prony Series Model:

Another commonly used analytical representation foroakastic behavior is the prony serjd4]
model to describe the wide frequency ondi dependent material properties. The prony model
coefficientsQw ¢ 1 are obtained either cre@épelaxation data or by using frequency dependent

material data from DMA analysis. The prony model is represented using the below model:

Tt

o o T o
P o T

(2.12)
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FIGURE 2.11: VISCOELASTIC DYNAMIC MODULUS

2.5 SURFACE ROUGHNESS

Advancemerttin surface measurement techniquegealedhat surfacewhich appear smooth to
thenaked eyshave some level of roughness at higher magnifications. The roughness in the surface
causes variatiain the contact mechanics properties such asrélal area of contact, pressure
distribution or stresses at the contact interface and deformations. Hence it is very important for

characterizing the surface based on the surface profile measurements.

. {=100

Hard substrate

FIGURE 2.12: ROUGHNESS AT DIFFERENT M AGNIFICATIONS

Profilometer is the instrument faneasuringthe profile of any surface. Based on the type of
measurement technique it is classified as; Contact anetdlaact methods. Contact methads
mainly using a stylus instrument where the resolyti@pending on the size of the,tqan range

from¢ & Gtou ft & In case of norwontact measurement, optical methods such as laser scanning,
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confocal microscopy, interferometry or hologragimgavailable The main advantage of the Ron
contact method is its ability to measure an area profile rather than just a ling psifilthe case

of contact methods.

In order to be able to use the surface profile for tribology measurement techniggie®ny i
important to characterize the surface roughii@sp Depending on thgype of data (line or area

scan) the common roughness parameters that are used are

Arithmetic Mean =|+ - Also known as the Center Line Average (CLA), it is the statistical mean
of the measured line profile.

Y : Sl (213
Root Mean Square (RMA) roughness ,; yi Represents the standard deviation of the surface

height distribution.

™D

xS (214

In addition, there are other parameters such as the maximum height of the profile, skewness and

kurtosis of the surface.

2.5.1 Height Distribution

The height distribution of the surface is obtained either by considering the distribution as Gaussian

and obtainig the probability density using E(R.15) or using the experimental data.

%o O Q (219

where' is the mean angl is the variance of the random variable.

Al nvenwheehmeofgr eat est evolution to tran



19

Thesummit distribution is related to the height distribution by an affine transformation parameter

that is obtained by a combination of analytical and numerical procedire transformed height

is given by Eq(2.16)

@ — « (2.16)

' 2.17)

The summit height distribution can be given %y,0 "Q%.¢Q . It is obtained from the height

distribution data by considering the values above the mean plane.

2.5.2 Height Difference Correlation Function (HDCF)
The heightdifference correlation function predicts the mean surface height fluctuations with

respect to theelgth scales. It is given by E(R.18),
6 0dow _ @wOO (2.18)

where & @ is the height profile of the surface. The correlation function as a function of the length

scale can be obtained for a surface as showigure2.13.

02 .
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FIGURE 2.13: HEIGHT PROFILE OF THE SURFACE WITH HEIGHT DIFFERENCE CORRELATION

FuNcCTION
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The slope of the correlation function will be used to predict the fractal dimension of the surface.
The correlatiotength scales can be obtained either from the height data or by fitting the correlation

function data to the E2.19) for selt-affine case.
0 = (2.19

where ,- is the correlation length parallel to the surface or the maximum wavelength of the
surface, is the correlation length normal to the surface or the RMS roughness amplitude of the

surfae, this can also be obtained from the variance of the height profile data given by the equation,
,- E the maximum length scale below which the séfinity of the surface is fulfilled.

2.5.3 Power Spectral Density (PSD)

This is an alternate approach to estimate the surface roughness power spectrum. It is obtained from
the FouriefTransform of the autoorrelaton function of heightheight correlation function that is

given byEquation(2.21),

p

6 A - QwiQe Q @ 4 (2.22)
E
=
o
[=11]
=
q; 4y logq(1/m) q'l

FIGURE 2.14;: POWER SPECTRAL DENSITY OF THE HEIGHT PROFILE
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where'Qe is the height profile an®  afto, 8 Orepresentshe ensemble averaging over

different realizationsa 13 [ is the wave vector, but since we are considering the surface to

be isotropicit only depends ogas The surface parameters for the castheself-affine surface

is obtained by consideringelq. (2.22),

6n Q— (222

whereQ — — 1 is the low cut off wave vector above which the surface isadéife. It is

the inverse of the maximum wavelength givemby ¢“7_ ."Q is the rms roughness amplitude
of the surface that is obtained using Eq. (3.17),

N 6007 | QR on (2.23)

The fractal dimension of the surfa€e ¢ 'Ois obtained from the slope of the curve shown in

Figure2.14 using the relation,
o — (2.29)

wheren is the slope of the curve Figure2.14.

Material Models

2.6 FRICTION THEORIES

Based orthe experimental observatiahe various factors influencing the friction coefficient are,
normal load or real area of contact, sliding velocity, temperature, viscoelastic properties, nature of
surface and presence of contamination layer or lubricant on the surface. In addisomatiaed

the different mechanisms of friction. Developments in computational simulations motivated the
requirement for a friction model in order to successfully depict the stresses and deformations at
the contact. Uncertainties in measuring and chaiactg the exactness of the surface
irregularities makes it an intricate work to develop a friction model considering the distinct

mechanisms arising at the contact interfi@®, [36], [37].
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2.6.1 Empirical Friction Model

A simpler methodology was the development of empirical models depending on the exiarimen
observation of friction urgl different conditiond1], [3], [4], [38], [39]. These models are
extensively used for ranking of compourd8], [41], Finite element analysis of tif@], [42]i [44]

and vehicle dynamic simulations because of its accuracy and efficiency for a specific condition.
The various empirical models are as showhahle2.2. Though efficient in obtaining the reslt

it is restricted to the condition at which the experimental data was obtained and fitting performed

which has to be repeated if a condition changes.

TABLE 2.2: SEMI EMPIRICAL FRICTION EQUATION

Empirical

Equation Significance
Model

Obtains the friction

Schallamach[1] © coefficient as a function ¢

J‘| -

normal load

Obtains the friction
. coefficient as a function @
Savkoor[39] SV : APl 1l C(bL sliding speed and also

includes the adhesion an

hysteretic component

Considers the frictional
interface as spring/dampgt

model and obtains the
Lugre [45] &y , S

A

frictional force as a

"O O 0Q function of deflection and

Qv
Q

sliding speed.
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Considers the dependenc

d - of frictional surface,
Huemer [44] v W W
rubber compound and

shape of block.

Obtains the friction

E— coefficient as a function @
Rado[45] E— i .
C o @ slip speed for transient

condition.

Semi empirical model to
; i estimate the adhesion

v i . U , . :
B. Lorenz [16] —APbwl ] (;O— 0 n friction as afunction of
sliding velocity and length

scale.

2.6.2 Theory of Rubber Friction

Though empirical modelsire easier and simplerthey arenot susceptible to change in the
conditions at the contact interface. Through the advent of the mathematical prelimandrizs
increase in the ability to computationally handle complex analysgearchers and physical
analyst are inclined to obtain a more robust and efficient friction model depending on the different

influential factors and different mechanisms occurahthe contact interface.

Based on our earlier discussion, for viscoelastic materials, friction at the contact interface is a result
of energy losses due to three mechanisms, (i) because of the inherent hysteresis effect of
viscoelastic materials, interndamping from undulations of the surface results in energy loss at
the contact interface , (ii) intermolecular attraction between the contact interface causes a stick
slip oscillation from bonding and debonding of molecular chains and (iii) under weirmalied
condition, presence of fluid at the contact interface results in viscous resistance resulting in
frictional energy lossesnitial work by Grosch and Schallamaldj, [4] focused on differentiating

the different mechanisms of friction based on the operational conditions of the contact interface

Al nvenwheehmeofgr eat est evolution to tran



24

using experimental observat®nGrosch while correlating between the temperature dependent
material propelies and velocity dependent frictipinferred a similarity between the velocity
dependent friction property and thermally activated bond breaking process. Schalla&jach

his later work drew a relatiopdepending on this similayitto explain the adhesive mechanism at
the contact interface given by Hg.25)

0 0

. . A D _—
W WAQD %

(2.25)

where wis the sliding velocity;O is the frictional forcelO is the activation energyyis the
temperature and fi are material constants. This in conjunction with stochastic process is used to
obtain the frictional losses due to the stretching breakiradtaghing and rstretching process.

The theory fails to follow experimental observasat higher velocities ahto predict the static

friction coefficient.

stretching detachesand  reattaches
relaxes

FIGURE 2.15: STICK -SLIP PHENOMENON DEPICTING ADHESION

Savkoor[39] considers the frictioal losses due to adhesive mechanism at the contact interface
using a rudimentary theory where the interaction is considered as a series oEgfom®sgrowth
of contact area in the initial stage to initiation and propagation of crack in the finabstagew

in Figure2.16.
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ELASTOMER
R2
RIGID

POINT CONTACT GROWTH STAGNATION INITIATION PROPAGATION END OF CONTACT

FIGURE 2.16. INTERACTION OF PAIR O F ASPERITIES AT DIFFERENT STAGES OF THE CONTACT
[39]

The totd tangential interaction at the contact interface is obtained by summing the forces in the
pre-stagnation, initiation of fracture and finally the propagation stage at the trailing edge given by
Eq. (2.26). The speed dependent frictional propeshoweda qualitative agreement with the

experimental observation considering the variation of different material factors.

O o 00 Q0 00 Qo (2.26)
On the other hand, Heinri¢h6] developed a physical model to estimate the hysteretic component
of friction by considering the energy losses at the contact interface due to internal damping from
the undulations of the surface. The energy loss thus obtained is related to the frictional shear stress
by the energy relation given by HQ.28)

30 _ QoQd 8, (2.27)
39 2.28
" B0 (228

Later, Perssofd7] extended the theory to estimate the friction coefficient due to the hysteret
losses for a general case as given by(E89), where C is the roughness spectrum parameter and
the friction coefficient was considered to depend on the loss modulus of the material and the

surface roughness.

o
‘ 6 'O —— 2.29
01 s (229
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For the case of rough surfaces, Perssonkdinplpel obtained the frictional losses by considering

the surface to be sedfffine and the total energy loss being the sum over the different length scales.
Kluppel considers the GW theory to estimate the contact mechanics theory where Persson
developed a new contact mechanics theory based on the stochastic process between the pressure

distribution and magnification of length scale

Perssonj48], [49] considers a spring block system to consider the effect of a block sliding over a
lubricant. The sliding behavior in this case is attributed to the creep relaxation behavior at the
contact interface. Depending on the sliding spekd contact is consideteto be in either
fluidization zone or a solid pinning zone. When the contact is in solid pinnediséateis buildup

of stress and increase in the contact area until the stress reaches a critigal\wimgt fluidization

begins and the blocks stauto slide. He divides the block contact interface into n segments and
each segment is connected to the bulk by a pair of springs as shbwgur@2.17. Considerig

the equation of equilibrium, the frictional force is related to the deflections and spring constants of
the interface as given by E.30). Damping is considerefiom the model itself and also from

the frictional force. Velocity dependence of the friction coefficient is studied with and without the

influence of thermal process
o Qe A n 0 (2.30)

Ssiisnasg— 20 fluid

D B @ ~_solid pinned
@ island
< — \'} e
. ‘e,

k
/u%- ]a'n'- d
A) S IRt SR b Ml 5)

FIGURE 2.17: (A) MASSSPRING SYSTEM DEPICTING CONTACT . (B) STRUCTURES OF
ADSORBATE LAYER [49]

A

E1%1 L

The stiction force seesto increase with an increase in the rest time. At lower velocities, a stick
slip behavior is more observedherewe observebondingi debonding rebondingof the contact

interface
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2.7 PREVIOUS RESEARCH AT CENTIRE

2.7.1 Surface Roughness Masurement and Characteization
Recent studies observed most surfaces in nature to have a fractalaffirselhature up to micro
scale level. Selaffine surfaces are statistically invariant surfaces and are isotropic in nature, i.e.,

the morphology of the surface is unchangader a scale change which is given by,
GO -8 GO -8 G° - &

where — is magnification andO is the Hurst exponent, which is obtained from the fractal
dimension,0 . Fractal dimensioris a scaling convention that explains the change in detailing of
the surface pattern with variation in the measuring scale. Initial studies in CenTiRe fooused
obtaining the surface characteristics from the surface profile measured using the Nanovea

Profilometer as shown iRigure2.18.

Nanovea Jr25 is a Ne@ontact Profiloneter used to obtain the height profile of the surface to
predict the surface characteristics as showrFigure 2.18. The measurement is based on
Chromatic Confocal gtical technology and utilizes the concept of raster scan. A white light
emitted with high degree of chromatic aberration through a series of lenses from the optical pen.
The light is reflected back into the optical pen through a pin hole filter whicivakmly the
measurement range frequency which is set based on the surface. The light then passes through a
spectrometer at which based on the set calibration the wavelength will correspond to a specific
distance at that point. The instrument can measunexamum surface area of T v T & and

has a resolution gf* @ain wandwdirection

sssss
555555

55555

zzzzz

FIGURE 2.18: NANOVEA PROFILOMETER WITH 3D HEIGHT PROFILE OF ASPHALT TRACK
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The measured surface profile using Nanovea Profilometer is corrected to remove any slope and
offset to the profilg10]. The profile thus obtaied is passed tbugh a Split Cosine Bell Window

to remove the jumpatthe edges of the signiddatwill affect the power spectrum.

- pB @ o0 pB &
® 50 p 0 p

(2.30)
O o wQ

Two different surface characterization technsuere considered by considering the surface to
be fractal in nature as explained in 2€8.2 For the case of a 120 grit surface profile the surface
characterization is as shown28. The claracteristic parameters of the surface thus calculated is
as shown imable2.3: Surface parameters for 120t surface
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FIGURE 2.19: SURFACE PROFILE OF 120GRIT
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FIGURE 2.21: HEIGHT DIFFERENCE CORRELATION FUNCTION OF 120GRIT

TABLE 2.3; SURFACE PARAMETERS FOR 120-GRIT SURFACE

Surface Property 120 grit
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RMS height/Q a X& v XO
Fractal dimensioi® Cd
Small Wave vector] pFa p @
Large wave vector] pfa pTI

, aa T8 Y p

- aa ] U W

0O g ww

0O C® T C

_ aa T8t G p

272Theoretical Anal Kkppad 0 f MsPkalssonds an

In a previous studpi 3], [50], [51], a comparison of the two friction models; Perssonkdidpelo s
was discussed. Both moddbcused on obtaining the hysteresis component of friction based on
energy dissipated due internal damping of rubber block from oscillating forces &by
surfaceasperitieq8], [14], [38]. Frictional shear stress at the contact interface is obtained from

the energy dissipated using £B.32)-(2.33),
30 Q w'Q0- (2.32

30 , 000 (233

KLUPPEL developed the friction model based on the hysteresis dissipation at the contact
interface as given by Ed2.32) and assuming a uniaxial deformation in order to obi
constitutive relationThe friction coefficient is given by E@2.34). In order to obtain the contact

mechanics paramete Greenwood Williamson theof#2] is extended to accoufdr the effect of
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asperities at different length scaei®y considering an elastic contact energy condition to obtain the

minimum wavelength given by E¢R.35).
5 Q1 1Ce1 Y (2.34)

e 0 0 (2.35)

Based on the elastic energy condition, the minimum length scale obtained as a function of sliding

velocity and loads given by Eq(2.36),

(2.36)

where Qis the separation distance obtained by GW theory and is givéh by

and the real area of contact considering the surfacedelbatfine thus given by,
0 0 f = (2.37)

PERSSONalso considered a similar energy baapdroach for the case of a viscoelastic solid in
contact with an elastic half space. Constitutive relation was obtained by considering a linear elastic
isotropic medium in the frequency domain under plain strain condition. Further, the rubber block

is assimed to follow the surface asperities and thus be represented by the surface roughness power

spectrum given by Eq2.38). The friction coefficient thus obtained is given by E39)

61 —— Qotmonon (2.39
e % a w e JON W £ %o
o= Qm vn on Q%AI%ﬁOap,— (2.39)
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In the above equation) 1§ is the area ratio as a function of different length scales. Persson
developed a contact mechanics theory by considering the stress probability function and obtaining
a diffusion relation between the stress probability distribujigri- , magnification-and contact

stress, given by Eq(2.40).

[N 10 (2.40)

Solving the boundary value problem using the boundary and initial conditions, the area ratio is
obtained and given by E¢R.41)

0R p t G " (2.42)

O U %l

"o % Qmen Q% (2.42)
2.7.2.1 Temperature Rise due to Frictional Heat:

Energy dissipated at the contact interface duéittional shear stress causes an increase in
temperature also known as flash temperature, as shdviguire2.22. The increase in temperature

is estimated bgolving

(2.43)
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FIGURE 2.22: ENERGY DISSIPATION AT MULTIPLE LENGTH SCA LES

the heat diffusion relation and assuming no lhesg to the surface, temperature tends to ambient
as it goes to the bulk of rubber,

YT Y 'Ot Q6 0& @ Q6 Qf &

Py (2.44)
YO "Yr]T—d(; m m  6£0¢& Qi &QQO Qé
The temperature as a function of length scale is given by,
YUY ™ QM QA (2.45)
where
.o, . 0R . 'OR 0 QWY
Q 0N /., Q9% | %0 -
0 0n
T DY . ™ ™
Q - Q9 Q % —= ;
m = %q P Q 1 Q 11
whereO _ T’ 8 is the heat diffusivity and is the amount of energy generated per unit volume

per unit time due to the average frictional shear stress at a macro asperity tostdoe mass
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density,_ is the thermal conductivity and is the specific heat. The flash temperature thus
generated at the contact interface effects the modulus of rubber considered using a shift factor,
. 0 Y Y
I 1 @&  EEETToE
@ Y 'Y

© (2.46)

0] RY 'O0®] RY

where 6 andd are empirical constants determined from DMA experiments. After estimating the
temperature at different length scgléhe corresponding friction coefficient for a saffine
surface is determined using E(R.47) and considering the temperature dependent material
properties.

T LT ok o O N0 D EREY
‘ 0 MKhY c QM 6L N Q %6 | %O G -

. T (2.47)
_— a2, ON0 @& h %
0 ARY p EJ QM on Q %o

2.7.3 Comparison of the Models

Both friction modes estimate the hysteresis component of friction by considering the variation in
the internadamping of the rubber sample. Two major differeyfmtween the modetgethe way

they consider the constitutive relation and contact mechanics theory considered for obtaining the
contact parameterKlippel considers a uniaxial deformation at the contatérface whereas
Persson considers the continuum theory to obtain the 3D stress state for a uniform pressure
distribution at the contact interface. On the contact mechanicsighgel considers an extension

of Greenwood Williamson theory where he umks the coupling of the length scales and estimates
the minimum wavelength to which we have an elastic limit and as well as the penetration depth at
the contact interface. On the other hand, Persson develops a contact theory by considering a
stochastic prcess and pressure distribution and magnification scale as the random variable. The
diffusion relation as showby Eq. (2.40) is solved to obtain the area ratio. However, he assumes

the deformation of rubber to follow the profile of the asperity and a uniform pressure distribution
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at the contact interface. The uneqess between the two theories is the way they consider the

contact mechanics approach.

The results from the friction models are compared with friction coefficimatsureditT@ 0 0 ©

as shown irFigure2.23. For comparison purposes, an empirical adhesion nib@lglas shown in

Eq.(249, i s added to Perssonéd6és friction model whi
literature[16].
T & cn
‘ — 0 —hORY (2.48)
+ < . U
T t AgPbwl i (;0— (2.49)

Per ssonds fhowsgobd agreemenbowithetthe experimental results after including the
adhesion model that is a dominant component at low sliding velocities. Whdigaeld s f r i ct i o
model does not considtre effect of adhesion and hence there is some discrepancies between the
experimental data and this model. This can also be due to the assumption of spherical asperities
with identical radius of curvature as a function of load. It confirms the importdragthesion at

lower velocities and consideration of partial contact instead of complete ci&&pct

~——Persson's Friction -Semi-empirical friction Total friction - Persson

Kluppel's Friction = Experimental friction

12

0.8 z
= 06
0.4

0.2

0.000001 0.0001 0.01 1 100
v(m/s)

FIGURE 2.23; COMPARISON OF KLUPPEL 'S AND PERSSONS WITH EXPERIMENTAL
OBSERVATION [52]
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2.8 MATHEMATICAL MODELLING OF PHYSICAL SYSTEMS
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Most physics based moddbollow the approach as shown kigure 2.24. A physical system

considered is subjected a set dinputs and forcing system resulting in a set of output variables.

In most studies, the rubber block is considered to be a semi infinite elastic half space and the

substrate is a rigid surface. Depending on the experimental obsesydt®mputs to thenodel

are the operational and boundary condgiohind the outpug arethe friction coefficient and the

frictional energy losses at the contact interface

* Operating condition

* Material properties

* Surface characteristics

* Boundary conditions

* Assumptions for the
model

Input

Physical

System

Output

l

Physical mechanism and principles
Constitutive relation
Interaction properties

Contact mechanics theory
Mathematical models for the
physical principles

* Friction coefficient
* Frictional energy losses due to
applied boundary conditions

FIGURE 2.24: CAUSE EFFECT DIAGRAM OF THE PHYSICAL SYSTEM
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3 PRESSUREDEPENDENCY OFFRICTION MODELS
3.1 INTRODUCTION

Initial work of this research is focused on observing the variation of the normal load/ nominal
pressure at the contact interface on friction estimation usmgnodelsdiscussegreviousy. In

addition, validation of such models is a key towards development of more robust and efficient
approach. The models are compared for a Compound A specimen provided by Bridgestone on a
120-grit surface whose surface profile is measured using the Narireéilometer.

3.2 MATERIAL PROPERTIES

The frequency dependent material property of compound A is obtained by performing DMA

testing on the compound sample. The frequency range deperide equipment capabilityn

N " N N ' . E;real ' ' . ' P -_
; A : L . . h > 9.5H E_imag = -
9.0} c " H . . s
| o o : = . b 9.0
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FIGURE 3.1: MASTER CURVE FOR THE RUBBER COMPOUND

this casethe frequency rangef 1 Hz to 35 Hz and temperature range 10 0 € ¢ T were
consideredTime temperature superpositif8i] is performed on the DMA test data to obtain the
master curvg32] that provides the material property for a wide range of frequency. WLF equation
[33] given by Eq.(3.1) is considered to obtain the temperature shift factor parameters for

estimating the material properties at different temperatures when necessary.

o Y Y (3.1)

w0 0N o & aldLE ~ Y
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FIGURE 3.2: WLF SHIFT FACTOR AS A FUNCTION OF TEMPERATURE

TABLE 3.1: THERMAL PROPERTIES OF A RUBBER COMPOUND AND SURFACE PROPERTIES OF

ASPHALT [53]

Parameter Value
" QTh pTI
6 0CQ 0 p T
Wwa v 1)
O 8
n pfa PUTT

3.3 SURFACE PROPERTIES

Surface profile of 120 grisand papeis obtainedusingthe Nanovea Profilometer, as shown in
Figure 2.19. The measure profile is then characterized using the characterization techniques
explained in Semns 2.5.2and2.5.3 The roughness power spectrum and the HDCF is then used

to obtain the surface characteristic parameters as giveable3.2 (used as input to the modgls
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TABLE 3.2: SURFACE ROUGHNESSPARAMETERS OF 120- GRIT SURFACE

Surface Property Value Surface Property Value
Q & X& v Xo , Ga ™Y p
(@) Cd -~ aa T8 U W
n pra p 1t 0 ¢ TG
n pra p T _ aa T8 ¢ P

The height distribution of the measured surface profile is obtained (refer to SEbtihras shown
in Figure 3.3. Depending upon the height distribution the GW function given by(&8) is
obtained as shown iRigure 3.4. This will further be used to estimate the contact mechanics
parameers forKllippelb s c as e.

0.5

0 Q

Y—Height Dist

0.4

0.3]

$(2)

0.2]

0.1}

FIGURE 3.3: HEIGHT DISTRIBUTION FOR 120-GRIT SURFACE
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FIGURE 3.4: GREENWOOD WILLIAMSON FUNCTION. EQ. (3.2)

3.4 EFFECT OF NORMAL LOAD ON FRICTION ESTIMAT ION

341Perssonds Case

The models revieed in Setion 2.7.2are solved by considering the inputs as defined above to
estimate the friction coefficierfor different load and sliding velodies. Figure 3.5 shows the
resultsot he Per s s on dasthréediffecent presauremas d ririction of sliding velocity
and Figure 3.6 at different velocities as a function of operating pressure ramge p

@0 0 ¢8Note that, in the operating pressure range, the friction coeffigeminsconstant with
respect to pressure. At very high pressuiee area ratio asymptotically approaches to 1 as shown
in Figure3.7 due to which thre is a slight variation in the friction coefficiaitioads approaching
yield limit. This variation may be due to the assumption made where the ardauatasinghe
stresses acting at the contact interface isdessempared to the yield strestrabber , @ L

» - Additionally, temperature rise due to frictional heating is not considered that effects the
material properties at the miact interface. The temperature rise at the contact interface might be
effected by the variation in pressure ahwill in turn influence the frictional losses.
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FIGURE 3.5: FRICTION COEFFICIENT AS A FUNCTION OF SLIDING VELOCITY AT THR EE
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FIGURE 3.6: FRICTION COEFFICIENT AS A FUNCTION OF PRESSURE AT DIFFERENT VELOCITIES

WITHOUT CONSIDERING THE FLASH TEMPERATUR E EFFECT
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FIGURE 3.7: AREA RATIO AS A FUNCT ION OF PRESSURE USING EQ. (2.47) AT DIFFERENT

VELOCITIES

In order to consider frictional heating, heat generation due to frictional losses at the contact
interface issolvedto obtain the teperature rise (refer t8.7.2.]). The temperature for a sliding
velocity is obtained by guessing upper and lower §mwitthe temperature and solving .£8.45)
iteratively. Falsd?ositionMethod given by E(3.3) is considered to predict the actual temperature

at the contact interface.

e e QY Y YL (33)
[ Q7Y QY

This is repeated until the maximum tolerance for a specific velocity is less@h@nThe
temperature thus obtained is usedstimatehe friction coefficient and area ratio as a function of
magnification factor and velocity. The thermal diffusivityof O pm & i and the

magnification of macro asperitf — ¢ UL were used.
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b.

— Without flash temperature - 273K
— Without flash temperature - 333K
— With flash temperature - 333K

-1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0

log1p(C)

FIGURE 3.8: (A) FLASH TEMPERATURE AS A FUNCTION OF MAGNIF ICATION (B) FRICTION

COEFFICIENT AS A FUN CTION OF MAGNIFICATI ON WITH (RED) AND WITHOUT (GREEN AND

BLUE) FLASH TEMPERATURE A T A SLIDING VELOCITY ~ CIF' W 8 4 |F4np

BACKGROUND TEMPERATU RE 1| LL

Figure3.8(A) shows the results of the temperature increase at different length scales due to sliding

on sand paper at a sliding velocity p & 7i. Figure 3.8(B) shows the results of the friction

coefficient at different length scales before and after considering the flash tempeffatirdlote

that there is a considerable decrease in the friction coefficient when considering the effect of flash

temperature. This is mainly because as the temperature increases there is a shift in the peak

modulus to higher frequencies and hence a #hithe friction peak to higher velocitieShe

temperature rise and friction coefficiesute obtained for different velodés by considering the

energy loss at all length scales as showkigre3.9 andFigure3.10, respectively
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FIGURE 3.9: FRICTION OF COMPOUND A ON 120-GRIT SURFACE WITH AN D WITHOUT FLASH
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FIGURE 3.10: TEMPERATURE RISE AS A FUNCTION OF MAGNIFI CATION AND VELOCITY

In Figure3.11, we show the effect of the frictional heating due to the change in the load or pressure
at the contactFigure 3.11(A) shows the temperature rise of rubber as a function of nominal
pressure at the contact at two different length scalesp & € £ 1t and at different velocities. In

the right,Figure 3.11(B), the friction coefficient variation as a function of nominal pressure at
various sliding velocities is shown. Note that there is little to no change in the temperature rise

with respect to an increase in the pressure and very small variation in the friction coefficient (

™ pb.
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FIGURE 3.11: (A) TEMPERATURE RISE AND (B) FRICTION COEFFICIEN T AS A FUNCTION OF

PRESSURE AT DIFFERENT SLIDING VELOCITIES

Case

Considering the GW function and the height distributiiippeld modelis solved to obtain the

contact mechanics and friction values under different conditibime variation in the minimum

length €ale is obtained using the implicit equation given by @®6) that is solved using the

FalsePositionMethod considering the range as the minimum and maximum lengths scaie

obtained from the surface characterization technique. The predaitezsareas shown irFigure

3.12. The obtained minimum length scale is then usedhlculatethe area ratio, surface distance

and the friction codicient of the contact interface.

103 10° R ———
0.01MPa — 001HRs

— 0.1MPa - OliPa

— 0.4MPa

104 0AMPa — 0.6MPa

0.6MPa

-6 X X K
1010 10° 10 10° 102 10" 10° 10! 107 10° R 1 [ S T NS L TN
v(m/s) v(m/s)
FIGURE 3.12: (LEFT) VARYING MINIMUM WAVELENGTH (RIGHT ) SEPARATION DISTANCE
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Figure3.13(A) shows the area rati@s a function of load usinglippeld s madhe arka ratio
does show a linear relatiovith load at very small loagibut asymptotically approaches 1 at higher
loads.Figure 3.13(B) shows the variation of the friction coefficient as a function of load, the
friction coefficient thus shows a decreasing trend witlpeesto load compared to the friction

values from Perssdns mo d e |

— 0.01m/s

25 — 0.1m/s ||
— 0.5m/s
2.0 1m/s
— 10m/s

515 100m/s ||

0.0 0.2 0.4 0.6 0.8 1.0 0100'? 107 10°
oo(MPa) ag(MPa)

FIGURE 3.13: (A) REAL AREA OF CONTACT ; (B) FRICTION COEFFICIENT AS A FUNCTION OF

LOAD AT DIFFERENT VE LOCITIES USING KLUPPEL 'S APPROACH

3.5 EXPERIMENTAL OBSERVATIONS

Dynamic friction tester is a smaitale friction/ wear tester capable of measuring friction and wear

of a round tread rubber sample under different normaklaiad slip velocities as shown kiigure

3.14. The desired slip velocity is obtained by controlling the speed of the rubber sample and road
surface. The frictional force is measured using a FUTEK load cell connected in the longitudinal
direction; the equipment is also capable of measuring the dynamnical load and contact

temperature using a naontact infrared sensor.
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FIGURE 3.14: DYNAMIC FRICTION TESTER

Experimental testing, using the DFT is performed on Compound A specimen sliding on 120 grit

surface. A round sample of diamegerd & with a thickness of 13 mm is uskd the experiment

Experiments were conducted at five different velocities and loads as givahl@8.3 and friction

coefficient is calculated based on the measured longitudinal fBrgere 3.15A) shows the

variation of the friction coefficienfor different velocities ranging from&t gh i 0 g & 7i at

@ 0 0 (Figure3.15B) shows the variation of the friction coefficient with respect to the nominal

pressure at the contact interface. The experimental results show a variation of ab@’bi0

friction coefficient as the nominal pressure incred5d§ [55]. The experimental observat®n

gualitatively agree witkluppeld s mo d danlcasedPesrr es snadal,bosvariationof friction

with nominal pressureas observed

TABLE 3.3: EXPERIMENTAL CONDITIONS

Load MO0 D0 0B 00 GO O e @0 0
Velocity Tt prdt ¢ ot ordt x & @ a Ti
Surface 1207 grit
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FIGURE 3.15: FRICTION DATA FROM DYNAMIC FRICTION TESTER. (A) AT NORMAL PRESSURE
8 1 | #B) AT DIFFERENT NORMAL PRESSURES

3.6 DISCUSSIONS

Perssonds f r i c invamance imfictienlvalusshas avfenctianrof nominal pressure

at the contact interface. It also fails to obtaitemperature change at the contact interface due to
change in the normal load. Whereas experimental observatiorKléapgeld snodel showa
decrease in friction values with variation in the normal load. One of the main reasons for this is
due to the consideration of complete contact of the rubber in the case of Persson while obtaining
the elastic energy at the contact interface instead of pashéact in which case the elastic energy

is much smallerin case oKluppel, we consider the deformations at the contact interface and
hence consider the partial contact which Persson fails to captddgionally, the minimum
wavelength,_  is an important parameters that varies with pressure, because with increase in
pressure the rubber tends to explore the lower length scale asperities, that is taken into account by
Kluppel. Another important contribution to consider is the adhesion l@gbs contact interface,
because as the temperature of the contact increéhsdsction peaks shift to higher velocities and

adhesion sticlslip becomes important.
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4 FINITE ELEMENT APPROACH TOWARDS
V ALIDATION OF CONTACT MECHANICS

THEORIES

For the msttwo decadegesearch has focused on developing physics based analytical @pdels

[14], [15], [37], [46], [49]for estimatingcontact mechanics and friction parameters of the contact
interface. Estimation of the contact mechanj&@3]i [23] parameters is a complex phenomenon

and higher is the complexitf experimental validation of the developed analytical models. It is a
strenuous task for experimental measurement of the real or actual contact area at the contact
interface for the case of rough surfae¢ different magnification or length scales. Tisisnainly

the inability to obtain a visual representation of the contact for the caaeonfgh surface.
Molecular dynamics or brute force approximati¢b@]i [59] are considered for a comparison of

the contact mechanics parameters and is considered a good apporxasdt takes int@account

the molecular forces. However, such simulation is computatjooamplex and expensive.

An easier method to estimate the real or actual contact area is the optical tef@®iliqueere

either the contact or the component is transparent for visualizing the contact. However, for this
case, itis a tedious task to measure the contact on rough surface as reflections from a rough surface
disrups theimages. Our attempt is to develop a #nglement model to measure the contact
mechanics and friction parameters of the surface using a multiscale phenomenon. For validation
of the approach, a Nano indentation contact model is developed and the results from the FE

simulation is validated with g@erimental results obtained using a Nano indenter.

4.1 NANO T INDENTATION TESTING

Nano Indentation is a type of depghnsing indentation measurement technique used for
measurement of penetration of a rigid indenter tip into a softer material at constang loadi
displacement ratgg1]. It is mainly used for measuring mechanical properties of indented material
such as hardness/ stiffness or bulk material properties from creep/ relaxatifRflatmnoTest
sydem, a flexible Nananechanical property measurement system from Micro Matesizddable

in BEAM Departmenat Virginia Tech, isused for Nano indentation measurements of Compound
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A rubber sample (provided by Bridgestersdown inFigure4.1). A rigid spherical indenter of
sizev‘ dis used for the experiment and the rubber sample opsitzed p u G is mounted

on the sample holder using an adive. A gradually increased loading at a constant rate up to a
desired value is applied followed by creep loading for a certain time to obtain the penetration

measurement.

As the experiments are performed in micro scale, different factors are to be considered to ensure
validity of the results obtained. Creep test is performed to obtain an optimum creep time and a
repeatability at a constant load is performed to ensuregimgle surface roughness does not affect

the data measured.

Sample holder

Indenter

FIGURE 4.1: NANO INDENTATION EQUIPMENT

A creep test is performed on the rubber sample by applying a step lgadiofnd then holding

it constant for a certain period. The penetration depth vs time readings are as shogurea.2.

The deformation increases rapidly initially and then rea@hconstant value after a certain period,
which in this case is considered 60 sec because the deformation tends to reach a constant value
(approx.c bat 120 sec).
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FIGURE 4.2: CREEP TEST OF COMPOUND A SAMPLE WITH A MAXIMU M LOAD OF 2MN

In order to make sure there is no influence of the surface roughness on the measuref@&jt data
repeatability of the experiment is alserfprmed under a maximum load @i 0 at a constant

loading rate while maintaining the load for 60 sec (based on the creep test results) at 8 different
locations on the rubber sample. The peak penetration depth was observed to be equivalent between

the tests (with a maximum error af P as shown irFigure4.3.

2.00

175

1.50

125

1.00

Load (mN)

0.75

0.50

0.25

0.00

0 2500 5000 7500 10000 12500 15000 17500
Penetration depth (nm)

FIGURE 4.3: REPEATABILITY OF LOAD ING STEP UPTO 2MN AT 8 DIFFERENT SPOTS IN THE RUBBER SAMPLE

After obtaining an optimum creep time and ensuring the repeatability of the experiheent
indentation experiment is performtmt 9 different loads and penetration degdie obtained. The

results are shwn in Figure 4.4. The peak penetration and the contact area (&t)) under
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different loading conditions are shownhkigure4.4 - Figure4.5. Next, the experimental test data

will be compared with simple numerical and analytical models.

5 ¢ Vo @1

200 | — 0.51mN

0.6975mN
- 0.885mN

175 { —— 1.0725mN
1.26mN
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Penetration depth (nm)

FIGURE 4.4: INDENTATION DEPTH VS LOAD FOR 9 DIFFERENT LOADS FROM 0.5MN TO 2uN
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FIGURE 4.5 (A) MAXIMUM L OAD VS PENETRATION DEPTH; (B) CONTACT AREA AT MAXIM UM LOAD

4.2 NANO INDENTATION FINITE ELEMENT SIMULATION

The simulation model for the Nano indentation is showRigure4.6. An axisymmetric model is
considered for both the indenterdaihe rubber sample. The indenter is modeled as a discrete rigid
sphere with the diameter equivalent to the radius of curvature of the indenter used for experimental

testing,u’ aThe rubber sample is modeled as a deformable body with the rubber material
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properties as described Trable4.1. The rubber sample is discretized with a minimum element
size ofp* danear to the contact region and a maximum element size ato the end. A bilinear
axis symmetric quadrilateral element (CAX4RH) with reduced integration and hourglass

constraint is assigned to the rubber sample.

A surfaceto-surface contact is assigmh between the indenter and the rubber sample with a penalty
contact algorithm and friction coefficienf zero value The rubber block is fixed at the bottom
and a displacement type of loading is applied to the indenter center as sHeigur@d.6. The

reaction force thus measured is used for comparison with analytical and experimental results.

Displacement, u

Rigid Spherical Indenter, 5um

Th ) ' & 3
Rubber sample

FIGURE 4.6: NANO INDENTATION SIMULATION M ODEL

4.3 MATERIAL MODEL

4.3.1 Hyperelastic Model

In order to perform numerical simulations, material properties for the rubber sample has to be
determined. A hyperelastic material model obtained based on the uniaxial tensitaaexdtttie

rubber sample was considered. Based on the material evaluation tool available in ABAQUS and
considering the uniaxial test data, Mooney Rivlin model was found to agree well with the test data.

The strain energy equation of the Mooney Rivlin model is given by (BEQ), where
6 B &% Q are material parameters obtained using expeErtal test data (material evaluation

tool in ABAQUS) and'OandO are first and second deviatoric invariants a@ndis the elastic
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volume ratio. In this case, rubber being an incompressible material, the elastic volume ratio term

will vanish. The reult of the material evaluation is showrFigure4.7

p .
w 0o O o o O —vuv p (4.2
O
T T T T T L)
3.5 S =
,H/
ex
3.0+ o B
L -
) N = gl |
32.5 o
i _a”
$2.0— /u' — G 8  Neo Hookean
1 P Mooney Rivlin
o I p-d 1 Arruda Boyce
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L a’ 5
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FIGURE 4.7: MATERIAL M ODEL COMPARISON USING ABAQUS EVALUATION TooOL

4.3.2 Viscoelastic Model (Prony Series Coefficients)

For this study, the Prony (Dirichlet) series was used for analytical representation of viscoelastic
materials. This method is beneficial for describing the broadband behavior of the viscoelastic
materials regarding their exponential components, asas#ileir computational efficiencjd4],

[64]. In fact, this method deals with broadband behavior by mapping each series of the test data
into the Laplace domain and converting it to frequency domain. Inhik, a comprehensive

study was done to fit a Prony serteghe data by having the minimum number of components.

To do that, the Prony series was fittiedthe data with different number &rony coefficients
starting from 2 to 15. The Mean Square Error (MSE) was used as an indicator for selecting the

best fit with minimum possible number &fony coefficients.

As mentioned earlier, the main goal of this section is to calculate the Prony series coeff@ients (
and 1) by fitting the real and complex modulus of the materi@ &nd "O) obtained using

experments, to Prony equation given by E43).
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QT

0 "0 . 0
P ¥ p 1

(4.3)

o O T
p M
where “O is the instantaneous modulus at high frequencies@nid the longterm modulus at
low frequencies. The following formula (E.4)) was used tccalculate the loss function
considering the experimental and estimated storage and loss modulus that is minimized to obtain
an optimum fit.

P

- "0 O 0 0 (4.4)
5

However, based on the literature, there are some constraints applied to the selection of each of the

values. Eq(4.5) gives the summary of applied constraints. In addition, data used for the fit was

limited betweerp 1 andp 1t Hz. (Fig 4).

T mMaT mn
t t (4.5)

‘T 0

TheLMFIT [65] package in python was used for doing the least square fit on the value for different
length of component&igure4.8 shows the summary of MSE for each fit with different numbers
of Prony coefficients. It should be noted that for each coefficikatbest initial conitions were

used

® Real
Imaginary

Modulus (Pa)

10¢
Frequency (Hz)

FIGURE 4.8: RAw MATERIAL MoDULUS DATA USED FOR OBTAINI NG THE PRONY SERIES
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FIGURE 4.9: MEAN SQUARE ERROR (MSE) FOR BOTH REAL AND | MAGINARY COMPONENTS

As the results show, the best fit was achieved by using 11 coefficieigiste4.9 illustrates the

final results of the estimated modulusing the model.
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Imaginary Components
«  Best fot for imaginary components
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FIGURE 4.10: FINAL RESULTS AFTER FITTING USING THE PRONY EQUATION
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TABLE 4.1: MATERIAL PROPERTY INFORMATION FOR BRIDGESTONE COMPOUND A

Mooney Rivlin parameters for 0 PH ¢ R

hyperelastic properties o) X8t Q@

O p o TOT
Q Mmooyt pQ puv
N ™Y pQ pTm
QO ™Yyt pPQ w

Q mWrtowd pQ x

Prony series constants f Q mrpod pQ v
Viscoelastic properties 0 mimy Ty pQ C

Q mint xfo pQ p
Q manc Yl pE
Q minp Yty P

Q mrinooefp phPpo

Q v P ot  pPHU

4.4 RESULTS

In order to test the numerical and the analytical models, a simplified model idareaisior both

cases. For obtaining the analytical results, the hertz contact theory between a flat surface and a
spherical indenter is used and the radius of curvature is considered similar to the one used for
experimental testing. The numerical modethed Naneindentation, as was shown kigure4.6,

is solved under different displacement conditions and the results are sheigared.11.
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FIGURE 4.11: AXISYMMETRIC |NDENTATION SIMULATIO N OF A SPHERICAL SPHERE ON A FLAT

RUBBER SAMPLE

The reaction force under each displacement loading obtained from experiments are compared with
the simple Hertz model and are showrFigure4.12. There is a maximum error of 8% when

comparing the experimental data with the numerical model.

~e- Experiment Data
— Hertzian Contact

-e- Numerical Analysis

Penetration Depth (nm)

0.5 1.0 1.5

Load (mN)

FIGURE 4.12: COMPARISON OF ANALYTI CAL (HERTZ THEORY ), NUMERICAL ANALYSIS USING

FINITE ELEMENTS AN D EXPERIMENTAL TESTING

4.5 RUBBER BLOCK SLIDING ON A PLANE SURFACE

A simple rectangular cross section of a tread block is considered to be sliding on a rigid plane
surface as shown figure4.13. Abaqus Explicit analysis is performed for the sliding simulation.

The surface considered is modeled as discrete and rigid and the rubber sample is considered as a
deformable body with the material properties showmable4.1. Hourglass constraint (CPE4R)

is considere@nd the rectangular sample is discretized using a bilinear quadrilateral element with

reduced integration. In order to consider thadel similar to the analytical problem, it is assumed
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to have large displacements in the lateral direction with respect to sliding direction so as to simplify

the problem to plain strain. A finer element discretization is considered towards the leading edg
of the rubber block.

FIGURE 4.13: RUBBER BLOCK SLIDING ON A RIGID PLANE SURFACE

A surfaceto-surface penalty contact algorithm with a contact friction of zero is considered
between the rubber sample ahd tigid surface. All nodes in the top surface of the block, where
the loading is applied, are coupled to have the same displacements in the loading directien. A two
step analysis is considered for the simulation. The rigid surface is fixed in all dieeatd a
pressure loading condition is applied to the top surface of the rubber block as part of step one. In

the second step, keeping the load fixed, a sliding velocity is applied to the top surface of the block.

FIGURE 4.14: COMPARISON OF RUBBER BLOCK WITH SHARP EDGES (TOP) VS ROUNDED EDGES

(BotTOoM)
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Results of the simulation performed using the present configuration (flat bottom surface) are as
shown inFigure4.14 (top). It shows a buckling phenomendd] occurring at the leading edge of

the rubber block, which is mainly due to the sharp edges at the leading edge of the contact
generating an uneven distribution of pressure at the contact interface. Hence, in order to eliminate

this buckling phenomengitheedges are rounded as showirigure4.14 (bottom).

4.6 RUBBER BLOCK SLIDING ON ROUGH SURFACE

Based on the similar criterion of the indentation simukgtihe numerical analysis of a rubber

block sliding on a rough substrate is performed using Abaqus explicit. The measured surface
profile of the 126grit sandpaper is imported to Abaqus as a discrete rigid surface (shbigana

4.15 (A)). Simulation of a rubber block sliding on the rough substrate is performed with similar
boundary conditions as described in Stb.for different loads and velocities. The stress profile

of the sliding profile under different loading conditions is showhRigure4.16. In order to obtain

the mean separation distance, the deformation of the rubber block contact interface is measured

and the difference calculated with respect to mean surface profile.

z (mm)

B B N

FIGURE 4.15:(A) SURFACE PROFILE IN ABAQUS; (B) MODEL OF THE RUBBER BLOCK SLIDING

ON A ROUGH SUBSTRATE

The deformation of the rubber block at the contact interface measured for different conditions is
plotted aganst the road profile. As shown irigure4.17, with increase in the load, there is an
increase in the penetration depth of the rubber block. Thendafion of the contact interface is

also obtained for different velocities as showrrigure 4.18 which has a decreasirigend with

increasing velocity becauséa small lift in the rubber sample.
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0.01 MPa 0.1 MPa 0.4 MPa

10 mm/s

100 mm/s

1000 mm/s

FIGURE 4.16. STRESSPROFILE OF RUBBER BLOCK FOR DIFFERENT L OADS AND VELOCITIES

The mean separation distance for different operationlitons is obtained by considering the

mean deformations of the contact interface and mean height of the surface profile and is shown in
Figure4.19(A). Under diffeent operating conditions, the deformation of the contact interface for

the numerical case is calculated after the rubber block has traversed the same distance. Based on
the results, the mean separation distance is observed to be constant as a furtetichiding

velocity with a slight variation at lower velocities and a decrease in the separation distance as the

normal load or pressure increases.

——Undeformed surface =——0.1IMPa ——0.2MPa ——0.4MPa ——1MPa -—-ROAD
6.00E-04

5.00E-04

z(m)

3.00E-04
0.00E+00 1.00E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03

x (m)

FIGURE 4.17: DEFORMATION OF THE CO NTACT INTERFACE UNDE R DIFFERENT LOADING

CONDITION
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6.E-04

10cm/s ---- 100cmfs ——— 1000 cm/s

3.0E-03 4.0E-03 5.0E-03 6.0E-03 7.0E-03
x (m)

FIGURE 4.18: DEFORMATION OF THE CONTACT INTERFACE UNDER DIFFERENT VELOCITY
CONDITION

The mean separation distanceKdiippelmodel(referto Sec.2.7.29 is then calculatefibr different
sliding velocitiesand normal loasl This is accomplished hysingthe GW theory to estimate the
nominal contact pressure at the contact interéeggiven by Eq.(4.6). The results obtained are

compared with numerical simulation as showfrigure4.19B).

Q
%"’01 Yo, 0 — (4.6)

A B Kluppel Model
* Numerical Analysis ’
1.30E-04 e —
3.30€-04 i —— e

3.20€-04 1.10€-04

310e04 |~ : ——0.1 MPa

i 9.00€-05

0.4 MPa

2.90E-04 0.6 MPa 7.00E-05 //,/
——1 MPa

2.80€-04
— 5.00E-05
2.70E-04 0 0.2 0.4 0.6 0.8 1

0 0.2 0.4 0.6 0.8 1 Sliding Velocity (m/s)
Sliding velocity (m/s)

3.00€-04

Separation Distance (m)

Sepration Distance (m)

FIGURE 4.19: COMPARISON OF SEPARATION DISTANCE USING (A) NUMERICAL ANALYSIS AND

(B) ANALYTICAL M ODEL

In case of analytical simulation, there is small variation of the mean separation distance with
respect to sliding velocity that tends to a constant value at higher velocities. When comparing the
influence of mea separation distance to normal load or pressure, the distance reduces as the
pressure decreases due to increased deformation of the contact interface. Hence, there is a

gualitative agreement between the numerical analysis and the analytical simuldtithmewésults
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being in the same order of magnitude. The variations between the results can be attributed to
dynamic and viscous nature of the numerical analysis, whereas in the developed analyti¢al model
linear elasticity assumption was used. In additfonthe analytical modelnteractions between
neighboring asperities are neglectddis is of importance at higher loadsr the overall
deformation of the rubber blo¢&6], [67].

4.7 CONCLUSION AND FUTURE WORKS

The numerical analysis approach is compared with the experimental results for the indentation
analysis of a spherical indenter on a rubber block. The results show a maximum error of 8%
between the experimeattand numericatesults The analysis of a rubber block in contact with a
rough surface is then considered to obtain the contact mechanics parameters and compare it with
the analytical model. Based on the resudtqualitative agreemens obtained between the
analytical modelKluppel) and the numerical simulation. Going forwaite numerical model will

be extended to obtathe friction coefficient at the contact interface due to the hysteretic effect.

We would also like to includéné effect of interaction of neighboring asperities to the analytical

model to better correlate with the numerical model.
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5 SIMPLIFIED ASPERITYFRICTION AND CONTACT
MODEL

Experimental observatisnand numerical analysis ¥ shown the influence of normal load/
pressure at the contact interface on the estimation of the contact interface. Studies based on
P e r s s o nKéigpelo aanodels showed the importance of considering partial contact or
penetration depth for calculation of enelgys at the contact interface. In addition, comparison of

the model with experimentaésults showedthe importance of adhesion on friction estimation

especially at lower velocgsand higher loads.

5.1 FRICTIONAL L OSSES DUE TOADHESION

Based on pastbservationsadhesion losses at the contact interface caalatedin multiple ways

as shown irFigure5.1. The intermolecular interactions between the moleculanshreferred to

as stickslip at the contact interface is obtained based on the dmedgxation behavior by
assuming it as a combination of sprigck system. Another measure is to obtain the surface
energy at the contact interface from the LJ posdstf the intermolecular force&nother way is

to consider the mechanism at the contact interface of a single asperity as closing and opening of
the crack at the leading and trailing esigéthe contagtrespectivelyand relate the variatisnn

the erergy release rate to the frictional losses due to adhf3pn

A. B. C. ’

LJ potential between s Tinoio o ivaio
¥ 3 molecules,

\:/ u:u[(%)_[%]] 4

and r LJ potential with
relaxes infinite half-space, ¥ D

1 1
Up =CKF_C41)_]

2h
crack

“/ I ] / : c,»‘w//f/u/f}s :
A2

~ )
@® | } Als |

FIGURE 5.1: ADHESION MECHANISMS (A) STICK T SLIP; (B) LEONARDO JONES POTENTIAL ;
(C) VARIATION OF CRACK PROPAGATION ENERGY

Here, considering a continuum approgitte frictional losses considering asymmetry contd

the interface and estimating the variation in the energy release rate at the leading and trailing edges
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of the contactThe frictional losses due to the variation in energy release rate at contact interface
is obtained assuming asymmetric contact eodsidering a continuum approadhitially, the
material is considered to be linearly elastic assuming the contact tjfaewhere_ is the
wavelength of the asperity and v is the sliding velocity of the block, is longer than relaxation time

of bulk material and shorter than the relaxation time of surface viscoelastic behavior.

5.1.1 Single Asperity Adhesion loss model

A simplified model ofan elastic half space sliding over a rigid single asperity is consif&sgd
The contact interface is considered to undergo a mode | type of crack propagation with crack
opening at the leading edge of the contact and crack closing at the trailing edge. The frictional loss
due to adhesion at the contact interface is estartatebtaining the variation in the strain energy
release rate between the leading and trailing ®aggiven by E((5.1).

0 0 (5.2

Three assumptions are consider@]the velocity of the block is smaller than the sound velocity
of the block to neglect theadtic wave propagatiob) characteristic timéo travelone substrate

is longer than theelaxation time of bulk material but shorter than the relaxation time of the small
scale material so that we can consider a linear elastic material and (c) fremmexjal

observatios, the contacts assume&o beasymmetrical with an offset 4@

Basedon theaboveassumptionsa linear elastic problem for@ain strain as given by E¢p.2) is
solved by considering the bodary conditios given by Eq.(5.3) and periodic behavior of the

solution.
0 ppc,nn& m ofo N O Tt (5.2)
, TN O
L o mMovo m (5.3)

o6 dm OHé Vo Q Nav m
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FIGURE 5.2: SINGLE ASPERITY MODEL FOR ADHESION M ECHANISM

~
g

where m ¢fty andO ¢fL &. In addition = © fforao  Howheref @i @

where® ando are the initial slopes of the block away from the contact interface. Assuming a

periodic behavior at the contact interface with a peridience the solution is considerede of

the form given by Eq5.4)

oo 0« o aAisam o o OKIQ (5.4)

Substituting this in the diffential equation given by E@5.2) will lead to orthogonal series
eqguations given biq. (5.5) & (5.6),

T o T o (5.5)
ra g T
ca Qp ' T aQro
] U A 1 A
P Ta p ¢ 14
ca Qp o, T 0 aQro
1 U 2 ] k] T[
p C Ta p ¢ T a (5.6)
B , \ ,'rQ ,
a4 0v CP’T9 a 1TU,
P ¢ Td p ¢ 1a
B y ’ d'rQ \
& 00 cp T o To

p ¢ Ta p ¢ T4
Eg. (5.5) can be solved directly to obtain the rigid body motion of the body as giwEq. (5.6).
The remainig equation can be solved by considering it as a 2DOF coupled differential equation
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and decoupling the equat®using the eigenvalue approadthe solution is given by E@5.7) &
(5.8).

6 a4 6o da

. (5.7)
6 a i wa
L @ a’Q aQ
0 & f U of a’Q aQ (5.8)
0 a f a0 aQ
0 a | T O] G aQ

where| h R &&1Q are constants obtained by considering twndary condition
given by Eq(5.3). The pressure applied at the top surface of the iétkb

” ” p , lo &)ndo HD (59)
PP ¢ '

@ T ¢cp 1 i | ¢cp | T (5.10)

i . Aidder OKIQLARIQm Q@ n avm G

5 » 40 AldQwde® OEdQuom ovo m 12

Eq.(5.11) & (5.12) can be solved by splitting the equation into a symmetric and asymmetsc part

and solving edtequation separately. In this case, he has assumed a linearity principle and applied
the superposition.

The asymmetric part is solved using Fredholm equation of first kind with a logarithmic kernel
[69], similar to the process discussed by Srivastav and Sn¢dao® combination of dual series

of trigonometric and Legendre polynomials are used to solve for the asymmetric part of stress and
deformation.

.« OMWOEQQ .. e g P (5.13)
i ot — o OEQ @ "QQ&QM OG0
6 W OERVEDG p p .0 QQEG (5.14)
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where ... is a kernel which determines the domain of existelr@ Qo p and

QQEBQG p . The symmetric part of the E(p.11) & (5.12) is again considered to

be sum of a noladhesive and adhesive garthe noradhesive part isbtained by considering
the Westergaard solutiqiil] and theadhesive part is obtained by considering an infinite row of

collinear crack$72]. Hence,

~ ~ ~

A]‘% (o ) (5.15)
. , C s (5.16)

6 dm OAT QAT Qw
¢cATQQp ..®

. . L 2Qw
L QW e c.n . O . e
O E-Ic— QAW O E-Ic—l | ﬁ p "QQBQ®

= p QOB

where ,, , , and, — AT QOEIT—

Based on deformation and stresses obtained from above, the penetration depth that is defined as

3 'Q i isobtained by determinirig in terms of, given by Eq(5.17).

o QO R 014}
> p ATGOAT & ¢, 11 QEF (6.17
wherez» -and, ———  — are the normalized penetration depth and nominal pressure

acting on the rubber block.
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For the case of the adhesion energy loss using the crack propagation approach, the constant sliding
velocity results in an asymmetry at the contact causing a variatibe crack propagation energy

in the leading and trailing edgeNote the fact that when e=there willbe no hysteresisO

‘O at the contact and hence no frictional losses. The crack propagation energy will depend on the
constant sliding motionfahe rubber block. The crack propagation enavfiyhe closing crack

wi || be similar to Dupreds energy of adhesi on
will have a higherenergy byapproximately one or two ordeof magnitude depending on the

sliding velocity[73]. Based on this, the crack propagation energy is related to the respective stress
intensity factors by Eq5.18) & (5.19)

. P (5.18
@) ) 3]
. P (5.19)
@]
o
The stress intensity factpf4] can be related to stress considerjng, —, where a is the crack

n

tip radius and is theappliednormal stress. Based on tHise stress intensity factor canfoend

to be
0 Tk oF (5.20
——— 0 0b OB :
cP ¢ Q
0 T son (5.22)
——— ) Qfon :
cP ¢ Q
where U Q&QBH AT & ATQQ AT Q% QQ ¢, . In addition, considering

Gibbs energy conditgra r el ati on of the energy release rz¢
adhesion can be obtainby Eq.(5.22) - (5.23),

0 I p COED® QQ (5.22)

0O [ p XOEDD QQ (5.29)

The obtained friction coefficient agreesth the theoretical and experimental verifications of

Persson, wheré © Q¢ 1) mand ' © 1 for symmetrical contact. This is inrtas of

hysteresis friction only.
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5.1.1.1 Numerical Analysis

A standard incompressible elastic material is considered for solving the above equations. The input
parameters ar@s shown irmable5.1. Two cases areonsideredone where we have a symmetrical
contact or when there is no sliding velocity acting on the rubber block. Second, the effect of sliding

velocity, which results in the asymmetric contastconsidered

TABLE 5.1: INPUT PARAMETERS FOR ADHESION L 0SS[68]

Property Value
Youngds M™Modul u prt O 0 &
Poi sson'ds Rati @
Surface energy, v prt UG

_ pt a

Case 1: Symmetric contacjg

In this casethere is no variation in the crack propagation enei@y "O and hence there is no
frictional losses at the contact interface. In this condition, the crack propagation energy can be
considered to b&® [ and the pressumcting in the rubber block ilated to the contact radius
based on E(5.24)

- Colo
'L Y~ o, O l & o .
" E |(|b é Qw p - - !C - 2 (5 24)
. O ~.'m ~ ., QW .
———— QO =" N

The contact radius can be obtained by inveodation ofEq.(5.24). Based on the input parameters

the contact radius with respect to pressure is showigimre5.3(A). The contact radius is seen to
increase as the pressure increase until it reaches a maximamegions are observed, a stable
region between the minimm and maximum pressure and the unstable regions. As noticed, due to
adhesion the contact does not vanish at zero pressure and a require a magnitude of negative
pressure to detach the contadso, beyond the maximum pressure the rubber snaps into cemplet

contact
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o Snaps into
full contact
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full contact
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FIGURE 5.3: (A) NORMALIZED CONTACT RADIUS AND (B) PENETRATION DEPTH AS A
FUNCTION OF NORMALIZED L OAD

Thenormalizedpenetration depth can hence be obtained by solvingsE(y) for the respective
pressure load and contact radibgyure5.3 (B) shows the penetration depth as a function of the
pressure load acting on the rubber block. Similar to the contact radius, complete contact occurs

close to the yield limit of the block and a negative pressure or a tensile load is required to remove

the contat.

~full

[ < . ~out

1.0 9 =

01 0.2 0.3 ik ¥

- y | i :
— kh=2

0.6 “0A — kh=2
— kh=3

0.4 e -0.2 ===
= R — kh=4

L ' ' i R i 2
00 04 02 03 04 05 o6 orVm

FIGURE 5.4: NOMINAL PRESSURE TOSNAP INTO FULL CONTACT (A) AND TO SNAP OUT OF
CONTACT AS A FUNCTION OF SURFACE ENERGY

Figure 5.4 shows the pulbff pressure and the pressure at which complete contact occurs as a

function of surface energy of the contact interface.

Case 2: Assymetric contacig

This can be consided as a case of sliding at a contant steady state velodityTbe contact then
is assymetricleading to variation in the crack propagation energy which depends onding sl
velocity. Eq.(5.25) & (5.26) are then solved for the respective input parameters as giVebie
5.1 and variation in crack propagation ener® "O . For the case of asymmetrical contact,

the energy release rate at the opening crack is considered to be an order of magnitudenmore th
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at the region otlosingcrack,”"O p 1t. Due to thisthe pressure distribution is skewed with a

distanceQleading to asymmetric contact

“ 'O fE A I ~ e~ . T P <,
0 — % Ai'@o AT Qo QQ ¢, r (529

“ 0 M AI e ~ o o
0 — —=- AT@0 AT Q0 Q0 ¢, p (529

The above equation is solved for the applied pressure loading on the rubber block to obtain the
normalized contact area and the normalized offset distance of the pressure distribution as shown
in Figure5.5. The offset distance is largely affected by the change in the amplitude of the surface

but is not much influences by the pressure load.

ke
0.5;

— kh=4
0.2f

— kh=5
0.1¢

0.0 : ‘ Ll
0.0 0.5 1.0 1.5 2.0

FIGURE 5.5: ASYMMETRIC OFFSET DISTANCE AS A FUNCTION OF NORMALIZED PRESSURE

The frictional energy loss and the friction coefficiant obtained based on the variation in the
crack propagation energy at the contact interface as shoWwigume 5.6. Friction coefficient

decreases with increase in the normal load similar to the trend obsetlieéxperiments.
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FIGURE 5.6: (A) FRICTION COEFFICIENT AND (B) FRICTIONAL SHEAR STRESS AS AFUNCTION
OF NORMALIZED PRESSURE

5.2 CONTACT MECHANICS: CONTRIBUTION FROM ADH ESION

Under rough surface conditigneven though the elastic energy stored due to the deformation of
rubber is sufficient to overcome the adhesiorces at the contact interfaceverthelesst still
influences the contact mechanics parameters mainly the contact area, pressure distribution and the
deformations at the contact interfd@&]. We will discuss the Hertzian based contact theory for a

single asperity with and without considering the adhesion effects.

5.2.1 Hertz Contact Theory

Hertz contact theoryredicts the contact mechanics of two perfectly smoothcomfirming
elastic lalf spaceg20]. The deformations are obtained by assuming point contact on an elastic
half space with no tangential moti@amd considering Boussine§grrutti potential functioras
shown inFigure2.6. A boundary condition for no penetration of the surface for point in contact

given byEq. (2.4) is considered

In the case of a plane surface in contact with a spherical boelgontact mechanics parameters

for Hertzan pressure distribution is giveay,

Contact radius,

® “n'YIO (5.27)

Approach distance of a distant point in the center of the contact is,
1 no 5.28
G (5.28)

Total load orthe solids is given by,
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5 2o (5.29)
(6)

wherer) the maximum amplitude of pressure, R is the radius of the spherical elastic half space and

O is the relative modulus of both bodies given by

P P P
= 5.30
S O 5 (530

If one material is considered rigithen the relative modulus of contact is represented by a plane

stress equation given by,
P (5.31)

5.2.2 Johnsons Adhesion Model

Hertz theory is extended to account for adhesion at the contact interface. Je@ihsaiudes the
adhesion energy at the contact interface and obtains the contact radius at zero load. Under the
influence of adhesion, the contact radius is also influenced Isytfece energy or the interatomic
attraction at the contact interface. Because of the presence of this, the contact is not tangential
Insteadlit has a concave shape at the contact edgastiown irFigure5.7. Also, there are tensile

forces acting at the contact edges apart fileecompressive forces at the center of the contact.

P ~
2z N\
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/
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FIGURE 5.7: ADHESIVE CONTACT BETWEEN TWO SPHERICAL BODIES

Johnson, henceises surface energy to obtain the load required under zerdltoadctual load

at the contact is obtained by considering the dmuiim energy condition as given by H§.32).
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An energy approach is used to obtain the actual normal load and the contact radius including the
adhesion or the surface energy paa.haveequilibrium the total energwt the contact iefrface,

Y given by Eq(5.33) is minimized,

| (5.32)

YO Yy Y (5.33)

Y is the elastic energy stored at the contact interfédtteloadingas high a® 0 and then

unloading ta) . Hence, the total elastic energy is giverBay (5.34),
Y OY Y (5.34)

~.

% 08 (5.35)

whereY is the energy stored for loading the sample up tand”Y is the energy release for

unloading it to) . Based on Hertz theory the penetration depth for no adhesion is given by,

, e v (536)
Y 0 7TvT
Differentiating the abovequation
, ¢ 07 . (5.37)
Ql —-———10Q
(] oo Tyr Y
Hence we get,
. ¢ 0 . Cc 0
Y% A o ¥ S (5.39
co7YT Y Lo TYT

Based on the penetration depth differential and substitdiing — in the equation and then

integrating it will give,
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')
ou®

Hence the elastic energy required for reducing the pressurefrond is:

. ¢ 0 . . P P - Paox -
Y - v S AVE - .
G060 o0 TYT puU Ea (5:39)

The surface energy due to adhesion at the contact interface is gizen(by0),

~

Yoo (5.40)

And the potential or the mechanical energy is giveidy5.41),

1
2
l
cA
Ql©
I

et Cr »
v EU v (541

Hence, we can obtain the total energy and then based on the minimum energy criteria we can

obtain the adhesive load at the contact interface that is given i§y.42),

Ca

0 o “Y @ “Oo o Y (542

The adhesion energy is more significant in optically smooth surfaces, at very low sliding velocities,
high pressure and high temperature and with increasménof stationary contact. The results of

the model are obtained for the case of two elastic sphdries are in contact with each other.
The two spheres are considered to have seadis of curvatureY ¢ 1 @&. The contact load,
penetration depthma contact radiuareobtained as a function of the normal load arehs shown

in Figure5.8 & Figure5.9. The material properties for obtaining the results are as showaibie

5.1. Due to adhesive forces the contact interface, there is antriease in the contact pressure

load, contact radius and overall deformation of the contact.
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FIGURE 5.8: (A) CONTACT RADIUS AND (B) CONTACT LOAD AS A FUNCTION OF NORMA L
PRESSURE
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FIGURE 5.9 PENETRATION DEPTH AS A FUNCTION OF NORMAL PRESSURE

5.3 FRICTIONAL L OSSES UNDER WET CONDTION S

Under dry conditiog, the hysteresis and adhesive friction components are dominant. In the
presence of wetness or a layer of fluid in the contact interface, the hysteresis friction still persists
due to the undulation of the surface, but the adhesive component vanisheshdumability to

form the molecular chains with the surface. Under wet condijtibe fluid occupies the voids or
valleys of the asperities influencing the roughness of the asperities. A preliminary analysis was
performed, where the wetnesd¥ the surfae was assumed to influence the roughness
characteristics of the surfad@6] and the roughness power spectrum of the surfaae

recalculated due to the presencdlwtl in the contact interface.

An asphalt surface was considered where the surface pnaeneasured using the Profilometer
and roughness power spectrymefer to Section2.5.3 of the profile was obtained for dry
condition. The friction and area ratievealso estimated by consideriRge r ssonds fricti

The surfacevas therconsidered to be filled with a layer of water of a certain depth as shown in
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Table. The profile under wet condition is as showRigure5.10. The roughness power spectrum
is obtained for the updated profile of the surface and is compared with the dry case as shown in

Figure5.11.

5
o 20 40 60 80 100 120
X(mm)

-19 T T
™~ —— Wet Asphalt
™ —Dry Asphalt

20— \ === Wet 120 grit |
Dry 120 grit

C@ [1/m*]

26—

g L \

q[1/m]

FIGURE 5.11: SURFACE ROUGHNESS POWER SPECTRUM OF DRY AND WET SURFACE

The roughness characteristics are recalculated and the results are as shiabie 2. The
hysteresis component of friction dbeient for the wet and dry surfaseare obtained using
Perssondés mode27.2(@ndé¢hé results ere sh@&verigure5d 2
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TABLE 5.2: SURFACE CHARACTERISTICS UNDER DRY AND WET CONDITION
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Asphalt Mean water depth i | oo A OO
(mm)
Dry T ¢ Yo og O mp PTTT
Wetl ] 0T ¢ Mmoo PO mp PTTT
Wet2 ™ 0T ¢ oy CR P mp PTTT
0 1.8
-0.2 ——Dry Asphalt
> 0.4 1 ——Wet Asphalt
=~ 1.2
-9 -0.6 S /
S 08 0.9 P
%0 1 g P N
— 0.6 - . /‘/
-1.2 i, S GaamER
1.4 —— _— * -
-1.6 0
0 100 200 300 400 500 1E-08 0.000001 0.0001 0.01 1 100 10000
¢ v(m/s)

FIGURE 5.12: FRICTION COEFFICIENT AND AREA RATIO AS A FUNCTION OF SLIDING
VELOCITY FOR DRY AND WET CONDITION

There isadecrease in the friction coefficient and the area ratio under wet condition when compared

with the dry condition. Thi is mainly because the presence of water or wetness smoothens the

surface profile which further effexthe viscous energy losses at the contact interface.

Apart from effecting the hysteresis component of friction, wetness at the contact interface also

result in hydrodynamic forces and viscous resistd66g [76], [77] as shown inFigure 5.13.

These lead to frictional losses at the contact interface predicted based on change in interfacial

separation and fluid flow ratépart from its influence on frictional lossas the contact, it also

influences the deformations or the contact mechanics parameters due to liquidngomatest
the valleys of the asperiti¢36], [60], [78], [79]
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Hard substrate

FIGURE 5.13: VISCOUS FRICTION

A base approach is considered &dataining the fluid squeeze out rate as well as the frictional
resistance offered by the fluid. The shear resistance and the flow rate can be obtained by solving
the Naiver stokes equation, H§.43), and the pressure gradient at the contact interface can be

obtained from the mass conservation equation,(45)

Navier Stokes equation,

z 0
< 08 ¢ —J) =mmh) ¢ (5.43
Continuity Equation,
e M (5.44)
Conservation of Mass,
T ) ”
—. n8"¢ T (5.45)
T o

For a simple case of a Newtonian fluid flow under steady state condition between two parallel
plates[80], where top plate is moving at a veloci¥cid and the bottom plate is stationary (See
Figure5.14), the boundary condition can be given by:
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FIGURE 5.14: FLUID FLOW BETWEEN PARALLE L PLATES

Solving the boundary value problem based on the boundary conditions shown above, the
deformation as given by E¢p.46) can be obtained.
Qo1 | « a - a
— — Y O ——— 5.46
¢ T dQeld P QelD ° QelD (5:46)
Depending on the deformations, the flow rate and the shear resistance can be obtained at the

contact interfacgiven by Eq(5.47) & (5.498),

O oD

O & bl 0 Qa (5.47)

T O
: 5.48
” ?_5! ( )
where ‘ a@s the kinematic viscosity of the fluid at the contact interface. The frictional losses due

to viscous resistance is thudated to the friction coefficient at the contact interface and further

will be considered to obtaihe viscous friction componerarfthe case of rough surfaces.

5.4 INTERACTIONS OF NEIGH BORING ASPERITIES

In addition to adhesion, the contact mechaparameters are also influenced due to the interaction
effects from neighboring asperities on a makperity mode[66], [67], [81], [82] Thereis an
increase in the contact deformation by consideratiadheinteracton effects which further will
influence the contact pressure distribution. Initiadlyfine contact modg¢R0] is considered to see

the defomations outside the loading region following which a single asperity model is considered
based on Hertzian contact mechanics. An ideal asperity model is considered to obtain the contact
parameters for a single scale multi asperity m{&&il The model will further be explored for the

case of a seléffine surface considering it as an ideal aspemiodel in different length scales or

magnificatiors.
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5.4.1 Line Contact

Consider a line load acting over a narrow strip of an elastic half space as shenyareb.15.
Assuming a I|linear elastic materi al and consi
relation. A bitharmonic stress function is used to represent the stresses at the contact. A uniform
distribution of normal traction is applied over a strip of langa and assuming no shear at the
contact the deformation at the surface of the elastic half space is given §§.43).

0o

FIGURE 5.15. LINE CONTACT OF AN ELASTIC HALF-SPACE

o) p’hcbd)i'l'(bd) wwllww (5.49

C is obtained by considering the displacement mwhen%s @ Considering the material

properties as given ihable5.1, the deformations at the contact obtained for a uniform pressure of

@0 0 ccting over a length af & & is as shown itfFigure5.16.

Line Contact

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
X(mm)

FIGURE 5.16. DEFORMATION DUE TO LINE LOADING OF AN ELASTIC HALF-SPACE
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5.4.2 Hertz contact model Including interaction effects

Section5.2.1explain the Hertzian contact of flat elastic half space over a rigid single asperity, the
displacement thus obtained for the case of Hertzian pressure distribution over a {emgthe

contact is given by Eq5.50)

1 "o

p n “ ©
_ 5.50
o 1o ‘W ! I @ (5.50)

Considering interaction of thimading region outside of the contact, deformation outside the

0 1

loading region is given by E¢5.51)

. o o w T
., -~ W W W
PN w1 6ETS | =P

- hi & 5.51
o o hi & (55))

Considering the same boundary condition as given for the line contact and the material property
as provided imable5.1, the deformations with and without considering the interaction is as shown

in Figure5.17.

. Circular region

-0.17

u (mm)

Z

—— With interaction
—— Without interaction

-0.5 . : :
-10 -5 0 5 10
r (mm)

FIGURE 5.17: HERTZIAN CONTACT WITH AND WITH OUT INTERACTION EFFE CTS

5.4.3 Ideal single length scale asperity contact model

Previous cases considered deformation of a single asperity over a contact region. For a case, where

an elastic half space is in contact with a rigid rough surface containing identical asperities of similar
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wavelength, the same case as above can be extended. The height profile of the rough surface can
be represented by a single sindsbequation agiven by Eq. (5.52).

Y A
aw QAI-Oo- (5.52

FIGURE 5.18. LINEAR ELASTIC CONTACT WITH AN |DEAL RIGID SURFACE

whereQ is the root mean square roughness of the surface @adhe wavelength of the asperity.

Considering the Hertzian contact condition given by(Bé.3)

0 0 1 Qw (5.53
The separation distanc®w for the case of contact with  1tis given by,
~ . CL W
Qw 3 p Al Se— (5.59)

For the case of complete contact, the mean pressure at the cpntagt, , where, “ represent

the pressure loading for complete contact given by

’ @ (5.55)
” p y _ .
Under this conditionthe pressure distribution at the contact is considered to be of the form,
~ . G W
Lo, AT 6 (5.56)
The bounds ofois given by, _ @ _, withw Tbeing the center of the contact at which the

contact pressure is maximum and hence the penetration depth,
1 Q
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For the case of partial contact at the contact intertheepressure condition satisfies , °
under which case we will not have continuous contact. The pressure distribution at the contact
interface Iin this case is given by the Wester
[71] and is given by E(5.57),

o, AISY v g
OE+ OE+ N O o o (5.57)

” d) P pa ~
oY _

The deformation inside and outside the contact is giveago(h.58),
p o, .

- ) #N - A A 0 5-58
60 L= Ai® OEIOET OEf -
@EN
(5.59
... .. OFET OEN OEf ~ . :
COEN I I € = ho s _I¢
OEI
r —nr — In this case the half length a is obtained from the contact and boundary
condition as,
& SAOAGEIT (5.60)

If the pressure loading at the contact is far less than the pressure required for full cohtagct,
the contact can be considered as a series of Hertzian s@rtddhe deformations and pemagion
deptlts as given in SectioB.2.1by Eq.(5.27), (5.28), (5.50) & (5.51). The acceptable range of

pressure is said to be fer T®&. The peak pressure is observedat Ttwhich is nothing but,
” . . hfor the case of complete caiat (5.61)
” ¢ , . ,forpartial contact (5.62

Probability distribution is used to obtain the portion of the aigpef wavelength_ exceeding a

given pressurg,
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0, h R pPhOdOE @ E O QiIdd ad Q®
h & G ¢ Wi PR HQ

The cumulativedistribution is obtained for the cases of complete contact and as well for partial

(5.63)

contact using the Westergaardés solution.

o, hh*” =ATO——h, .,° ., ., . (5.64)

Contact pessure distribution is given by,
L T 0 p

r’] ” h’ h! ‘ 7 F] ” ” ‘ ” ” ” ‘
T ” “ ” ” ” (5-65)
Td:’] ” ” ’ ” E iii ” ” ‘
0,0 R §om§ ~p  p L L Am,
(5.66)
c ” Z”
11 S QR
And hence
) ot 4 T 0
r] ” ha ha T”
” ﬁ
w“ , z , , C” , z , " z ” " , (567)
-r[ ” C ” Z”
Td:’] ” C ” Z”

5.4.3.1 Numerical Results

A single length scale sinusoidal rough surface is considered whose amiflitudest ax & and
wavelength,  wd a. The surface with the peaks and valleys is as showigure5.19. An
elastic half space is considered to be loaded onto this sinusoidal surface with a nominegd press

of p T T &t @The material properties of the half spaceconsidered to be as givenTable5.1.
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Sinusoidal function
T

0.04 T T

T T T
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20.04 I I I | 1 I I !
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Slope of Profile
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0.02 |- =

001 N

-0.01

o
[ e,

-0.02

0.03 1 ! ! ! 1 ! ! |
0 5 10 15 20 25 30 35 40

FIGURE 5.19: SINUSOIDAL SURFACE PROFILE WITH SLOPE AN D POINTS OF PEAKS AND
VALLEYS

The pressure distribution for the given condi
well as with Hertzian based solution as showikigure5.20. Considering the applied pressure
condition to be lower than the complete contact condition. The penetration depth is represented by
Eq.(5.69).

p ' nL

) (5.69)

| T
“ WE+-

The deformations for the present caseolstained under different cases with and without
considering the interactions due to neighboring asperdies areas showrin Figure5.21. The
separation is obtagd based on the deformations and the height profile of the surface and is as

shown inFigure5.22.
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FIGURE 5.20: PRESSURE DISTRIBUTION OVER A SINUSOIDAL SURFACE USING WESTERGAARD'S

AND HERTZIAN SOLUTION
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(=]
T
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Deformation of single asperity
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I 1 | 1 1 1 1
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FIGURE 5.21: DEFORMATION OF A SINGLE ASPERITY CONTACT M ODEL

4 -3 2 -1 0 1 2
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Based on theeconditiors, the penetration depth and the contact raakiesbtained by considering
Eq.(5.68) & (5.60) andareas shownn Figure5.23.

Different cases of pressure loading are considered and the deformations are recorded based on

complete contact or partial contact at the contact interface as sh&guie5.24, Figure5.25&

Figure5.26.
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Deformation for identical asperities
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0.04 T T T T T T T T
——Def.
Def. w/o interaction
0.02 \ - = Profile =
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FIGURE 5.22: DEFORMATION AND SEPARATION FOR THE CA SE OF CONTACT WITH | DENTICAL

ASPERITY
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FIGURE 5.23: PENETRATION DEPTH AND CONTACT RADIUS AS A FUNCTION OF NORMALIZED

PRESSURE
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Case 1Ii Complete Contactf) T T TT TIOTGIT

Deformation of single asperity
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FIGURE 5.24: COMPLETE CONTACT OF THE IDENTICAL ASPERITY AT d

Case & Partial Contact;,, ¢ Mm@ w

Deformation of single asperity
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FIGURE 5.25: PARTIAL CONTACT OF THE SURFACE AT d
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Case3d L O:, ¢ 11O
0.03 Deformation of single asperity
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FIGURE 5.26: DEFORMATION OF |DENTICAL ASPERITY AT 0 I+

The study was extended for the case of Weierstress profile, a mathematical representation of a
multiscale surface given by E®.69). The initial amplitude and wavelength of the surface at scale

€ pisconsideredto b® mdtuwx & and_ ¢ T &a. The! value andO, representing the
fractality of the surface are chosterbep randp8t yrespectivelyThe surface considerirg 1

scales are representedfigure5.27. Theoverallpressure distribution is obtained using £&q70)
considering the same material properties as considered b&loeepressure distribution is

obtained bysum over the pressure at individual lenggtalesThe resuls areshown inFigure5.28

G Q Al M (5.69)

. O, LOAT w (5.70)

The limit of pressure for full contact is given hy, ————. Considering this, the pressure

distribution attwo different length scakare obtained by solving E(5.70) and is as shown in
Figure5.28.
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FIGURE 5.28;. PRESSUREDISTRIBUTION FOR THE CASE OF WEIERSTRASS PROFILE
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The deformations at the contact for the multiscale rough surface is obtained based on the pressure

distributionin order to estimate the contact mechanics parameters including the interaction effects

from neighboring asperitieBinally, the contact mechanics parameters will be compared with the
Finite element counterparivhichwill also be used for estimatiorifictional losses at the contact

interface.
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5.5 CONCLUSIONSAND FUTURE WORK
A single asperity contact modeldgvelopedo consider the effect of adhesion losses on friction

from the variation in the energy release rate at the contact interface. Fredtegmation of first

kind is used to obtain the results for the asy
for the symmetric part. In addition, adhesion seems to also effect the contact mechanics
parametersespecially the real area of cocttaA minimum energy principle is considered at the

contact interface in order to obtain the real area of contact.

A preliminary analysis on estimating the friction coefficient under wet condition is obtained by
considering a constant depth of water at ¢batact interface. The wetness on the surface will
influence the roughness power spectrum of the height profile that in turrséffeatal area of
contact. A base approach to obtain the fluid flow rate and a viscous resistance at the contact
interfaceis modeled. The formulation is yet to be expanded for the cagelober block in contact

with thesurface

Interactiors of the neighboring asperities on the deformations at the contact interface is obtained
for the case o& single asperity model as wels for the ideal asperity case. This influenced the
deformations at the contact interface and will become dominant in the case when the asperities are

close to each othesan the case arough surface.
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6 MULTI-LENGTH SCALE APPROACHTO
FRICTION ESTIMATION

A closed form approximation to most design processes steppingstone to obtain the
performance metrics for successful application ofpfeeesslt involves analytic math functions

and simplified assumptions of the physical process. sithplified assumptions include linearity

and small deformations the range of linear elasticity. With the advent of modern computational
technologies, field of computational mechanics have grown to solve complex physical processes

numerically considerig both small and large deformations in elastic and inelastic regions.

Though a wide range of contact application are analyzed and solved using comalutation
mechanics or numerical methods, the challenge still stays for obtaining an efficient and robust
contact formulation model for defining the contact interface or a friction estimation module. Most
finite elementbasedcontact formulatioause Columbs law to describe the friction at the contact
interface. Butunder certain conditia) Columbds law is irsufficient as the friction depends on
sliding velocity, pressure and real area of contact. This branch of study is often called the
Computational Contact Mechanics (CCM) [84] where contact algorithms are formulated.
Empirical relatiosfor friction coefficien9], [39] is widely used to define the friction for different
contact application$42]i[44] for simulaing the wear peformance of tire and tread blgck

respectively.

The developedirfiite elemenmodelof a rubber block sliding over a rough rigid surf§ection

4.6), is capable of obtaining a realistic determination of contact mechanics paramstienating

the hysteretic component of frictip85]i [88] andsimulate wear usg frictional energy approach

[44]. Previous studies focused on using a multiscale framework in developing a model simulating
a rubber block sliding over a rough surface (whose height profile is obtained using Nanovea
measurements) for estimation of hysteretic foictcoefficient and area ratio of the contact. In
Section4.6, we have demonstrated the capability of finite element simulation for a tread block
slidingoverarough surface to obtain the contact deformations and pressure distribution of contact
[50]. The present section is an extension to that, where a finite elapy@aactto simulate the
friction charateristics of a rubber block under actual surface condii®dsfined.

Al nvenwheehmeofgr eat est evolution to tran



95

6.1 SURFACE DECOMPOSITION

Surface description is an important act in the finite element framework. The roughness of the
surface extends to multiple different length scales and a multiscale appraagborsantfor
estimation of the frictional characteristics based on the mechsaisiime contact interface. Hence

it is important to decompose the surface to multiple length scales depending on the surface

characteristic§85].

The surface profilef 120-grit sand papeigs shown irFigure6.1, is measured using the Nanovea
Profilometer (refer to &tion 2.7.7). The datas filteredto remo\e theoffset and slopalso in
orderto avoid discontinuity at the edges. The roughness power spe(@®estion2.5.3 of the
measured surface profile is obtain&hsed on the roughness power spectrtiva surface is
decomposed into the micro and macro regimih the wave vector range determined based on
how wide the roughness power spectrum expasdshown irFigure 6.2. The minimum wave
vector obtained based on the PSP imand the maximum wave vectordgsrt . Hence based on
this the surface is decomposed with the wave vector rifegeoi p mh p T and Microi

p hp 1€ .

0.3 T T T

0.2 i

(0] 5 10 15 20
X(mm)

FIGURE 6.1: SURFACE PROFILE OF 120-GRIT SURFACE
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FIGURE 6.2: SURFACE ROUGHNESS POWER SPECTRUM AND SURFACE DECOMPOSITION

6.1.1 Filtering Technique

The filter useds a finite impulse response digital filter. The transfer function for the caseanid
pass filter is given by Eq5.1). In order to filter based on the wave vector range' arder
Buttemworth filter is consideredas shown inFigure 6.3 using the two ranges fothe surface
decomposition frequency. Butterworth fikdrave the advantage of being as flat as possible in the
pass band. For dbrder filter, the roll off slope beyond the pass baneB8 dB per decade

(6.1)

0 O  E od
a T 7 T = s
Y . . E g

Magnitude (dB)
b s t =
= = =] =
I I I I

n
3
I

&
=)

=]
T
=)
T
=
=
=)
th

Frequency (Hz)

FIGURE 6.3: BUTTERWORTH FILTER FOR M ACROSCALE REGIME
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The butter worth filter obtained the macro and micro frequency ranges is passed over the height
profile using a zer@hase distortion digital filter to obtain the surface profile in the macro and

micro surface regimess shown irFigure6.4.

[ [ 1 I
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[
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I | | | | x \ \ 1
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FIGURE 6.4: SURFACE PROFILE AFTER FILTERI NG

6.2 MATERIAL MODEL PARAMETERS

In order tqQ define the constitutive behavior in the numerical simulation, material properties of the
rubber sample are to be obtained. Two tire tread rubber compounds based on Styrene Butadiene
Rubber (SBR) is considered, Bridgestone Compound A and SRI (SumitomgjoGod A. For

the material Bridgestone Compound B we already computed the viscoelastic coefficients in
Sectiond.3. For the present section we have considered deHbokean material model for the

hyperelastic behavior
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Hyperelastidoehavior is characterizeing uniaxial data obtained from tensile test on a dumbbell
specimen. An experimental setup, as showRigure6.5 was designed over the traditional MTS
fatigue testing machin® obtain the planar test data. The tests were conducted on a pure shear or
a planar tension specimen as showhRigure6.6.

FIGURE 6.5: EXPERIMENTAL SETUP FOR PLANAR TEST

150.0

@5.0

12.5

FIGURE 6.6: PLANAR SHEAR SPECIMEN GEOMETRY

The material data thus obtainedused to obtain the hyperelastic material coefficibgtsising
the ABAQUS material evaluation togimilar to that described in Sectigh3.1to obtain the
hyperelastic material coefficiefdr SRI Compound A material as shownRigure6.7 i Figure
6.8. Table6.1 shows the material coefficient for a simple Néookean material model and for
Yeoh Model.
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TABLE 6.1: MATERIAL COEFFICIENTS FOR SRI COMPOUND A & BRIDGESTONE COMPOUND A

Material _ .
Material Model Coefficients
Compound
NeoHookean Y o %
o] ™ p Y cuoLLwW
Model
0 1t 0c0 @ 6 T8t p TOVD O
Yeoh Model C o6 o ~p .
o] PpHX2 DL
SRI Compound - ——
O ooEL®
. Q @@y @ AT pppMCpL
Prony series QT @ wYEWX PX ¢ WG TX
coefficients Q ™ pYwdhopd ¢ @YU
NQ MWIMEWARTTBICXTOQXC
Q MinendPpyp@Yooemnyp

Bridgestone NeoHookean

0 W 0
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FIGURE 6.7: HYPERELASTIC DATA FITTING FOR SRI CoMPOUND A: UNIAXIAL DATA
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FIGURE 6.8: HYPERELASTIC DATA FITTING FOR SRI COMPOUND A: PLANAR DATA

The viscoelastic properties are obtained by using the frequency dependent material data obtained
using Dynamic Mechanical Analysi®MA) or using creep/relaxation data. In this case, the
viscoelasit master curve for the materi@Rl Compound A)s obtained using experimental
measurements from a DMA. The master curve for$fRitCompound A along with the estimated

data based on the prony coefficieist®s shown irrigure6.9. In order toobtain the Viscoelastic

prony series coefficients, the approach outlined in Sedtid2is used from the DMA analysis

data to obtain thprony seiescoefficient.The prony coefficients for Bridgestone Compound A is
given inTable4.1 and for SRI Compaud A is given inTable6.1
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FIGURE 6.9: PRONY SERIES FITTING F OF SRI COMPOUND A

6.3 MODEL DECOMPOSITION

A multiscale finite element approach is considered in ordemodlel the effect of surface
roughness in all length scalas shown irFigure6.10. A tread block slidig on a rough surface is
consideredThe materialmodel parameters arevslar to that provided irSection4.3. The block

is modeled as a deformable body witm@ded reduced integration. The macro surface profile
Figure6.4 obtained from the surface decomposition is imported as a discrete rigid body. A surface
to surface contact formulation is given between the block and the surfacegifihreadsurface

is fixed in all directios and the pressuiteadingis applied on the top surface of the rubber block.

As a second step, a velocity type boundary conditiasesl forthe side of the block for the sliding
simulation. The top surface nodes are constraint to H@eame deformation in the loading

direction. A fictionless contact formulation is definéat the contact interface.
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FIGURE 6.10: MULTISCALE APPROACH TO FRICTION ESTIMATION

In order to estimate the friction coefficiemt multiscale approach is considered. Based on the
pressure distribution of the contact based on the frictionless simulation of the macro scale
simulation the micro scale analysis is performed by considering a block (a section of the macro
block contactnterface as shown iRigure6.10.). A similar simulation is performed in the micro
scale byapplyingthe average pressure distribution of the contact interface ofabe simulation.

For the micrgcale simulationthe micrscale block is slid over the micro surface roughness
obtained from the height profil@he only difference is thenulti-point or a simple equation
constraint provided between the left and righte®df the micro block in order to ensure proper

transfer of boundary condition from the macro profile given by(&8).

5 6 (6.2)

This indicates that the displacement™@f degree of freedom of the left node is equal the
displacement ofQ degree of freedom of the right node. Téieulation is carried out under
frictionless conditiorat the ontact interface. The material propestaresimilar tothose discussed

in Section4.3. Based on the sliding simulation of the meraleblock, the friction coefficient is
estimated from the reaction force at the road contact, area ratio of the contact interface, contact

pressure distributignand viscous dissipation of the modéh order to obtain the friction
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coefficient and area ratio undeiffdrent operating conditignthe simulation is repeated for

different operating conditian

The fridion coefficient from the micigcale isgiven as an input to the masgale and the
simulation is repeated in order to estimate the friction coefficégag ratio and contact pressure
distribution for theoverall model. The friction coefficient thus obtained is validated using the
linear sliding friction testeidn the micrecale simulation, the block size and mesh density are two
important parameters wih effect the results of the simulation. A conwarge study for micro

scale cases performed in order to obtain the mpal block size and mesh density

6.4 MICROSCALE RESULTS AND COMPARISON UNDER DIFFERENT
CONSIDERATION S

A macro scale simulation is perforthen a frictionless macro surface regime of-§20 surface.

The material propeadsare thesame ashoseprovided in Sectiod.3. The pressure distribution of

the surfacevasobtained for a pressure loading simulation@fd 0 ¢and a slidingvelocity of

p Tt dt & Fi. The mean pressure from the pressure distribusiobtained and given as input to the
micro scale model. The mesh size and the block size is obtained by performing mesh convergence

study.

6.4.1 Mesh Convergence

For the micrgcale case, the element size of the block is varied from 0.1 mm to 0.0075 mm near
the ontact interface and the results are compared for the loading simulation where a pressure of
m@ 0 0 ds applied on the top surface of the block for a simulation tinT@ofi . The area ratio,
contact pressure distribution, vomises stresand reactin forcearecomparegdas shown ifable

6.2.
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FIGURE 6.11: MESH CONVERGENCE STUDY

The relative error was obtained for different element sizes and also the contact pressure distribution
of the contact interface for different mesh size is as showigiure6.12. The stress contour for

different mesh sizes is also obtained and is shovagre6.11.

TABLE 6.2: RESULTS FOR M ESH CONVERGENCE

Contact | S Mises| Error | Area | Error | RF2(N/mm) | Error CPRESS | Error

mesh size (MPa) | (%) ratio (%) (MPa) (%)
(mm)

0.1 0.653 0.2 0.325643 1.378719

0.075 0.8364 | 28 0.45 125 0.317226 2.5 1.88262 36
0.05 1.074 28 0.2 56 0.319161 0.6 2.568933 | 36

0.025 1.612 50 0.125 | 37.5 |0.318362 0.25 3.25308 26

0.01 2.171 34 0.13 |4 0.320023 0.52 3.887054 | 19.

0.0075 2.316 7 0.1275| 2 0.317969 0.64 3.973138 |2

The contact pressure distributisaems to converge for the element size of 0.01mm as shown in

Figure6.12. The stress valgand the area ratio also seem to converge for the same element size.
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