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1. Introduction

Rubbers are important materials in mechanical exging, because of their favorable frictional and
wear properties as well as chemical resistancescify in the field of car, aircraft and chemical
industry. In spite of the fact, that the frictiorraksistance of rubber is much higher than manyrothe
materials, a large number of static and slidindssage made of rubbers. As the application range ha
been widened in the last century, it became muchenessential to understand the complex
mechanical processes, which led to the experimemizltheoretical investigation of the tribology of
elastomers. Besides many applications, in thisediaon a special rubber application, namely the
windscreen wiper is the center of interest.

The sliding friction of wiper blade is importanekil of modern tribological researches in the last f
years. Because of the hyperelastic behaviour amdiatige inner damping the frictional behaviour of
windscreen wipers differs from the one of otheremats. Generally, not only the wet friction of eip
blades in reported in the literature but margimsuits are also given for the dry case. Wiper ldade
typically work in three operating regimes. A ra@se is the dry one, when solid type interaction is
between contacting surfaces. A more frequent cimmdis when contacting surfaces are lubricated by
water causing partial or total hydrodynamic lubtima. However the presents of significant amount of
water reduces the optical conditions. Between the@seaegimes there is the so-called tacky condijtion
which is characterized usually by a surprisinglghhcoefficient of friction. In this lubrication stathe
sticking (dry) zones also cause friction instaieitit vibrations, inequalities in the fluid film, so
deteriorating visibility. As it is well known, thicomplex material causes many problems in the
design of rubber components, because one has t&ideornthe low modulus, the effect of large
deformation, incompressibility and temperature dejeecy of material properties even in the simplest
cases. Additionally, one of the most typical fadlunode of rubbers and rubber-like materials is the
fatigue failure thus it is essential to establishagcurate material model. All in all we can codelu
that it is necessary to perform the tribologicald aconstitutive investigations simultaneously.
Fortunately, nowadays many numerical techniques {ee finite element method, FEM) are available
to do this.

First part of this dissertation concentrates onrtfeehanical characterization of rubbers and rubber-
like materials and the identification of model paeders. The second part deals with the analysis of
tribological processes both on specimen and straictavels. The results are based on experiments

and large number of numerical and analytical calooms.




1.1. Research objectives

The first aim of this work is to develop a methad the parameter identification of spring-dashpot

models, which can be generally used to identifyMiseoelastic parameters of widely accepted spring-
dashpot models. During the theoretical part thend®&ed-Solid model and its extended version the
generalized Maxwell-model —also called generali@&hdard-Solid model- is used, but it is essential
to see that the concepts are suitable for any gthenomenological model, which does not show
permanent deformation and consists spring and dastgments.

The second aim is to analyze the tribological bahavof a commercial windscreen wiper. In the

specimen level examination the effect of slidintpedy, load and lubrication is tested on coeffitie

of friction and size of contact area and the cdrpgacameters are calculated by numerical techniques
Contrary to the literature the tribological behawimf windscreen wiper is analyzed not only on

specimen level but also on structural level in ortte prove or disprove the assumption that the

behaviour is identical on both levels.

The questions which will be answered in this thasesas follows:
1. How is it possible to describe the non-linear tiamel frequency dependent behaviour of rubbers
and rubber-like materials?
2. How is it possible to widen the measurable timeffiency domain by using the time-
temperature superposition?
3. How is it possible to identify material model paeters from measurements being available in
most cases and how wide is their application range?
How is it possible to widen the application ran§¢hese methods?
Which phenomenons influence the rubber-glass coptacess and the frictional behaviour?

What is the effect of water on the tribological &elour of windscreen wiper?

N o o b

What is the correlation between the specimen andtstal level tribological behaviour?

In order to answer the emerged questions and terstathd the complex material and tribological

behaviour of windscreen wiper experiments and satians are carried out.

1.2. Test methods and the structure of the dissertation

The description of the mechanical behavior of rubite materials and the connecting tribological
phenomenons are very complicated, because of ffegedit processes, which occur simultaneously.
Generally it is not possible to consider all ofrthat the same time, so simplifications are neebted.
this work, firstly | give a general outlook on tli#fferent phenomenons individually and then |
connect them to each other (nonlinear elasticltg, linear viscoelasticity and finite viscoelasygit
The theoretical derivations usually are followed éx¥periments, which are uniaxial tensions, stress

relaxations and DMTA tests. Based on the resultthe$e experiments and further considerations, a
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new method is developed and tested for paramegattifitation using constant strain-rate uniaxial
tension tests. The new method combined with theetgeralgorithm can be effectively used for
parameter identification in a limited frequency#irdomain. In case when it is used in conjunction
with the WLF theory, we can extend its applicatimmge with minimal labor input. It must be
mentioned that the next chapters are restricteg tonthe engineering approach, so the mathematical
derivations are not fully detailed and they concametjust on the easy to understand forms, which ca
be directly applied in practice. During the anaysf the mentioned processes both analytical and
numerical (FE) calculations are used.

The tribological part of the thesis focuses ondRperimental results and their explanations. irstl
the specimen level then the structural level exation is detailed. The measurements are carried out
by means of homemade test rigs. The measuremeiitsrase compared to bibliographic data and are
complemented with numerical simulations, in orderidentify the apparent contact area and its
change over the working conditions. The simulatigive valuable informations on none-measurable
parameters.

In the literature practically there is no test tesan the structural level tribological behavior of
windscreen wipers. In order to fill this gap a notest rig is used which consists of a commercial
wiper blade with the arms and a rotating glassdgr. Because of the none-circular cross sectidn an
the eccentricity a pure mathematical model is presketo evaluate the measurement results. The
model leads to the coefficient of friction undeffelient conditions. Finally the ultimate conclusson
are given by the comparison of the specimen andtsiral level results. In this thesis the detafls o

important publications are given in the first pafrthe relevant chapters as a literature survey.

The authors wish to acknowledge the support offheners of the Kristal project and the European
Commission for their support in the integrated @cbjKnowledgebased Radical Innovation Surfacing
for Tribology and Advanced Lubrication’ (EU ProjedReference NMP3-CT-2005-515837).
Additionally, this work is connected to the scifintprogram of the “Development of quality-oriented
and harmonized R+D+l strategy and functional madeBME”" project. This project is supported by
the New Hungary Development Plan (Project ID: TAM®@P.1/B-09/1/KMR-2010-0002).

Same measurements were carried out in cooperatitntihhe IVW (Composite Material Institute,
University of Kaiserslautern, Germany), IDS (Ingt# of Dynamics and Vibrations, University of
Hannover, Germany), and the DPE (Department of rRetyEngineering, University of Budapest,

Hungary) for which | wish to thank the facility perform measurements.
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2. Rubber in engineering

After introducing the evolution of rubbers and rablike materials, the most important properties ar

detailed in this section, in order to create thalitg for further modeling and explanations.

2.1. Brief introduction to rubbers and rubber-like mater ials

The history of rubbers and rubber-like materialeggback to almost 4000 years, because they were
already used before 1500 BC, according to remindérstly, the ancient Mayan people used the
milky fluid -called latex- to make rubber balls,lloev human figures, and as bindings used to secure
axe heads to their handles. These rubber balls wgsr@ in an important ritual game called Tlachtlic.
This game was a cross between football and baskdibaihad religious significance as it is recatde

in the Popul Vuh, a Mayan religious document. Balidatex comes from the trunk of many various
plants like morning glory or the most notably rubliee. When the latex is exposed to the air it
hardens into an elastic mass. Both of them weritapt plants to the Mayan tribe. The latter also
has some hallucinogen as well as healing capaisilfi].

After Christopher Columbus discovered the Americantinent several rolled sheets of rubber were
sent back to France, where it fascinated the eeligdd public. After the rubber made a hit in the
European public life, there were numerous applicatireas suddenly. In 1791, an Englishman named
Samuel Peal discovered a means of waterproofinidp ¢dg mixing rubber with turpentine. English
inventor and scientist, Joseph Priestly realized ithcould be used to erase pencil marks on sludets
paper.

The modern form of rubber is produced by Charlesdyear, an American whose name is placed on
the tires under millions of automobiles. Goodyezalived in 1839 that a mixture of rubber, carbon
black and sulfur leads to a material that came badats original form, if it is stretched. Nowadayss
process is known as vulcanization. The new maters resistant to water and chemical interactions
and did not conduct electricity. Later the invenprdcess was improved and now various chemicals
are added before the mix is poured into molds aaddu generally under pressure.

The recycling and reusing of rubber connect tonmme of Mitchell, who figured it out that the rubbe
material treated with acids can be usable for esgging like solids. The first patent joins to Dymlo
for the new material for producing bicycle tire$.[2

In the early years of the ®@entury, rubber became an intensively researcheal @he world wars
increased the development speed, as so many odees. &/orld War Il cut the United States off from
rubber supplies worldwide, so they developed th&hstic rubber for use in the war effort. Today
about three quarters of the rubber in productioof isynthetic product made of crude oil. The spread
of engine vehicles in the last century increased rthmber of used rubber tires worldwide. These

components became essential and nowadays, thegeadn one of the largest numbers [3].

12



In Hungary the first rubber producing company, tl@rszagos Gumiipari Véllalat (OGV)” was
founded in 1963. Soon after the company expanded cggened a new factory in Szeged. The
company had 11000 workers in 1970 and was renam&@43 to “Taurus Gumiipari Véllalat (TGV)”
[4]. In 1996 there was the largest rubber innovaiio the history of the country, when Michelin
bought up the Taurus and located the whole easigeucommercial center to our country. This
expansion created 1700 new job till 2005. In 2087 production started at a new industrial center
founded by Hankook Tire. The total investment wa8QLbillion forint till 2008, but the development
takes up to the present.

2.2. Rubbers and their main properties

Rubbers and rubber like materials belong to thegaf elastomers. Elastomers are a special class of
polymeric materials, so they built up from long hgchrbon polymer chains, which are connected
with each other by chemical bonds. However, it icmpractical to say that the materials, which are
classified as elastomers can suffer several hungeecent of strain without significant irreversible
(plastic) deformation.

The rubber and elastomer term are often used Yikersyms in engineering practice, because of the
slight difference between them. According to theOI1S382:P1996 standard, elastomers are
macromolecular material which returns rapidly t@rmximately their initial dimensions and shapes
after substantial deformation by a weak stressralegdise of the stress. However rubber is defined as
an elastomer, which can be, -or already is-, medifio a state, in which it is essentially stable
(insoluble but can swell), and which -in its moedistate- cannot be easily molded to other perntanen
shape by the application of heat and pressure. Yiibe official definitions some engineers think
“rubber" as natural rubber and not for example ypplthis term to Neoprene rubber. In spite of the
exact definition in this work the natural or aciéil origin of the material is not distinguisheddatike
many other engineers- | use elastomer, rubber @riukr-like material alternately.

Rubbers can be divided into two types: thermosats thermoplastics [2]. Thermosets have three
dimensional molecular networks with long moleculBstween the molecule chains chemical bonds
can be found, so this kind of material cannot haeessed simply by heating. However thermosets
absorb solvent and swell. On the other hand thecntés of thermoplastic rubbers are not connected
by chemical bonds but instead they are joined lysichl aggregations. These links are dissolved by
suitable solvents and importantly soften by heatswthey can be processed repeatedly. In many
application areas the two material types are usttdhangeably, but in the industry of tires, eagin
mounts and rubber spring thermosets are much mopelgr because of their better elasticity,
resistance and durability.

The mechanical properties and its performance edmidghly extended by different additives given to
the raw rubber material. The typical ingredientsrabber compounds are the crosslinking agent,

reinforcements, anti-degrades, process aids, estendnd other special additives such as colorants.
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Generally thermoplastics do not require crosslig&rds or reinforcing fibers as the hard domains tha
interconnect the molecules cause strength andicigstThe molecule chains in undeformed and

loaded states are depictedrigure 1 andFigure 2.

E———

Figure 2 Molecule chains deformed by
external forces

Figure 1 Undeformed molecule chains

One of the main influencing features of elastonaesthe crosslinks and their density. Modulus and
hardness increase monotonically with increasingsiiak density and the material becomes more
elastic and less hysteretic. The increasing derd#y has a positive impact on the tear and tensile
strength. However, sometimes the elastomeric nadgetised in the general engineering applications
should be water repellent and resistant to alkaiesweak acids. These properties and the elgsticit
toughness, impermeability, adhesiveness, and iEaictesistance make it useful as an adhesive, a
coating composition, a fiber, a molding compounat] an electrical insulator. In general, synthetic
rubber has some advantages over natural rubbey. areebetter against aging and weathering, more
resistance to oil, solvents, oxygen, ozone andaicerthemicals, and resilience over a wider
temperature range. For these reason, it is reconedeto apply nature rubber material when the
working environment is hot because its greatestasce to tearing [5].

In the last decades a lot of elastomeric matehalse been developed to serve the different demands
of engineering applications. Mable 1the most important rubber-like materials and itsmieatures

are collected by [3].
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The main properties of rubbers [Bable 1

Rubber Type

Main properties

Neoprene Rubber
NBR

Silicone Rubber

EPDM Rubber
Natural Gum Rubber
Viton Rubber

Natural Latex Rubber

SBR Rubber
Vinyl Rubber

Santoprene Rubber
ECH Rubber

Butyl Rubber

Latex-Free TPE
Rubber

Hypalon Rubber

Good weatherability and resistamabrasion.

Oil and solvents resistance but limited weathesistance. Also called nitrile,
acrylonitrile, and Buna-N Rubber

Good flexibility and resistanceimne, sunlight, and oxidation. Very good electrica
insulator. Also called polysiloxane.

Perfect weather resistance and extétienutdoor use.
Superior resilience, tensilergith, elasticity, and abrasion resistance

Resistance against corrosive envirarimavith exceptional resistance to heat, aging,
weather, ozone, oxygen, and sunlight, plus fueddvests, and chemicals. Good
flame resistance. Also called FKM.

Ultra-elastic has excellenterggth and stretch ability. Has exceptional tear
resistance.

Has good abrasion and wear resistatee called styrene butadiene
Good resistance to water, chemicaid, weathering.

Combines the characteristicaldifer and plastic to produce a material that offers
excellent weatherability and chemical resistance.

Excellent resistance to fuel, oil, andne.

Nearly air and gas tight. Has good tivei@bility, oxidation resistance, and electrical
resistance. Excellent resistance to alkalies ambsa®©ften used for inner tubes. Also
called isobutylene

Transparent elastomer with gel-like consistencylisorb vibration and conform to
irregular surfaces. Super stretchy. Has great leessiength. This type of rubber is
nontoxic and nonallergenic.

Superior weatherability and resistato ozone, chemicals, and oil even at high
temperatures. Resists flex cracking and abrasiom fiwveather, heat, and chemical
exposure. Low water absorption. Also called chlalioated polyethylene.
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3. Constitutive models of rubber-like materials
3.1. Goals

The aim is to construct a reliable material moddlich is able to take into consideration the imaott
physical phenomena of elastomers. They includextiméinear elasticity, the linear viscoelasticitydan
finite viscoelasticity. As a first step the wideljged parameter identification methods and the basic
material models are described. Then, based on iexgreis and further theoretical considerations, a
new method is developed and tested for paramegattifitation using constant strain-rate uniaxial
tensile tests. The new method can be used efféctfoe parameter identification in a limited
frequency/time domain. It is pointed out that byngsit in conjunction with the WLF theory its

application range can be extended with minimal faiyout.

3.2. Rate-dependency of rubbers: general literature surey

Many experimental studies have shown that rubbblibés complicated mechanical behaviors. For
instance, under constant strain or stress, rublti@bies stress-relaxation or creep, respectivelylavh
under repeated loading its behavior can be chaizeteby the Mullins effect. Furthermore, as it is
well known both mentioned effects depend on tentpezaIn order to simulate these observed -
basically rate-dependent- mechanical responsessidarable work has been done recently. The
history of rate-dependency dates back to the eaxljes when the improving properties of rubbers
and rubber-like materials required to be experimnstudied. The first experimental studies on the
rate dependency of rubbers (especially filled orgt®)wed that the tensile strength increases with
increasing strain rate [6]. This special propestinherent in the presence of carbon black in ubber
matrix [7]. Nowadays, strain-rate dependency ofangnt materials is studied by one of the most
important and simplest test configurations calledss relaxation measurement. In stress relaxation
test the specimen is forced to constant strainstlamaorresponding stress response is recorded. One
of the first experimental results is created ®gnt in [8, 9], who noted that the specimen relaxes
significantly during the first seconds. However testing rig was not capable to record data in an
interval longer than six seconds. Over the remdekaimprovement on the high speed digital
computers and data acquisition systems, in thetieg)&ion [10] took important subsequent studies
on stress relaxation and uniaxial experimeBergstrom and Boyesin [11] gave more information
on uniaxial compression and tensile tests, conatngy on the relaxation history of the materials.
Miehe and Keck [12] studied the material behavior under uniax@lsion and compression while
Haupt and Sedleanin [13] investigated it under uniaxial and biaxiahsion/torsional deformations.
Some authors approache the rate-dependency ifgbaval using creep, relaxation and simple tensile
tests likeKhan and Zhang in [14]. Data for other polymers can be found, amothers, in the works

of Colak [15], Makradi [16] Khan andLopez-Pamies[17] or Krempl [18]. The relaxation of high

damping rubbers (HDR) is limited and usually itréported for compression regime. These reports
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compare the general relaxation behavior to theodmatural (NR) rubber. HDR is usually applied like
base isolation device and requires special vuledioiz procedure. Only a few studies (e.g. [19])
consider its material behavior in the shear regimeere it is often applied. Analyzing the listed
literature, we can conclude that the rate-deperelearad the stress relaxation are much more
momentous in HDR then other rubbers or rubber-fikaerials especially the ones having natural
basis.

The stress relaxation in elastomers and otheripgaglways includes a few seconds at the beginning
of each test when the softening of the materiedadized very fast. It is followed by a slow reltina

in the long term range. However it is importantsee that the relaxation never stops and marginal
decrease always can be observed which is irreleitantmost engineering applications. The
vulcanization process usually bears a significafiiénce on the rubber properties and the mentioned
rate-dependent properties like it is experimentalhown in [5]. The relaxation and the tensile
behavior which are the fundamental experimentshef durrent work are also introduced in latter

chapters and all important features are analyzed.

3.3. Constitutive models

In this section, the important constitutive appmeations are presented. To maintain simplicity and
take into consideration the fact, that more comp&ess states are only treated by commercial
softwares, the next chapters are restricted toneeging approach so the mathematical derivatioms ar
not fully detailed and concentrate just on the @asynderstand forms, which can be directly applied
in practice.

The complex mechanical behaviour of elastomershmaraced back to four effects which appear
together in real rubber applications. These inclnda-linear behaviour in case of large strains
(hyperelasticity); finite viscoelastic behavioumife plastic behavior (which is negligible in most
cases) and softening. In the following chaptersnteehanical background of the mentioned effects

are detailed after a brief literature survey.

3.3.1. Hyperelasticity

Materials for which the constitutive behavior idyoa function of the current state of deformatioa a
generally known as elastic [20, 21]. Under suchddmns, any stress measure is function of the
current deformation gradient. Elastomers usuallgpwsmonlinear elastic stress-strain behavior but
practically there is no rubber, which is purelystila Despite of this fact, they are consideredb¢o
elastic in the classical sense. Upon unloading, stiness-strain curve is retraced and there is no
permanent deformation thanks to the molecular chavhich also ensure isotropic behavior [21].
Constitutive models for rubbers should involve tessential characteristics to describe the basic
requirements [22]. The model always needs to belving small number of material constants with

direct, transparent meaning on the influencingat$felt is much more important that the determined
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material laws need to be as general as possilileegmeed to be valid for other loading then they a
created. Unfortunately it is always hard to findnsiitutive models which fulfill the above
requirements.

In the last decades many attempts have been matkébop material models representing nonlinear
stress-strain relation that agree with the expertaieresults. The material models use two
phenomenological approaches. The first is a coatinunechanics approach which requires the
existence of a strain energy function. This stemiargy function can be interpreted as the workckwhi
we need to exert in order to deform an elastic Hoaly its initial state to current position [21h the
second approach the non-linear elastic responserubber-like materials is modeled by
micromechanically based statistical or kinetic tiyeaf polymer chain deformations.

The first important work dates back to 1940 to twmmon name oMooney [23], however
representative research are also madé&rbjoar [24], Rivlin [25], Yeoh [26], Gent [27] andOgden
[28] on the continuum mechanical approach. Besitese idealized network models are also
proposed in the literature likeldmes andGuth [29], Wang and Guth [30], Wu and Van der
Giessen[31], Boyce andArruda [32] andMiehe [33]). In spite of the fact that tremendous maieri
models are available in the literature, the devalemt is continuous and valuable reviews have been
published in the last years (see for example [8439]).

These so-called hyperelastic material models amelwiused to consider the time-independent
behaviour of rubber-like materials, because theutafions can be highly simplified this way [21],
[34]. The application of these models is necessmyause the well-known Hooke-law showing linear
behavior is unable to describe the experimentabigeoved non-linear stress-strain relation. The
typical elastomers show highly viscoelastic (tinependent) behavior, so | have to mention that the
theory of hyperelasticity does not give a genewl tto predict the mechanical responses of

elastomers.

Ya Tension direction

Lotx) / Initial state

Current state
A
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&
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Figure 3 Initial and current states of a specimen subjettig¢dnsion
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The stress-strain behaviour of a hyperelastic nasdter derived from the principle of virtual work
using the strain energy density function [21], whitan be expressed by the left or right Cauchy
deformation tensor. In order to present the hypstel approach, let's consider a rubber specimen
subjected to tension (ségure 3) and examine its elongationl)).

The stretch value () can be defined according to Eq. (3.1).

.y 1. +Dl, Dl
| = (i) _ lo(i) M) =14 —O :1+eim’ wherg i=X,Y,2z (3.1)
Io(i) Io(i) Io(i)

In Eqg. (3.1) €" is the engineering strain in direction i. In cagéneompressibility (constant volume),

from the strains defined in the three perpendicdigctions only two are independent, the thirddsee
to be expressed in function of the two others. €quently the equality of the initial and current
volumes causes restriction to the product of theethstretches, which must be equal to 1 for

incompressible materials.

Loco doi) Mo =1« Aoy Aol 2 X0y ® I x>l =1 (3.2
As a direct consequence of Eqg. (3.2) the dimengi@mges in the main directions can be expressed by
only one free parameter)(which representing the stretch in the directiof J. The vector which
describes the mapping between the initial and otuenfiguration is called mapping function and —

for uniaxial tension- can be written as

T

_ T _ 1 1
f_‘[fx fy fz] el 'o(y)xf 'o(z)"f (3.3)

The relation between the initial and current camfadion is defined by the so-called deformation

gradient, which can be expressed as

T, T, T,

f m o0 m o0 il 10 o
E=1, xﬂlﬂ ﬂlﬂ ﬂlﬂ ) 'n1|T 5 'n‘:] y ﬂ? ~ =0 o (3.4)
o(x) o(y) o(2) o(x) o(y) o(2)
f, R 0 o 1l

Moy Moy Mo
In material science, it is common to use the Caw@hgen strain tensor (also called right Cauchy
tensor) to characterize the deformation. This isttansor uses the deformation gradient defined by

Eqg. (3.4) and can be written in the following form

12 0 0
C=F' =0 1l 0 (3.5)
0 0 1l

The first invariant (trace) of the Cauchy-Greenstanis the sum of the diagonal components, the

second invariant represents the sum of the maiarm@iants connect to the components in the
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diagonal while the third invariant is the deternmhaf the whole tensor. The latter always equath wi

1 because of the incompressibility nature (see @bov
(1) =1tr(C) = _+| 2 1,(1)= (tr(C) (tr(C)) )__+ xl , 1,(1)=Det(C) =1 (3.6)

The widely used material models use these invarianth the purpose of expressing the strain energy
function (w). The strain energy functions usuakbgamed to have polynomial or reduced polynomial
forms. One of the most popular hyperelastic mdten@del —the 2 parameters Mooney-Rivlin model-

is described by Eq. (3.7).

W)= (1)- ey )- 9= Cu@r2)ta@ AN - g

I 2

where C,,,C,, are material constants determined by tests. Theec®n with the number of 3 is

general in the invariant based material models imeavithout this, the strain energy function vakie
not zero in the initial state, when the stretchzéso. The correction makes the energy function
physically comprehensible.

Certainly, other invariant based material lawsalse used in engineering practice. The most predferr
ones are sum up ifiable 2 In the equationsjaenotes to the material parameters, where i 30...
j=0,1[36].

After the definition of the strain energy functitme engineeringg,') and Cauchy stress(f) can

be directly calculated, utilizing the fact that ttefined energy is interpreted like the area urtder
stress-stretch curve.

The most important hyperelastic strain energy fionst[36]Table 2

Name: Strain energy function

Neo-Hooke model: w(l) =c;o>(11(1) - 3)
2 par. Mooney-Rivlin: ~ w(l) =c,,>(1,(1) - 3)+cp,>(1,(1) - 3)
3 par. Mooney-Rivlin: ~ w(l) =cyo>(1i(1) - 3)+ op3(15(1) - 3)+¢yp>(1,(1) - 3)(1,(1) - 3)

Signiorini: w(l ) =cioX{11(1) - 3)+co {1,(1) - 3)+co0 1, (1) - 3
Second order invariant: w(l ) = ;X150 )- 3)+ oy {I2()- 3)+cyy {13(1) - 3150 ) - 3)+cyfl; - 32
James-Green-Simpson: W(l ) =c;oX11(1) - 3)+coy {150 ) - 3)+cy, X15(1) - 31,0 ) - 3)+caofl; - 3°

Yeoh: w(l) =cy >‘(|1(| )- 3)+Czo >‘(|1(| )- 3)2 *C3 >(|1(| )- 3)3

S;ﬂ(|):ﬂv1\T’|(I):2(C01+C10|x3|)x(|3'1)® S(X:(l):STU)d = COl+C XI >‘(| ) (38)

The elastic modulus (E) represents the slope ofetigineering stress-stretch curve, so it can be

calculated with the partial differentiation resptt. The initial elastic modulus is also expressed by

substituting = 1, which physically meams' =0.
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The presented calculation schema is usable to atmuhe non-linear mechanical behavior of

elastomeric materials under any type of loadingctWwhs expressable by its mapping function. In
practice, it is useful to combine the above equativith the least squares method, in order to
determine the material dependepparameters. The most frequent loading types, warehusually
performed by measurements, are depicteddhle 3 with the mapping functions and deformation
gradients.

In the above equations the stress and strain dejretalues were calculated using the engineering
concept. Actually, in case of large strains it lsogpossible to define different strain measured an
connected stresses. This field is exceptionallyoirtgmt, because in most cases hyperelastic problems
are solved by using numerical techniques, e.dfitlite element method, where it is sufficient tqpbp
one of the built-in formulations. In the commerdiaite element software (MSC Marc) what is used
in this work, the updated Lagrange and total Lageaformulations are available during any large
strain calculations [37]. During these calculatidbgs always important to pay special attentiornte
stress and strain measures, what is used in theseshdormulation. In order to avoid
misunderstandings | have been identified the si@esisstrain measures by FE calculations for small
strains, Updated Lagrange and total Lagrange fatiard, using hyperelastic material laws. The
identified stress and strain measures are givarable 4 without the details of the calculations while

its conversion equations are presentetiable 5andTable 6 for uniaxial tension.

Basic loading types, its mapping functions and deé&dion gradients [36]able 3

. uniaxial Biaxial .
Loading . . . . Planar shear Simple shear
tension/compressiontension/compression
i+ il Z P all A
Initial and g s o =
current shape P R L] et
Mapping ol el el Loy *logy)
|
function lagy /A1 Pl logy) 1 logy)
2
| oy /A1 | oy /1 |y 4 o
_ |l 0 0 | 0 O Il 0 O 1 g0
Defggi':rt]'ton 0 11 0 o1 o0 011 0 010
9 0o o0 11 0 0 1/12 0 0 1 001
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Stress and strain measures in the Updated antldageange formulatiofable 4

Strain Stress
Small Strain Green-Lagrangé* II. Piola-Kirchoff, P¥
Updated Lagrange Logarithmical;® Cauchy, ©
Total Lagrange Green-Lagrangé€ |l. Piola-Kirchoff, ¥

Strain measure conversions [ZHble 5

Engineering Logarithmical Green-Lagrange
Engineering em em =g 1 em = /z)eGL +1-1
GL
Logarithmical e =In(e" +1) e groa = IN(26™ +1)
2
Green-Lagrange e°t :2[(@” +1)2 - 1] et :%[328“’9 - 1] Re

Stress measure conversions [Zaple 6

Engineering Cauchy Il. Piola-Kirchoff
Engineering s™ sm=_5"_ s™=s" e +1)
1+e
Cauchy sC=sm@1+e") s¢ sC =g >(em +1)2
s" 1 °
II. Piola-Kirchoff s™ = sP=sC s
e +1 e, +1

£ -
2 £
% E
g ! A ] ] ! 2
£-0375__-=0175 27 0{025 0.225 0425 0.625 B -
E- I 2o 2-005 7777203 -0; f’} 1 oL 03 0;5
e ’ ,I Y -
R OO =
= Vi 5 AU
T ST S Uniavial ensionomp, | &, A 10 Uniaxial tension/comp.
bs_.‘ """"" ; ,T"'II"’ -=200-4- - —— Biaxial tension/conlp. b é — Biaxial tenSIOD/COHIP-
= - 250 4 - - —Planar shear -- -P!anar shear
i - —-Simple shear ---Simple shear
,,,,,,, 1 T T T e T
Green-Lagrange strain [-] Engineering strain [-]
Figure 4 Stress-strain curves for different loadingigure 5 Stress-strain curves for different loading
types given in engineering values types given in the total Lagrange formulation
- : 300-1
----- Uniaxial tension/comp.
— Biaxial tension/comp.
"= | ---Planar shear 200-4
E -—-Simple shear
o 160
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5 """""""""" ;;;;;"”:’;f'i OO -4
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. S/ AN 3003

Logarithmical strain [-]
Figure 6 Stress-strain curves for different loading type®ig
in the updated Lagrange formulation
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In order to show the difference between the presefbrmulations, | calculated the stress-strain
curves of a supposed material having the paramefecg, = 50 MPa and £ = 10 MPa of a two
parameter Mooney-Rivlin material model. The chgsarameters represent the parameters of a rubber
at low temperature, which initial modulus (see E19)) is 360 MPa. In the following figure stretch
values are converted to engineering strains acogrdi Eq. (3.1)Figure 4-Figure 6 also show the
different type of loadings in the positive and rtaga strain regimes which are tension and
compression respectively. The strain values onhitrézontal axis need to be understand like,1+
where means the shearing strain, while on the vertigéd the related shearing stress values are
depicted. As it can be seen the same uniaxial ssgteain curves show varying values and
characteristics according to the different formolaé and loadings, therefore it is essential tcged

the parameter fitting process carefully. Accordioghe practical recommendations given in [35is it
essential to carry out tests, which are most idahtvith the application of the desired materiaV.la
The fitting also can be performed by using moratbae test results, which increase the facilityge

the model in general [35]. However it is also intpat to see that the fitting algorithm and the data

pares used in the fitting process can importantlyénce the accuracy.

3.3.2. Linear Viscoelasticity

In the previous chapter the characteristic nonlimeachanical behaviour of rubber-like materials are
discussed. Viscoelasticity is a further importapedalty for elastomers, more exactly for all
polymeric materials. The viscoelastic behaviouridadly causes three phenomenons, which are the
stress relaxation, the creep and the hysteresmughh all of the mentioned viscoelastic marvels are
linked with the molecular structure, they are alsvaliscussed separately, because of the related
difficult mathematical formulations. However, natlp the mathematical descriptions, but also the tes
methods, which are usually customized to retridneiiscoelastic properties of polymers, are much

different.

3.3.2.1. Mechanical description in time domain

In the mechanical description of polymeric matarislo rheological components are used. The first is
a spring element, which follows the linear Hoolaw, while the other is an ideal viscous element (0
dashpot as it is often termed) [38], they are regmeed irFigure 7. The viscous element represents a
hydraulic cylinder filled with viscous liquid. Whethhe piston moves in the cylinder the liquid goes
from one of the chambers to other causing sheairegs (also signed with) which follows the
Newton'’s law.

o= h%tt%: he (3.10)

where means the dynamic viscosity of the liquédepresents the strain rate. Using the above

elements, we can model not only the reversiblealsd the irreversible behaviour of time-dependent
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materials. In the current dissertation, | only presone of the most frequently used spring-dashpot
model showing viscoelastic behaviour, namely theated Standard-Solid model (or also called
Zener model or Poynting-Thomson model) and its redee version for more accurate description,
which is the generalized Maxwell-model (howevesliould be called generalized Standard-Solid
model). The Standard-Solid model consists of aalirgpring parallel to Maxwell element. The latter
consists of a linear spring and a viscous elemenhected in series. Often more similar Maxwell-
model and the Kelvin—Voigt model are also used.s€henodels are often proved insufficient,
however; the Maxwell model does not describe craad,the Kelvin—Voigt model does not describe
stress relaxation behavior. The Standard-Solid misdthe simplest that predicts both phenomena,

which is the reason while it is generally a buiidiodel in most FE softwares.

é Ac é Ao
c c

@) (b)

Figure 7 Stress-strain characteristic of the linear (aingpand (b) viscous element

0O n. Maxwell term

Y e
Standard-Solid Q
model
9
Figure 8 Generalized Maxwell-model Figure 9 Standard-Solid model and

its stress components

The generalized Maxwell-model also known as the Wik-Weichert model is the most general form
of the linear model for viscoelasticity. It takesd account the relaxation but not just at a sitighe,
but at distribution of times. Due to molecular segts of different lengths with shorter ones

contributing less than longer ones, there is aimgryime distribution, in contrast to the Standard-
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Solid model. The generalized Maxwell model shows By having as many Maxwell elements as are
necessary to accurately represent the mention&ibdison. Therefore, in applications where notyonl

a qualitative but also a quantitative analysiseiguested a large number of Maxwell terms must be
used (in many cases more than 20, see [39]). Thees below represent the generalized Maxwell-
model and the stress components of a Standard-Solie|.

In order to characterize the time dependent modofldke detailed models let’s analyggure 9. In

the Standard-Solid model the strain values of tleexvell and complementary term are the same, but

the stress values differ. According to [38], thess$ values in the two parallel terms can be wriie

t
s.=E, € and sy =E, »e'", (3.11)
where . and , mean the stresses in the complementary and Maxerlis respectively and

represents the relaxation time, which can be catledlas

t, = (3.12)

The sum of the stresses in the parallel termsuslegith the loading stress, which directly leaolshte

following equation.

t
s=s_ +s,, =E, ¢+E, »e" (3.13)
Exploiting the Hooke’s law and simplifying with we can easily get the, (B relaxation modulus

(time dependent elastic modulus) for the Standaldi$nodel as

t

E (t)=E, +E, % . (3.14)
where E, is the relaxed modulus of the material; #hd , are the material dependent modulus and

relaxation time of the Standard-Solid model. Sinhjlado the above train of thought, we can also
prescribe the relaxation modulus in a more gerferal for generalized Maxwell-models as
n ot
E(t)=E,+ Ex", (3.15)
i=1
where Eand ; are the i-th modulus and relaxation time of theemm generalized Maxwell-model. In
practice, the i-th modulus of the generalized Mdkwmdel is specified, instead of the Blue, by an

e dimensionless energy parameter.

e B and " e =1- E, (3.16)
= i= E,

In Eq. (3.16) Brepresents the glassy modulus of the material. FEEqm(3.15) and Eqg. (3.16) the final

form of the relaxation modulus can be compiled like

n ! n n ! n !

E(t)=E,+ E>e"=E,-Ex e+Ex ex'=Exl- el-e"  (3.17)

i=1 i=1 i=1 i=1
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The above equation can be practically used foredagtomeric material in the small strain regime, if
the material constants {Fe, ;) are chosen properly from experiments. Generallygarameters of a
generalized Maxwell-model -for describing the miglebehaviour in time domain- are usually
identified by stress relaxation tests. In the evehtstress relaxation, the elastomeric material
undergoes a completely elastic deformation as semprence of a theoretically abrupt excitation of
expansion. Then the strain is kept constant andubber becomes delayed elastic with the stress
decreasing from the initial maximum value, thus engding stress relaxation. In real tests, abrupt
excitation of expansion is not possible; loadinggshis realized with a final speed, so the relarati
partly takes place before the strain becomes cohsia a result, the maximum stress is not idehtica
with the maximum stress of the material with n@xakion in the loading phase. From this reason the
identified parameters (especially)Eisually represents just mathematically the re&ldvior and does
not give reliable informations about the accurdssgy modulus values.

Furthermore it is also proven that the spring-dashpodels, which parameters are determined by
stress relaxation test (at one temperature) combyr lonited time (or frequency) range. In order to
partially solve the emerged problem, the so cdile@-temperature superposition is generally used to
widen the application range. The superposition lsarapplied for polymers, which show a strong
dependence of viscoelastic properties on the temper at which they are measured. If we plot
the elastic modulus against the temperature athwhiés measured, we get a curve, which can be
divided up into distinct regions of physical betmviAt very low temperatures, the polymer behaves
like a glass and exhibit high modulus (which canemd even 5000 MPa). Actually this state is called
in Eqg. (3.17) as & As the temperature is increasing, the polymereugaes a transition from a hard
glassy state to a soft rubbery state in which tbdutus can be several orders of magnitude lower tha
it was in the glassy state. The transition fromsgjato rubbery behavior is continuous and the
transition zone is often referred to as the legtlz@ne. The onset temperature of the transitiorezon
moving from glassy to rubbery, is known as the gjaansition temperature, og.TTime-temperature
superposition implies that the response time fonctf the elastic modulus at a certain temperature
resembles the shape of the same functions of adjaemperatures [38, 40]. Curves of relaxation
modulus vs. time at one temperature can be shiftederlap with adjacent curves, as long as tha dat
sets do not suffer from ageing effects during thst time (in this case further vertical shifting is
needed). With the sufficient number of tests afedént temperatures (resulting the isotherms) and
applying curve shifting to the reference tempemitiis possible to obtain the so-called masteveur
representing a more extensive and accurate matkrsaription in a wide temperature (or frequency)
range. | have summarized the general process demagve construction iRigure 10.

During the creation of master curve, the shift dest(a) are defined arbitrarily. If the shifting
procedure is not within the framework of time-temgiare superposition theory (often called WLF
theory, named by William-Lander-Ferry), then thesiea curve was generated falsely. The applied

shift factors can be depicted like the functiorteshperature and the WLF equation also can be fitted
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However the simple WLF equation (in Eq. (3.18)) ksrmaccurately only in a relatively narrow
temperature range around the glassy temperatyje u3ing the Arrhenius supplement the modified
WLF equation is able to describe the whole lagva. temperature curve (see Eg. (3.19) and
Eq. (3.20)).

Relaxation measurement Relaxation modulus master curve of T=20°C
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Figure 10 Relaxation test based isotherm shifting
- K, H{T-T,) )
loga, =——t "~ “ret) for T ETET® (3.18)

K2 +(T_ Tref)

- Kl >(TL - Tref) _ M XAL V(T- Tref) +(Tref - T(IZ_)
KZ + (TL - Tref) R XTL Tref + (T - Tref)

loga, = for -¥E£TET- (3.19)

- Kl ><TU - Tref) _ M XAU V(T- Tref)+(Tref - TCU)

. . for TUETE+¥ (3.20)
K2 +(T - Tref) RXT Tref +(T' Tref)

loga; =

where K;, K, are constants depending on the material and thpaeature; T is the temperature of the

measured isotherm; T is the reference temperatufg'is the upper application limit of WLF

equation;TCL is the lower application limit of WLF equation;"AA" are material constants; M is a

constant equals to log(e) = 0.434294 and R is tivetsal gas constant (8314.41 J/kmol-K).
| also use an important aspect of the WLF(-Arrhehitor transform the master curve to other

temperatures. This transformation is shown in pracdh section 3.5.3.

3.3.2.2. Mechanical description in frequency domain

In the mechanical examinations the testing speed lighly influence the resulting material
behaviour. The tests usually are divided into stétie loading is constant), quasi-static (wher th
loading speed varies a bit) and dynamic (the laadjreed is large enough or varies periodicallyg Th

different test methods -depend on the approxintadnsrates- are depicted frigure 11[38].
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Figure 11 Strain rate ranges of material test methods [38]

Increasing test speed (generally expressed bytthi sate) or decreasing test time usually causes
increase in force and decrease in elongation feergiload during quasi-static loading. This
phenomenon occurs because in case of larger spegubltymer chains have no time to arrange or slip
on each other. This phenomenon is depicteBigure 12 andFigure 13 for general polymers and

elastomers, respectively.

VPV V2V, VIV V>V,

1
1 1
Figure 12 Tensile curves of general polymers [38] Figure 13Tensile curves of elastomers [38]

However, in dynamic loadings the response of efastic material can be described in a much more
sophisticated manner. In order to light this highhportant aspect of elastomeric material, firdtly
analyze the stress response for a given sinussticah excitation, given in Eq. (3.21).
e(t)=e, + e, >sin(wxt) (3.21)

where (t) is the harmonic strain excitation responsgt) is the middle value of applied strain
excitation; o is the strain amplitude; is the excitation frequency. The elastomers belifedinear
viscoelastic materials under small strain and seaditation frequency. Therefore in these conddion
the stress response -showing also sinusoidal ratanebe expressed as,

s(t)=s, +s,sin(wxt +d), (3.22)
where (t) is the resulting stress responsejs the middle value of stress responsgjs the stress

amplitude; is the phase shift between the stress and stuaies.
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Figure 14 Stress response of polymeric materials for sirdad@train excitation [38]

The (t) stress response is composed by two compon8wnfs3B]. The first component is(t) which
is in phase with the excitatiorft) and a "(t) component which is delayed with2. The sinusoidal
part of the ultimate stress response can be exgegish ’'(t) and "(t) according to (3.23).

s(t)=s,>sinfwx +d) =, xcodd)>sinjwx) + s, >sin(d)cogwx) = s'+ixs" (3.23)
Dividing the above equation bywe come to the definition of the so-called compiastic modulus,
E*.

*

£|=50 (3.24)

E =E+ >E":\E*\>e“‘, where
€

In Eq. (3.24) i is the complex unit vector; E’ aBd are the storage and loss modulus, respectively.
The detailed modulus vectors can be visually represi on the complex (Argand) plane, which is

depicted inFigure 15.

lma

iE "

0 E ' Re
Figure 15 Interpretation of complex modulus on the complnp

Eq. (3.24) also can be expressed by the loss fafttie material representing how the material is

disposed to absorb energy during its deformation.

\E*\ =VE?+E'? = E%/1+1tg?(d), where tg(d) = E (3.25)

From Eqg. (3.25) it can be concluded that the dampntreases by increasingphase shift or E”
values. In the literature many mechanical and toigpcal phenomena are explained by the loss factor
[41]. In that studies the elastomeric materialemwftharacterized by their dynamic behavior. Thetmos
common way to analyze the dynamical behavior andgextensive description of the material is the
so-called dynamical-mechanical-thermal-analysis MY In the DMTA test a sinusoidal stress or

strain load acts on a small rubber specimen andnéhghanical response of the material is registered
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by a PC. During the DMTA test the frequency and #meplitude of the load, as well as the test
temperature are usually varied. Choosing an exmitdfrequency and varying the temperature the
DMTA tests deliver information on the temperatuependence of the complex modulus)(Hhe
(E") is interpreted as the sum of the storage (E’) lasd moduli (E”) according to Eq. (3.24) so the
E’, E” and values can also be retrieved. The measured dedaalsp often used to characterize the
molecular structure of the investigated elastomeniaterial and to identify the glass transition
temperature (J). T, represents the transition temperature betweegltssy and rubbery state of the
material, where the loss factor reaches its maximum value. In general cases timeltsineous
variation of temperature and frequency cannot lseraplished by DMTA tests. As a result of this, the
storage modulus (E’) vs. frequency curves must litained just at different temperatures but at the
same frequencies (these curves are called isotheA®s consequence of these curves, it is possible
to create the storage modulus vs. frequency mastee of the material by adopting the WLF-theory.
The master curve construction method is identicigh whe method detailed in section 3.3.2.1. The
general concept of DMTA based isotherm shifting sismmarized inFigure 16 similarly to

Figure 10.

DMTA measurement Storage modulus master curve of T=20°C
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Figure 16 DMTA test based isotherm shifting

3.3.3. Finite viscoelasticity

Modeling of rate-dependent (viscoelastic) phenomernie perhaps one of the most complicated part
for the rheologists of present scientific works.eDio the complication of high elasticity and time
dependency the constitutive modeling needs to berg#ly found on the finite strains which requires
the special approach of viscoelasticity. In ordetake into account the detailed hyperelastic nwodel
too, the linear viscoelastic theory was generalibgd Simo [42] creating the so-called finite
viscoelasticity. This concept is detailed on th#ofeing pages in a digestible way for engineering
calculations using [37].

In general, the total Lagrange approach is useatdrdescription of finite viscoelasticity, becatke

formulas are simples, so the resulted stressedl.dPila-Kirchoff type [21]. The stress function i
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order to take both strain and time dependence dotwsideration is defined in a general form for
elastomers according to Eq. (3.26).
sPEP, ) =sE () +  T(1), (3.26)

i=1

PK(

where L 1) is the Il. Piola-Kirchoff stress depends amei(t) and Green-Lagrange straiff'{;

so(€®") is the II. Piola-Kirchoff stress in the relaxedatst while T(t) is an external variable

specifying the time-dependence of the material wéference to term i of an n-term viscoelastic
spring-dashpot model (for example the generalizectwéll-model introduced in chapter 3.3.2.1). As
can be observed, the first part of Eq. (3.26) dessrthe strain, while the second part definedithe
dependency. Dependence of the material model @instan be taken into consideration by the
hyperelastic material model (see chapter 3.3.1).

As it is said in the previous chapters, one of thest frequently applied spring-dashpot model
demonstrating viscoelastic behaviour is the Stah@mlid model or its more general form, the
generalized Maxwell-model. The equations are alsooanced for these multiple spring-dashpot
models for uniformity and practicality.

The relaxation modulus of the generalized Maxwetidel can be specified according to Eq. (3.17).
Similarly to the theoretical background of line@gooelasticity, the external variablgt] in Eq. (3.26)

can be expressed in the form of a convolution irateas,

t -(t-T)
T.()= exst¥(t)%e ' dt, (3.27)

0

where SSK(t) is time derivative of Il. Piola-Kirchoff stress mesponding to the glassy state. As a

consequence of the above convolution integral,utations are performed incrementally &t time
intervals. The Il. Piola-Kirchoff stress correspomglto the relaxed state is defined according to
Eq.(3.28) using the variables defined in chapt8ri3and chapter 3.3.2.1.

SQ’K(eGL): ﬂWTOB(GeLGL) 1- j e (328)

what, | have expanded for a two parameter Sigriidsipe hyperelastic model for the relaxed

(Eq.(3.29)) and glassy states (Eq.(3.30)).

SP(e%) =[(Co + Ca) (L (€) + o X1, (€] €): (3.29)

i=1

S5(6%) =[(C0* Ca) X 11(€™) + o (1, (6™), (3.30)
By substituting the values of" in Eq. (3.29) and (3.30) by Eq. (3.31), | have posed the equations

to be dependent on t (v denotes the speed of t@nsio

ect =;[(em)2 - 1], where g"=—" == (3.31)
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Where | means the specimen length changés the initial length of the specimen and v deadte
tension speed. The t dependsrﬁ’fexpression can be used for specifying the extemahble T(t) in
the form of Eq. (3.32).

T(t)=b g §(1) -sJ“(t-D1)-a x T(tD 1) (3.32)

:*"Q

aj=1-e (3.33)
b, =a; xli
Dt (3.34)

The output parameters of the calculation are theefst.agrange strain and the Il. Piola-Kirchoff
stress. For the sake of comparability with simgleston measurements, the stress and strain values
need to be converted into engineering value$diyle 5andTable 6.
The calculation scheme predicts the mechanical\betiaof a rubber-like material by using any type
of hyperelastic material law, if the Cauchy-Greénaia tensor associated with the dominant type of
loading (uniaxial tension, biaxial tension, simp@leear and planar shear) is known and the strain
energy density is expressed by its invariants. Aensthe above calculation works with the
instantaneous values. Naturally a calculation sehéonbe based on relaxation values can also be
formulated by [43] and [44]. The resulted chardst®s and values are the same but the equation
forms are differing.
In case of complex geometry or stress state, famgie the finite element method (FEM) could be
used to predict the material behaviour [40]. In #®&C Marc commercial FE software, which is used
in this dissertation, the input parameters of aodByperelastic analysis are the constant material
parameters defining the strain energy density spomding to the glassy statg)(cas well as the
dimensionless energy parametery dad relaxation times;§ defining the rate dependancy. In order to
take into consideration the incompressible natureslastomers special elements with Hermann

formula is applied. In latter chapters the FE claltons are computed by these.

3.4. Tests for constitutive characterization

3.4.1. Uniaxial tensile tests

In order to create the experimental backgrounchttét concepts, | performed uniaxial tension test o

a standard (ISO 527-3:1996) specimen cut out daé@prene rubber (IR) plate. Tests were performed
at the laboratory of the Department of Polymer Bagring at Budapest University of Technology and
Economics (BUTE), on a Zwick Z005 type tensile éegtt5]. Table 7 shows the main parameters of

the material tested.
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Main parameters of the tested Isoprene rubladte 7

) Temperature Min. tensile Min. elongation at
Elastomer Density  Shore A
3 range strength brake
base [g/cn] hardness
[°C] [MPa [%]
IR 1.5 60 -30 - +60 4 180

The specimens had a nominal lengthyef 60 mm, width of &= 8 mm and thickness of & 10 mm.
The standard deviation of specimen dimensions diderceed 5 % of the nominal dimensions. The

draw of the rubber specimen can be sed¥igare 17.

115 —
— 60

Vi

A
!

Figure 17 Standard specimen for stress relaxation tests Hi&503:1996)

In order to examine the Mullins effect, the fixquesimen was loaded at a speed of 100 mm/min at
four consecutive times until 100 % strain levet@m temperature (2TC). Engineering stress )-
strain (™) curves were calculated from measured force ¢fyngation (1) data using Egs. (3.35) and
(3.36).

&= (3.35)
IO
S e (3.36)
A ah
25 -
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2 p
% 1. Load 3. Load
15
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= 2. Load
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z
L
£ 05
é‘] 4. Load
4. Load
= ) ; . | | |
0 02 0.4 0.6 08 |

Engineering strain [-]
Figure 18 Softening of rubber specimens in the course
of four consecutive loadings (Mullins effect)

Figure 18 shows the engineering stress-strain curves. measurement results properly illustrate the

so-called Mullins effect consequent upon the areamgnt of polymer chains in filled rubbers. After
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the first loading, there is a significant changedhia characteristic and values of the curves, wthite
change after the third loading does not exceed THérefore, all measurements were carried out four
times on each specimen and all later curves amageef the test results on three separate spesimen
All measurements were carried out on room tempegatim addition to cyclic constant strain rate
tensile tests, measurements were performed to eeathe impact of strain rate on the stress-strain
curve. During the test, specimens were loaded cynatant speed up to 100 % strain lef/gyure 19
shows the engineering stress-strain curves defroed the measured force-elongation curves by Egs.
(3.35) and (3.36) at speeds of 1000, 500, 100 armdrh/min, corresponding to the strain rate of 0.27,
0.138, 0.027 and 0.00277 1/s, respectively.

2 A

mm . 1
v=1000—;¢ = 0.277 =
min s

—
v
1

mm 1
v =500—;¢ =0.138-
min s

Engineering stress [MPa]
O —_

mm 1 _ mm . 1
v= 1[)m;5= [)_[)0277; v= 100min'57 0.02775

=]

0.2 0.4 0.6 0.8 1
Engineering strain |[-]
Figure 19 Engineering stress-strain curves of tensile @sthfferent strain rates

o

There are differences in the values of the curfeslentical features: tension at higher strain rate
causes higher stress values at the same strain Bm&pite the two orders of magnitude change én th

strain rate, the stress difference at 100 % strain is approximately 9 %.

3.4.2. Stress relaxation tests

In order to study the time-dependent behaviouisoptene rubber, | performed stress relaxation tests
on specimens, similar to the ones applied for terissts. After four consecutive loading (in ortler
avoid the Mullins effect) and setting the 60 mnirfgklength, the specimens were loaded to 5, 10, 20,
40, 60, 80 and 100 % strain levels at a speed ©f1000 mm/min (0.27 1/s strain rate), and stress
relaxation was measured for t = 200-gyure 20 shows the measured relaxation curves. As it can be
seen, the relaxations slowed down by t = 100 4 atrain levels. At t = 200 s, the differencesvbetn

the maximum and relaxed values of the curves dpdcit each strain level are 28.68 %, 26.39 %,
24.61 %, 23.46 %, 22.99 %, 22.77 % and 22.64 %esely.
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Figure 20Engineering stress-time curves of stress relaxation

measurements at different strain levels up to 0& 2

Figure 21 shows the engineering stress-strain curves carnebipg to the relaxation tests. The upload
phases of relaxation tests can be considered sietéests of v = 1000 mm/min similar Eégure 19).
Furthermore, the figure specifies the relaxed stkgdues at each strain level after t = 200 s {see
dotted line). This dotted curve can be considerethe relaxed tensile characteristic of the isopren
material. As can be seen, the stress-strain cuintbeol0 mm/min tensile test is very far from the

relaxed state.
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Figure 21 Engineering stress-strain curves of relaxation

measurements at different strain levels up to 0& 2

3.5. New results

3.5.1. Parameter identification based on stress relaxatisin

It is time-consuming and expensive to measureithe dependent behaviour of viscoelastic materials,
therefore they are primarily used if the targetoiglescribe the complex mechanical behaviour of the
material in a broad frequency and temperature raiogevhich dynamic mechanical thermal analyzer
(DMTA) measurements are widely applied. By shiftihg isotherms measured by DMTA based on
the time-temperature superposition, large gena@lMaxwell-models (humber of terms can reach 40)
can be produced to cover frequency ranges whichesling even 20 orders of magnitude [39]. This

type of material examination is introduced in saet3.3.2.2 and an example is given in section 3.5.3
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However in the majority of problems occurring ingereering practice, viscoelastic models of a small
number of terms can be used to describe time agléncy dependent behaviour with appropriate
accuracy. These models represent the dynamic bmiraef the material in only a small frequency
range; in the literature, it is recommended tha& parameters be determined primarily by stress
relaxation tests [37, 47].

In section 3.3.2.1 (in the event of stress relaxgtithe rubber undergoes a completely elastic
deformation as a consequence of a theoreticallyml@xcitation of expansion. Then the strain istkep
constant and the rubber becomes delayed elastictiagt stress decreasing from the initial maximum
value, thus undergoing stress relaxation. In regist abrupt excitation of expansion is not possibl
loading phase is realized with a final speed, so riflaxation partly takes place before the strain
becomes constant. As a result, the maximum steessti identical with the maximum stress of the
material with no relaxation in the loading phasecérdingly it is questionable how this “pre-
relaxation” influences the accuracy (compared tal test result) of determinable spring-dashpot
models for linear or finite viscoelasticity. In shéection, | will present the theoretical backgauhe
related literatures and calculations to examineattwiracy for a given material.

The majority of commercial FE softwares (MSC Makbaqus, Ansys) have built-in algorithms to fit
the parameters of a characteristically 10-term geized Maxwell-model to the relaxation test data.
The curve fitting algorithm of MSC Marc performsigHitting to a shear modulus vs. time curve
derived from measurement. In this case Eq. (3.8nYains the shear modulus (G) of the material
instead of its tensile modulus. In order to detemthe shear modulus, the force-time curve yieled
the measurement must be converted into an engmgestiess-time curve by using Eq. (3.36) (see
Figure 20). The momentary or relaxation modulus of the makgE,) can be calculated by dividing
the measured engineering stress values by the sgraipplied in the relaxation measurements. The

shear modulus can be calculated on the basisafatbn modulus curve by

c=_E JE (3.37)
2X1l+n) 3

where is the Poisson ratio of the material (in the caSencompressible = 0.5). In the course of
fitting, the value of the glassy (or instantaneai®ar modulus (s also produced. Obviously, this is
not identical with the real glassy modulus of thatenial because loading phase was realized with a
finite strain rate in the stress relaxation measer®. The traditional approach presented so fanlig
suitable for producing the parameters of a germzdliMaxwell-model corresponding to small strain
viscoelasticity due to the fact that the dependarid®, on strain is not taken into account. In order to
introduce it, [37] proposes to substitute the vabfe E, by a two parameter Mooney-Rivlin
hyperelastic material law (the most popular stexergy density functions are givenTiable 2). The
parameters can be estimated by using Egs. (3.38)389) [37]. Actually Eq. (3.38) expresses the
same initial modulus value then Eg. (3.9) in cak&igniorini hyperelastic material law derived for

the two parameter Mooney-Rivlin model.
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E, =6xXCc,, +Cy) (3.38)
Co

-1 (3.39)
c 4

10
In the manner described, the parameters of visstelmnodel were produced on the basis of stress

relaxation (given in section 3.4.2) measured airsttevel of 5, 60 and 100 % (sé&égure 20).
Parameters are shownTable 8

Parameters specified on the basis of stress talaxgable 8.

B 5% 60% 100%
e[l 0.0625 0.122 0.1176
&[] 0.1289 0.0755 0.0870
&[] 0.1076 0.0425 0.0309

1Is] 0.1124 10.007 10.3299

2] 11.0958 78.1938 83.7698

s[s] 99.6630 123.54 137.777
Eo[MPa]  3.8804 1.36624 1.5461

Using these parameters the FE method applied foulating the stress-strain and stress-time curves
at a speed of 1000 mm/min. The material constantiseotwo parameter Mooney-Rivlin material law

applied in the calculation are computed from thlieaf & specified inTable 8 using Egs. (3.38)
and (3.39). The FE model used is showhigure 22

Rigid surface

N

Meshed standard
specimen

Rigid surfaces

Figure 22 FE model and deformed shape of a standard specit@h% strain

The model consists of 10400 linear hexahedron eiesnd@he coefficient of friction between the rigid
and meshed parts is= 2 in order to avoid slippage. The rigid surfashewn inFigure 22 approach
each other according to the arrows indicated duttiregfirst 20 s of the calculation, in a way tha t

initial thickness (b= 10 mm) of the model is reduced to 6 mm. The 1384 s is a static phase of
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relaxation, followed by the motion of rigid surfaicedirection x, according t&igure 22 The speed

of the motion was constant up to a prescribedrstraiue. The stress relaxation occurs by keepiag th
rigid surfaces in fixed position. Similarly to thmeasurements, force and elongation values were
collected from the calculation and converted intess-strain and stress-time curvEgure 23 and
Figure 24 show the results calculated for the phases ofihgadnd relaxation, respectively. The
calculations irFigure 23 andFigure 24 are based on viscoelastic parameters giva8rabie 8 and the

Mooney-Rivlin parameters { ¢0) computed from the glassy modulug)(By Egs. 3.38 and 3.39.

Engineering stress [MPa]

0 0.2 0.4 0.6 0.8 1
Engineering strain [-]

Figure 23 Measured and calculated stress-strain valuesedsstelaxation measurement

[\

2 par. M.R., 3-term Maxwell from 5% relax. test

—
n

Relaxation test, e=100%

2 par. M.R., 3-term Maxwell from 100% relax. test

=4
n

2 par. M.R., 3-term Maxwell from 60% relax. test

Engineering stress [MPa]

(=]

0 20 40 60 80 100 120 140 160 180 200
Relaxation time [s]

Figure 24 Measured and calculated stress-time curves edstelaxation measurement

In order to quantify differences between the cureeso-called standard error is applied. In the cdis

an n number of x and y sampling values, the emarhle calculated as

\/%xn X - y)?. (3.40)

i=1
The behaviour measured is overestimated by theriabl@v derived from stress relaxation at a strain
of 5 % — the standard error being 0.294 MPa —, ewiilis significantly underestimated by those
derived from relaxation at strain of 60 % and 100w#th a standard error of 0.637 MPa and
0.560 MPa, respectively. One of the reasons fariththat at = 5 % the material had much less time

to relax than at = 60 or 100 %, so theyllassy modulus value determined here approxinthteseal
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value better. This difference is also affected hwy tatio specified in Eq. (3.39), which is a consta
value independent of the material composition a#d tonditions. The characteristics of the curves
calculated also considerably differ from the chegstics measured since the two parameter Mooney-
Rivlin material law cannot provide stress-straimveuhaving an inflexion point, which is typical at
rubbers over a certain strain level. As indicatgdhe standard errors between the curves defihed, t
method proposed by [37] can be used for modeliegoghaviour of rubbers primarily in the range of
small strains, since in this case the stress rétaxaccurring in the course of loading causes alkem
problem. Similarly, the difference between the hétraof the two-parameter Mooney-Rivlin material
law and the real rubber is smaller at small stréiias at large ones.

In order to partially solve the problems of the enitl laws derived from the relaxation test, | pyee

to apply a multi-parameter — e.g. the Signiorinpénrelastic — material model to be determined from
stress-strain curves of tensile tests. Accordinthi®, free parameters of the hyperelastic modekwe
determined from tensile tests conducted at diffespeeds (seEigure 19) by using the curve fitting

algorithm of MSC MarcTable 9shows the fitted parameters and their ratios.

Model parameters obtained from curve fittihable 9

v=10™ =100 y=s0d™  y=1008"
min min min mir

Col[MPa] 1.2665 1.289 1.2835 1.3317
ci[MPa] -0.6382 -0.6697 -0.6905 -0.6774
C[MPa]  0.1104 0.109 0.1099 0.1172

%['] -1.9845 -1.9247  -1.8588 -1.9659

0

%[-] -5.7808 -6.1440 -6.2830 -5.7799
0

The ratios of parameters derived from separateiléenigsts indicate small standard deviation;
therefore, as a good approximation, they can basidered as identical regardless of the strain rate.
Hereafter, the ratios of the 1000 mm/min tensig &e used in the calculations.
As a first step, the parameters of the hyperelasiterial model were recalculated by using the
parameter ratios (see last columnrliable 9) and the glassy modulus«E 3.88 MPa fronTable §)
determined. To do this the strain energy functibithe Signiorini hyperelastic model (in the fourth
raw of Table 2) was differentiated twice with respect toyielding the E() function. Substituting the
value =0 produces the expression to describe the céoneof E, and the constant material
parameters as shown in Eqg. (3.41).

Eq =6X(Cyg *Co1) (3.41)
As can be seen, Eq. (3.41) corresponds to Eq. )(PRbosed by [37] for two-parameter Mooney-

Rivlin material law. Based on the parameter rafggen inTable 9) and Eq. (3.41), the recalculated

material parameter values age=<1.3163 MPa, g= 0.6696 MPa, and,¢= 0.1158 MPa, respectively.
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Figure 25 shows the measured and calculated —by using tiadcreated parameters- loading phases

of relaxation tests at= 100 %.
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Figure 25 Comparison of measured and calculated stress-stra

curves using Signiorini model

As can be observed the material law produced iatdapo approximate the values measured much
better than the calculation method proposed by.[BVthis case, the standard error of the loading
phase is 0.0629 MPa, which is one order of magaitrdaller than the former valdgigure 26 shows

the measured and calculated relaxation phase® oéltaxation test at 5 %, 60 % and 100 % strains.

1.6 1
=
a % Relaxation test, £=100%
= 1.2
— Calculated relaxation, £=100%
&
T 0.8 1 N~
ot [~ Relaxation test, E=60%
'E Calculated relaxation, €=60%
= 0.4 -
E‘Q Relaxation test, £=5%
= 0 Calculated relaxation, £=3%

0 20 40 60 80 100 120 140 160 180 200

Relaxation time |[s]

Figure 26 Comparison of measured and calculated stressedimes

In all cases, the calculations underestimate thasorements, which is a consequence of the lower
glassy modulus (§ value resulting from the relaxation test. Thesglamodulus coming from stress
relaxation measurement is smaller to the real vdlue to the stress relaxation during the loading
phase. In the case of relaxation, the standardr éretween the calculation and measurement is
0.01945 MPa, 0.0466 MPa, and 0.07519 MPa, respdgtiv

3.5.2. Parameter identification based on simple tensile

The previous chapter showed the possibility of podg the parameters of a material law
representing real mechanical behaviour throughesstelaxation test of small strain performechat t

highest strain rate possible. However, the paramesn be obtained without a relaxation test, simpl

40



from two tensile tests of different speed. An adaga of this method is that the required material
parameters, which are able to describe the medhdmdaviour of the material in a limited frequency
and time range important in practice, can be predueith a minimum amount of test. Beside of the
relaxation test, the DMTA based material charazétion also used in material science. However, it
must be mentioned that tensile tests are perforgned in these cases because they provide essential
material properties. Consequently it seems to heamable to identify model parameters from these
tensile tests performed at different speeds.

The method what | propose is based on the recogritiat the tensile tests with different strairesat
result in different stress values at the same lef/strain due to stress relaxation (like it carsben in
Figure 19). From these differences the parameters of thsngplashpot model (e.g. generalized
Maxwell-model) can be identified.

For the sake of clarity, first a deep explanatiomes which highlights the conversion between elasti
modulus, stress and strain energy.Figure 27, | show the modulus-strain, stress-strain andrstra

energy density-strain characteristics of a standalid model for uniaxial tension with constant

speed.
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Figure 27 Elastic modulus, stress and strain energy vs.rstrai

curves of Standard-Solid model

All of these curves are calculated by Eq. (3.19 by its integrated forms. During the calculatibe t

initial (undeformed) length of the specimen is ddased to beg= 10 mm, the parameters of a linear
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viscoelastic model are,E 5000 MPa, £= 0.8 and ;= 1 s. The tension speed is v = 0.7 mm/s. The

strain values can correspond to a time-axis as
(=% (3.42)

where is the engineering strain. How it can be seeredtffitiation and integration make a connection
among the curves as the arrows showrigure 27. Break points represent the state over which the
material practically can be regarded to fully reldxthe change in the modulus is smaller than 5 %).
Up to the break point the stress-strain curve is-liieear despite of the linear springs and dashpots
Over the break point the stress-strain curve besdimear.

The strain rate shifts the break point as it iswahoTable 10 shows the variation of relaxation

modulus E;) and the tensile stress) @s a function of strain for the examined standaéd model.

Main physical was of a Standard-Solid modeble 1C

[] [MIIE:;a] [MPa] [Ilf/lol-:’ir] 1 [:M F;E] 1s :[_]1/ Ei 1 =[_] - 1s

A 1958. 310.1 3041.4 210.1 0.0525 0.0475
0.2 1229.7 460.2 3770.3 260.2 0.065 0.135 EOO
0.3 1055.1 564.8 3944.9 264.8 0.0662 0.2338 -
0.4 1013.2 669.7 396.8 269.7 0.0674 0.3326
0.5 1003.2 769.9 3996.8 269.9 0.0674 0.4326

Furthermore, the momentary stress and strain vdmedoth springE; and dashpot ; are also
indicated. ; is the stress in the spring and the dashpgts the strain of the spring whilgq is the

strain of the dashpot. In our case, the relaxedutnsds

E, =E,x1- e =100(MPa (3.43)
i=1
As seen irFigure 27 the viscoelastic behavior can be identified cleddsed on a tensile test if the
strain rate is chosen properly. Consequently, tbeahparameters may be determined from tensile
test too. In the followings, | propose a possibletimd for parameter identification from strain rate

tensile tests. The method uses the ratio of tweileemodulus functions (E) and E( )) obtained
experimentally from uniaxial tensile tests with stamt strain rate€ and €, (€ ! €,) that

corresponds to tension spegdand vi. Parameters of the generalized Maxwell-model dtaioed
from a fit to this non-dimensional ratio. The floshart in Figure 28 shows all the steps of the
proposed parameter identification method.

As seen we need to calculate the first partialvagities of the stress-strain curves of tensilestest
measured at two different strain rates. This yidlnghe elastic modulus-strain curves((Eand

E,( )). Then the ratio of f£) and E( ) values is calculated at different strains,(f). The non-
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dimensional ratio function (f )) increases or decreases in function of strairedeing on the ratio of

strain rates. As a next step the expression deffireed Eq. (3.17) for generalized Maxwell-model
fitted . . . . . . . .
E,:fe (e)is fitted to the E( ) values obtained by substituting the time paramietéth an expression

including the length §) of the specimen, the tension speed (v) and tams{similarly to Eq. (3.42)).
The fitting itself can be performed by the methddeast squares for models with a smaller number of
terms or by genetic algorithm in case of a highenber of terms. However, each Maxwell element (a
spring and a dashpot connected in series) provigdesunknowns (, ), one of them namely the
relaxation time spectra;{i = 1...n can be determined intuitively too, i.e. withounee fitting. After
curve fitting, the last step is the calculationtioé glassy modulus. For this purpose any of the two

tensile tests can be used. The only limitatiomésdonvergence of the curve fitting algorithm addpt

Tensile test I1. ]

- Constant tension speed
Tensile test L

AR
Al ¥ o F Calculating
' 7= engineering

stress-strain

Calculating tensile
modulus function

Calculating ratio of
E\(€) and E,(g) from
measurement

fitted

Fitting E;, " (&) to E ()
¢ -l
Eoy-[1-3%, (ei. (1 - Eﬁ))] 1-3%, (el__ (1 _ eﬁ))
Eﬁtted(g) _ : _ _
Eo- [1—2?:1 (ei.<1 —e_7_i>)l 1-3, (ﬁ-(l—eﬁ))
€, T
Eole) = 5®) ” \ Calculating
1-2%, (el-. (1 - ewn)) the glassy
modulus
or
E
Eo(e) = 11(€) _
K 1-X%, (ei. (1 — e_m>>/

Figure 28Block diagram of the tensile test based paramdgattification method
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The parameters of a 3-term generalized Maxwell-rhede determined by the built in genetic
algorithm of Matlab [46], using the 1000 mm/min ab@ mm/min measurement results of isoprene

rubber, given in chapter 3.4 Table 11shows the identified parameters.

Identified parameters by the proposed
tension based methddble 11.

&[] i[s]
term 1 0.0756 0.101
term 2 0.0615 8.120
term 3 0.2039 91.891

Based on analysis of the fitted parameters, itlmastated that the relaxation times correspondh wit
good approximation, to the relaxation times spedifon the basis of stress relaxation test=ab %
but the sum of dimensionless energy parameterseis= 0.299 according to the relaxation
measurement (see chapter 3.5.1), whde= 0.341 on the basis of tensile tests.

If the viscoelastic parameters are known then tlessy modulus can be determined from the
equations presented irigure 28 Contrary to the linear viscoelastic materials,evéhthe glassy
modulus has no strain dependency in the case g€ latrain viscoelasticity the glassy modulus
depends on the straiftigure 29 shows the glassy modulus determined from the 1®@@min

uniaxial tensile test in function of engineerinst.

4.5 -
4.27

3.5 4

E, [MPa]

9%}

2.5 4

0 0.02 0.04 0.06 0.08 0.1
Engineering strain [-]

Figure 29 Glassy modulus identified by curve fitting in fuilon of strain

The glassy modulus curve depicted is not lineariamibt defined at = 0. Its value for the smallest

is 4.27 MPa which can be considered as thgl&ssy modulus of the material. The identifiedsgla

modulus exceeds the 3.88 MPa value of the glassjulme determined from stress relaxation test at
= 5 % strain. The glassy modulug)Bnd the parameter ratios Table 9 can be used to determine

the parameters of the Signiorini material lawy,; (& 1.43798 MPa, ¢ = -0.73146 MPa, and

Cx= 0.12655 MPa)Figure 30 shows the measured and calculated characterigtitise relaxation
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tests measured at 5 %, 60 % and 100 % strain, ukandnyperelastic and viscoelastic parameters
identified.
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Figure 30 Comparison of simulation and measurement

As it can be seen, the simulation slightly difffnem measurement. After the nearly identical stress
maximum the calculated relaxation curve does notged parallel with the measured one but by
intersecting it at t = 120 s. The relative errotwsen the measurement and the calculation is
0.01001 MPa, 0.0164 MPa and 0.03655 MPa, respéctive

Figure 31 shows the measured and calculated tensile tedtf80&t mm/min and 10 mm/min tensile
speed. At 10 mm/min the agreement is less goodheutaccuracy is still acceptable. The standard
error of the simulation at higher speed is 0.008MM2a, and that of the simulation at lower speed is

0.05626 MPa compared to the measurements.
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Figure 31 Tensile tests of various speeds calculated analiti

The engineering stress-strain curves of the tetsits were determined by analytical calculatians a
well, as shown irfFigure 32 The figure also shows the states correspondinigetglassy and relaxed
states. The relaxed state is lower than the ondifidel by measurementigure 21). This is partly
due to the fact that stress relaxation tests lasted00 s, which does not ensure that the finkaixesd

state is identified.

45



1.6 7

Glassy state g

= Y \//
& 1000mm/min %
= 1.2 1 \(/ -
2 - ~id
& 10mm/min - -~
% 0.8 - - ==
80 — - 500mm/min
= — = .
2 04 | _z ’//_, 100mm/min
£ -
=0 i Relaxed state
= v

0 T T T T |

0 0.2 0.4 0.0 0.8 1

Engineering strain [-]
Figure 32 Comparison of the engineering stress-strain cunfes

tensile tests with the calculated characteristics

Figure 33 shows the stress-strain curve of the measureniel@® mm/min andrigure 34 shows
that of the measurement at 10 mm/min, together with results of the FE calculation using the

material law set up on the basis of tensile teststhose of analytical calculations.
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Figure 33 Engineering stress-strain curves of the measuremen

FE and analytical calculations at 21000 mm/min
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Figure 34 Engineering stress-strain curves of the measurgemen

FE and analytical calculations at 10 mm/min
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As can be observed, the calculations at higherdsppproximate the results measured perfectly; the
standard error of the FE calculation is 0.008442aM#hile the error of the analytical calculation is
0.008398 MPa. As compared to the 10 mm/min measmenthe error of the FE calculation is
0.05626 MPa, while the error of the analytical aidton is 0.0672 MPa. The slight difference
between the analytical and the FE calculationsymnebly follows from the discretization applied in

the numerical adaptation of the equations presantsection 3.3.3.

3.5.3. Velocity-temperature superposition
In the previous chapter a method is presentedhierdietermination of generalized Maxwell-model
parameters by simple tensile tests. In spite ofdhethat the method is able to serve almost dmees
material model that comes from relaxation tests, liimitation of the demonstrated method is the
sampling frequency of the tensile test. In ordewimen the application range | used the detailed®WL
theory to shift the relaxation modulus,XiEsotherms (which can be determined from the ststisin
relation of tensile test by the fourth rawrigure 28) to master curve.
If the gradients (the relaxation modulus) & stress-strain curves are determined and taenstalue
() is formed to time by Eq. (3.44) -with the helptb&é specimen nominal length)(knd the tensile
speed (v)- then it is possible to obtain relaxatiaster curve sections similarly to the relaxatests.
(=%

v (3.44)
where } is the initial (undeformed) length of the specimand v is the speed of tension. If we assume
that the sampling frequency of the tensile tegt3s100 Hz [45] then the first measurement data is
recorded at t = 0.01 s (see vertical lind=igure 37). In case of elastomers, this time step is togdar
because relaxation processes take place very guigklwever using the WLF equation, it is possible
to overcome this limitation. In order to prove tlEgtement engineering stress-strain curves are
analytically calculated at different temperaturgsatfitted 40-term generalized Maxwell-model to the
master curve shifted by the isotherm of a DMTA.test
The DMTA tests used in this dissertation were edrout on a GABO Eplexor 100N equipment at the
Institute of Composite Materials of University Kaislautern. The tested specimen was cut out from a
SWF Duotec+ named commercial windscreen wiper bldtle prismatic specimen had a length of
lo=21.7 mm, width of @= 3.75 mm and thickness of  1.32 mm. After the specimen is placed into
the test chamber a 0.1 N preload was used. Thémuaogdally varying strain excitation with 1 %
amplitude was applied. The excitation frequenciesawl, 10, and 100 Hz, respectively, while the test
chamber temperature was set in the range of “Cinhd +100C in 5°C steps. The storage modulus
vs. frequency curves (isotherms) measured at diffetemperatures are shown kigure 35
According to the WLF (Williams-Lander-Ferry) equatigiven in section 3.3.2.1 the storage modulus

master curve can be constructed by shifting thesthérms —except the one measured at the reference
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temperature- horizontallyrigure 36 shows the non-dimensional shift factors of eadthesrm. As

seen the reference temperature was T 2%C20 the present case.
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Figure 35 E' isotherms comes from the DMTA Figure 36 The values of the shifting factor at
test a reference temperature of ZD

As a second step 40-term generalized Maxwell-m¢sbad the spring-dashpot modeFigure 8) was

fitted to the obtained storage modulus-frequencygteracurve by applying the ViscoData software
[47]. The software fits Eq. (3.45) to the storagedmius master curve by using genetic algorithm. As
it is well known Eg. (3.45) defines the storage mlad of an n-term generalized Maxwell-model in

function of frequency.

E'(wW) = E, x1- ;e, x1+t+>w2 (3.45)
In the above equation E'] is the storage modulusg 5 the glassy modulus of the materialaBd ;
are the i-th modulus and relaxation time of themdt generalized Maxwell-model, andi€ the i-th
non-dimensional energy parameter=d5/Ey). The relaxation modulus of the generalized Maxwel
model is described by Eq. (3.46)
-t

E (t) =Eyx1- " g x1- e? (346)
i=1

where t denotes the time.
In order to determine the material behavior atraperature (3.47) other than the reference one, we

need to specify the parameter in Eqg. (3.45) and (3.46) as
ti(T) =t; >ar(T) (3.47)

where ; is the i-th relaxation time at the reference terapee, while i(T) is the corresponding
relaxation time at a temperature other than thereetce one.

The relaxation modulus vs. time curves of thedi#®-term generalized Maxwell-model are shown at
temperatures of T = -100, -70, -40, +20 and + 4Ddn Figure 37. Figure 38 shows the storage
modulus-frequency curves at the same temperatAseBigure 37 andFigure 38 show the time and

frequency range covered by the fitted material rhslarger than 30 orders of magnitude.
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Figure 37E, relaxation modulus curves of the  Figure 38 Frequency dependence of storage
fitted generalized Maxwell-model at modulus E’ curves of the fitted generalized
T =-100, -70, -40 + 20, and + 160 Maxwell-model at
T =-100, -70, -40 +20, and +160

The relaxation modulus (Ecan be determined from the stress-strain relagn

_Ts

e (3.48)

In case of constant strain-rate tensile tests tiseaesimple interrelation between the time (t) #mel
strain () which can be written as it is given in Eq. (3.48ubstitution of Eq. (3.44) into Eq. (3.46)

E,

yields to the function [E ) from which the stress at a given strain can lmepzded as

s(9= , Eeide (3.49)

At the calculations, | have assumed that the umdefd length of the specimen is 20 mm and the
tension speed corresponds to the lowest and highpsed of a Zwick tensile tester [45]

(Vmin = 0.0003 mm/s, yax= 50 mm/s). The shape and the main dimensionseo§plecimen are given

in Figure 39.
75
20
min 2
~
™~ Vs -
/ \ ~

Figure 39 The shape and main dimensions of ISO 527-2:1993énadard

uniaxial specimen for elastomeric materials

The calculations were carried out up to the stodin= 0.5, at temperatures of T =-100, -70, -40, +20
and +100°C. The assumed sampling frequency is f = 100 Hze/peratures other than T = ZDthe

i-th relaxation time is computed by using Eq. (3.48ccording to the aboves, first point of the
curves corresponds to a time instant gf £ 1/f = 0.01 s. Contrary to this, the time instant
corresponding to the last point£ 0.5) of - curves depends on the tension speed (see EQ))(3M4
Vmin T = 33333 s while at yaxt = 0.2 s. As a next step | consider the computedcurves as

measurement results consisting of discrete poifiten the equation given in the fourth raw of
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Figure 28 is used to calculate the relaxation modulus wveetturves at different temperatures (see
Figure 40 andFigure 41).
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Figure 40 The time dependence of ilelaxation Figure 41 The time dependence of elaxation
modulus calculated at T = -100, -70, -40, +20, modulus calculated at T = -100, -70, -40, +20,
and +100°C, v = 0.0003 mm/s and +100°C, v = 50 mm/s
The lower speed isotherms cover time in a randgeartlers of magnitude, while the higher speed ones
cover about one order of magnitude on the time. &iem the isotherms the relaxation modulus
master curve can be constructed by horizontalispiftsee shift factors ifigure 36). The master
curves constructed from constant strain rate terteits and DMTA measurements are depicted in
Figure 42 andFigure 43. As it can be seen the master curve obtained foover speed tensile tests
cover 18, while the one created from higher speeadile tests covers 16 orders of magnitude on the
same axis. At the lowest speed the master curveesgtlg coming from tensile tests overlap each
other, while at the highest speed there are gaps@ithem. By reducing the test speed the frequency
and time interval described by the master curveeméd In order to cover a wide enough
time/frequency interval with short period of tegtitime, | recommend applying average test speed

together with the biggest possible sampling fregyen
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Figure 42 Master curves constructed from tensild-igure 43 Master curves constructed from tensile

and DMTA tests, T = 26C, v = 0.0003 mm/s and DMTA tests, T = 20C, v = 50 mm/s

3.6. Conclusions

In the present chapter phenomenological materialatschave been discussed in order to simulate the
typical behavior for rubber-like materials. In thest part the hyperelastic models are present@tjus
the popular invariant based approach. The theasyblean formulated to digestible form targeting the

essentials for engineering calculations. Besideshat conception of linear and finite viscoelastic
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behavior of elastomeric materials are also analya#dhe basic thoughts and equations are predente
for the description in time and frequency domaMest parts of the theories are given in case studie
The general overview (in order to fulfill the firahd second research objectives) can be considered
like literature survey before the core of this dleapwhich is a new parameter identification method
based on simple tension tests according to my thsdarch objective.

The new parameter identification method is bagicetimes from the observation, that the uniaxial
tension test (performed in most cases for matehatacterization) shows different stress-straiwvesir
depending on the speed of tension. From the difteyge the time dependent part of a complex
material law can be composed, if we can eliminate time independent part of the material law
(namely E). This elimination is accomplished by dividing ttveo stress-strain curve by each other.
Then a curve fitting process needs to be perforinedrder to identify the viscoelastic model
parameters. The strain dependency also can be qgddwy the proposed material dependent ratios
instead of the literaturly proposed ¥ one [37],ckhapplication can be considered like the extension
of the method to the large strains. The constang independent part of the material law is retgbv
from each individual tension test utilizing the rdiied time dependent parameters. The introduced
new method is applied for isoprene rubber and itoisnd that the constructed hyper-viscoelastic
material model is comparable to the one comes ttemwell-known and accepted stress relaxation.
From the statements given in the previous chaptersn be established that the proposed novel
method is appropriate to generate hyper-viscoelastaterial laws, especially for engineering
applications, where not just the wide time/frequedescription but the rapid and cheap determination
iIs needed using minimal labor input. It is impottém mention that the proposed technique can be
generalized, thus one can determine the model gdeasnnot only from tensile tests but also from
shear or compression tests.

The proposed tensile test based concept is alspleoranted with some further thoughts in order to
expand its application range (fourth resource dhjek It is found that using the William-Lander-
Ferry (WLF) theory the isotherms obtained at dédfértemperatures can be shifted to a single master
curve. It is stated that during the tensile teltsdpplied tension speed has an effect on the edver
frequency or time range; however the sampling feegy selection is more important to consider such
small time intervals which are not available by Igjmy the widely used relaxation test. By this
approach the 1-2 order of measurable time domairbeaextended to 18 orders of magnitude in the
present examination. From the above case studg, iecommended to apply average test speed
together with the biggest possible sampling fregyén order to ensure wide covered interval in shor

period of testing time.

51



4. Tribology of windscreen wiper blade
4.1. Goals

Rubber wiper blades are designed to remove watércantamination from the glass windshield in
order to preserve transparency. During the apphicagverybody has experience with the possible
inconveniences, which are able to enormously reduser comfort and safety. From this reason in
the recent years experimental studies have beer tantight which analyze the specimen level
behavior of wiper blades.

In the next chapter, | analyze the tribological debr of a wiper blade specimen sliding on a smooth
surface with controlled amount of water lubricatiirstly experimental results are given in order t
quantify the normal and friction force componentsler different interference between the rubber and
the glass surface. The experiments and simulasbpgs steady-state sliding in most cases but also
indicate friction instabilities in different tribogical situations.

Next a novel windscreen wiper-on-cylinder machiseused to investigate the influence of sliding
velocity and normal force on the coefficient ofcfibn. Using this machine it is possible to measure
the friction force not only on specimen level bilgoaon structural level by considering the whole
windscreen wiper. As measurement results are diramituenced by both the real, non-circular cross-
section and the eccentricity of the rotating gleginder an analytical model has been developed to
explain the measurement results. The good agreebsing found between theory and experiment
confirms the validity of the model. Majority of thresults belongs to partial contact where the wiper

blade does not contact with the glass counter saiiddong its total length.

4.2. General tribological overview on rubber friction

Tribology is an experimental science, which studiesinteraction of contacting surfaces. Tribology
includes the theory and application of frictiorhdication and wear. In a traditional form the esiste

of tribology dates back to the beginning of recartiestory. Many well documented examples can be
found how early civilizations recognized the impmite of friction and lubrication [48]. The scieittif
study of tribology also has a long history and maajuable statements are given, especially in the
general friction theories. According to the studyAmontons andde La Hire in 1699 the source of
friction is the obstruction of surface roughnesakse The difference between the static and dynamic
friction was recognized firstly by oulomb, while sliding and rolling friction were distingghied
firstly by Leibnitz in 1706.

Tomlinson and Hardy considered the friction like an energy loss, whadmes from the tear of
molecular interaction between the atoms which #tugdose to each other. The proportionality
between the normal and friction force was examimgtleonardo da Vinci in the late 18 century.
The concept of friction coefficient can be assigtethe name oEuler while the speed dependence

of coefficient of friction was analyzed #rchard .
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The works and statements which are taken aboveotdnconsidered to be general especially for
rubbers and rubber like materials [49]. Howeverriwdern tribological theories came into existence
from the classic ones with important modificati@rsl refinements. The aim of the current scientific
researches is to take into account as many inflogrgarameters as possible and consider real shapes
of contacting bodies to get much more accurate @gtdiled description. Nowadays the modern
computers and softwares make it possible to examilegge number of influencing parameters and

their interaction on the tribological phenomena.

4.3. The experimental basics of rubber friction

The friction of rubber like materials differs froather materials. Qualitative experimentsAxyano
(1929) andDerieux (1934) showed that the coefficient of rubber faotincreases with increasing
sliding velocity which observation was confirmedRgth, Driscoll and Holt (1942). They found that
the friction of rubber on glass plates increasew!isi with increasing speed but the rate of incraase
lower than would be given by logarithmic velocitgpgndence. The temperature dependence of rubber
friction was reported breuil (1910) andAriano (1930). As they found the coefficient of friction
decreases importantly with the increasing tempegatu

Schallamachin [50] presents experimental evidence that tlael Idependence of rubber friction can
be satisfactorily explained by the assumption, thatfrictional force is proportional to the truea of
contact between a rubber tire and a track. Ingtudy the asperities are treated like half sphaneis
realistic material properties are taken into actolm51] Schallamachinvestigated both velocity and
temperature dependence of rubber friction. Thestigation shows that the adhesion plays important
role in the friction.Denny [52] in 1953 analyzed the friction of lubricatelh®tomeric surfaces and
confirmed that the growing pressure decreasesritt@oh coefficient, whose highly increases if the
surface roughness decreases. It is also establigtatdat very low loads the friction is almost
proportional to load, whilst at very high loads ttantact between specimen and track is full, aed th
friction remains constant. In [53reenwood and Tabor were the firsts who divide the friction of
rubber into the components of adhesion and hysserébey also established that under lubricated
circumstances the hysteretic friction part playscmmore important role. Their observations were
verified and confirmed bgabey[54] experimentally by using rubber plate vs. steals and cones.
Greenwoodand Tabor also pointed out that the rolling and sliding tiba generate almost the same
hysteretic friction part [53]. The pioneer stud@sGrosch [55] show that rubber friction, in many
cases, is directly related to the internal frictmfrrubber. This statement is confirmed by [56] and
experimentally proved that the friction force beamerubber and a rough (hard) surface has two
contributions as adhesion and hysteric componeespectively.Grosch in [55] also gives the first
valuable results on the temperature and velocipeddence of hysteretic and adhesive component of
rubber friction, which are highly coupled with tWMgLF theory. The temperature dependency of

several polymeric materials -like rubber- has bieentified experimentally bBartenev andElkin in
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[57]. The rolling resistance of rubber is analyzsdFlom and Bueche [58] and the resistance is
allocated also to the viscoelastic properties.rolento deeply connect the viscoelastic parameters
the hysteretic frictiorNorman [59] analyzed the friction process between rubplete and rigid
cylinder. He concluded that the friction is propamtl to the loss factor of the material. The dffefc
adhesion is analyzed firstly Bulgin in [60]. According to his opinion during the defeation of
rubber surface an important amount of energy igedtin the material. When this amount of energy
reaches its limit value, the adhesive bounds adesased. He also concluded that the strength of

adhesive links is proportional with the loss facod inversely proportional with the hardness.

4.4. Modern tribological examinations

In the last 15 year$ersson has done pioneer work in modern tribological resees using
experimental and theoretical basics. In [61] a te¥ory of rubber friction is presented. In accodan
with earlier works, he attributes a large fractioh rubber friction to the energy “dissipation”
occurring in the rubber (caused by the internaiifsh of rubber, which is called hysteresis in iearl
part of this thesis), due to the fluctuating suefatresses acting on the rubber induced by thacrf
asperities of the hard substrate. In [E&rssonpresents a discussion of how the resulting fnictio
force depends on the nature of substrate surfagghress and on the sliding velocity and gives the
reasonable explanations on its physics. The predeheory is applied in [63] BBilbermana in order

to analyze the influence of surface roughness enatlthesion of elastic solids. He presents exact
analytical results for a simple but fundamental elpdnd molecular dynamics results for different
types of idealized surface roughnesses. The asatysandomly rough surfaces has been published in
2006 [64] byPersson

Another track of the modern tribological examinaioconnects to the rapid development of the
performance of personal computers and numericahntques. In this area large number of
publications emerged in the last decade, whichypadnnect to the numerical simulation of friction
components, especially to the hysteretic partiofiéin. Other part of these studies analyses rmacid
macro contact states under sliding, rolling andest. The general concepts, the possibilities and
limitations are shortly given in [65] bBRopov et a] which work can be considered like a collection of
modern models for friction and lubrication. The laars emphasize the importance of continuum
methods (like the finite element method (FE) orrmtary element method (BE)), discrete methods
(molecular dynamics, movable cellular), statistiaakethods (stochastic differential equations,
interrelation of statistical and dynamical methedsgrarchical models, and also deal with the model
verification and parameter identification as welliaterrelation of analytical and numerical methods
A detailed analysis is shown in [66] where authtafsee special attention on the wear simulation and
take into account a large number of relevant pseesacting on different scales, including the atinta
mechanism, and hydrodynamic effect at macro andonscale as well as inelastic deformation and

detachment of particles. In [6RRenouf and his co-workers developed a numerical toolMeraome
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the problems encountered in experiments due torttigations in the local dynamic analysis of multi-
scale systems (mechanisms, bodies in contact,faoes). The paper can be considered as an
exhibition of numerical results but also proposmsawing the literature on the numerical tribolagy
dry contacts by analyzing the different scales ived.

In spite of the large number of different numericaidels we can conclude that the applicabilitylbf a
individual numerical models is limited. This is sad by the complexity of tribological problems,
where the different phenomena are linked to eakbbrand cannot be treated without the connecting
phenomena. To overcome this problem different eggres have been proposed to take into account
the different scales of tribological processes isirggle simulation, directly or indirectly. Certain
works couple the mechanism and bodies in conta@n@lyze bearings [68, 69] by applying the
discrete element method or contracting the dis@aktment method and continuous approaches (like
FEM) in a single simulation (see for example [70f).some approaches the influencing effects are
taken into account by several iteration loopst &sproposed baulotet. al. in [71].

The publications presented so far deal with theegariribological phenomena, which are common in
rubber applications and in the engineering tribgpldgowever nowadays, there is a growing research
interest in the tribology of windscreen wipers,tgadarly in relation to water lubrication. The aiof
these works is to understand the tribological baiteand improve the wiping quality. Contrary to the
great importance of the problem there is little Imted material on this topit&Koenen and Sanon

[72] experimentally investigate the friction coefént of a small piece of rubber wiper blade
(specimen level) sliding on flat glass surface veittd without water lubrication. The results show th
well-known characteristics of rubber/steel slidipgirs but the coefficients of frictions are much
higher than most materialBeleauet. al. in [73] presents an experimental work inckha study of
tribological behavior of simple, half-cylinder sleap rubber specimens by a standard pin-on-disc
machine was published. They measured the slidifacitg and load dependent coefficient of friction
and studied the real contact area by micro contisctalization technique. The work reveals high
adhesion in dry and static conditions and estaddighat the friction coefficient is independenttoa
normal load. Under wet condition three lubricategime is revealed when the sliding speed is
increased from 25m/s to 2 m/s (boundary lubrication regime at spded®r than 10 mm/s, mixed
lubrication between 10 and 1000 mm/s and the alrfudist lubricated regime at speeds higher than
100 m/s).

PerssonandScaraggi[74] present a Hertz solution based theoreticalehfor studying the transition
from boundary lubrication to hydrodynamic lubricetiin soft contacts. They investigate the problem
at specimen level by considering cylinder on fsgthere on flat and flat on flat sliding configuosis.

In order to model solid-solid contact at aspertydl they use the general theoryParsson[75].

In the last few years many theoretical paper hanbevealed, which analyze the tribological
situations by FE. In a work @talfi [76], it is found that the rolling friction of steball/ rubber plate

contact can be accurately computed if the timetangperature dependent material behavior of rubber
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is considered properly. It is pointed out that tlysteretic component of sliding rubber frictioncase

of apparently smooth surface is much lower thareetqa earlier. In [76] the material behavior of
rubber is modeled by generalized Maxwell-model.iilgr examination is given bielh sin [77]
which in the friction of steel ball is analyzed ohgr its rolling on an EPDM rubber plate. The
verification of the model is performed by measureteeThey use a 15-term generalized Maxwell-
model during the calculation. Despite of the gogdeament between the measured and calculated
values in [77], the use of the same material mddelpredicting the friction in ball on plate

configuration just shows acceptable accordancernmesfrequencies as it is examined in [76].

4.5. On the tribology of windscreen wipers

In this chapter | summarize the assumptions artdratnts given in the last chapters focusing on the
windscreen wiper application. In order to underdtéime further concepts we need to see that the
surfaces of solid bodies always are rough indepafydéhe manufacturing processes. The only
difference between the surface of an asphalt segamhthe surface of a glass plate is the surface
topography, the shape, the number of asperitieshenteight of asperities. However it is importent
see that the peaks of the asperities interact gaith other in case of sliding. As it is known, the
friction of rubber does not follow the Coulomb ldecause of the rubber’s high elasticity and high
internal friction. Furthermore the friction is highinked with the load, velocity and temperature i
most rubber applications.

The frictional behaviour is generally divided irdry and lubricated regimes in the general tribatabi
examinations. In the windscreen wiper applicatioraige case is the dry one when the contacting
surfaces are not separated by outer mediums. Ttefrof dry rubber comes from two independent
mechanisms that are the adhesion between the ssrfad the hysteresis [56, 61, 76, 77, 78]. The
adhesion is any attraction process between dissimiblecules that can potentially bring them into
direct contact. This contact can be sheared witlitiadal force, which force is considered to be the
friction [78]. However we need to see that strodfesion can just evolve between clean surfaces
where outer mediums not separate the surfaceseamdaske the intensity of adhesion [60, 61, 77]. The
adhesion always occurs in the real contact areatanihtensity is highly affected by the number of
molecular bonds and the required energy to reltdasm. As the adhesion connects to the layer
situating between the contacting surfaces, it &/ da see that at high velocities the adhesivetgoin
have no time to form, therefore the adhesive bittomponent generally decreases, as it can be seen
in [73]. The hysteretic part of friction is gendyatonsidered through an energy-based approach.
During sliding of rough surfaces the asperitiexéothe rubber to repetitive deformation. The work
which is required for this deformation cannot billy recovered because of the internal damping of
viscoelastic solids [55, 59, 66, 77]. The consegaeasf the loss is an energy transformation intd,hea

so if the sliding speed is constant, continuousg@nsupply is required to maintain the sliding, arhi

56



force can be represented like friction. The procesms be explained with the asperities which are
pressed against each other according to the wdvloofe in [56].

A more frequent condition occurs by lubrication siag partial or total hydrodynamic lubrication
states depending on the sliding speed, load, gepraet the properties of the lubricant. Generdily t
dominant friction sources are the hysteresis (iflstontact can be experienced) and the resistahce
fluid film against shearing [73, 74, 77]. Howevéetlatter specimen level examinations show that
adhesion can also occur in cases when the wateezgs out from the surfaces, which gives the
possibility of molecular interaction. Between thenmtioned dry and lubricated states we can also
distinguish the so-called tacky condition, where thaximal friction coefficient values is expected,
according to the experimental workkbenen[72] andDeleau[73]. This high coefficient of friction
can be explained with the capillary adhesion betwd® solids [79] which also generates larger

contact area than in other cases. The frictiongwpkich are typical for rubber wiper blades can be

seen inFigure 44.

Shearing of . .
Adhesion shearing of contacts m boundary layer  (Shearing of fluid film)
“\‘i?ai%du. .
%
Ve (/a v ’ f
Adhesion Hysteresis Mixed friction Fluid friction

Figure 44 Representation of typical friction sources:
(a) adhesion, (b) hysteresis, (c) mixed lubricatiod (c) fluid friction

In wet contact the lubrication state is highly imfhced by the lubricant properties, which typical
representation is the Gumbel curve, depicteBigure 45. This curve is also called Stribeck diagram

in the literature, however originally Stribeck diam shows the coefficient of friction like the fuion

of sliding velocity.
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Figure 45 Gumbel curve (sometimes called Stribeck curve)

57



The horizontal axis shows the Stribeck parametbiglwcan be calculated as

s=hY (4.50

P,

The Stribech curve highlights the various reginmidsilarication and represents the variation of faot
coefficient () with the Stribeck parameter (S) which is the fiort of dynamic viscosity (), sliding
velocity (v) and pressure (p). The Stribeck curseactually the superposition of solid and viscous
friction components. The latter experimental inigedfons target the construction of Stribeck curve,
especially under high velocities, because thesditions coincide with the real application. Thedat
chapters cover specimen and structural level exatinims and by analytical and numerical

calculations other influencing effects and procssse

4.6. Material characterization

In [72], Koenen at al. found that the coefficient of friction ofimer blade sliding on dry glass is
proportional to the loss factor (tgnof the rubber. At the same time, according.® Gal et al.’s
theory [80] the adhesive component of rubber tiictdepends not only on the real contact area but
also on the sliding velocity, contact pressure temdperature dependent shear strength of adhesive
contact. If the sliding velocity is lower than tkdtical one then the shear strength increases with
increasing sliding velocity. Above the criticaldilig velocity the shear strength is practically stant.

In respect of a given rubber, there is close caftiat between the critical sliding velocity and the
glass transition temperatureg{TGenerally, it can be stated that lower the gtessssition temperature
higher the critical sliding velocity. The works @it above show clearly that the rubber formulation

plays critical role in rubber friction.

-6 T T T T T 1
-120 -80 -40 0 40 80 120

Temperature [°C]

Figure 46 a; shifting factors at T = 1%C

However, the material properties of elastomersaaguktain important changes over a long period of
time thanks to its time dependent (viscoelastigpprties which is detailed in section 3. The aim of

this paragraph is to characterize the small stwsioelastic behavior of the rubber wiper blade
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studied by DMA (dynamic mechanical analysis), whigs introduced in section 3.5.3. The measured
isotherms can be seenRigure 35 however in this case the isotherm measured &€ 1§ considered

to be the reference, so that curve remains in plHoe shifting values belonging to each temperature
are given irFigure 46 by the dimensionless shifting factorsagplied in the WLF theory too.

To the obtained storage modulus-frequency masteecu fitted spring-dashpot model by applying
e.g the ViscoData software [47]. The dimensionkessrgy parameters and relaxation times of the
fitted 40-term generalized Maxwell-model can bensée Table 12 at the reference temperature
(T = 15°C). In the table both the glassy and the relaxedutus are given.

Parameters of the fitted 40-term generalized Malkmedel at T = 15C Table 12.

No. i € No. i €

1 5.56E+0. 1.30E-05 21 2.16E-08 4.43E-03
2 1.68E+0: 1.06E-04 22 6.52E-09 3.03E-02
3 b5.06E+01 8.66E-14 23 1.97E-09 1.34E-10
4 1.53E+01 1.77E-04 24 5.94E-10 6.73E-02
5 4.60E+0( 1.14E-13 25 1.79E-1C 1.77E-02
6 1.39E+00 1.47E-04 26 5.40E-11 6.47E-02
7 4.19E-01 9.20E-0t 27 1.63E-11 8.54E-02
8 1.26E-01 2.29E-04 28 4.91E-12 1.65E-03
9 3.81E-02 6.67E-0t 29 1.48E-12 1.28E-01

10 1.15E-02 6.59E-04 30 4.47E-13 8.47E-13
11 3.47E-03 1.79E-04 31 1.35E-13 1.19E-01
12 1.05E-03 7.74E-04 32 4.07E-14 9.30E-02
13 3.16E-04 2.89E-04 33 1.23E-14 3.80E-13
14 9.52E-05 9.27E-04 34 3.70E-15 1.72E-01
15 2.87E-05 6.72E-04 35 1.12E-15 2.47E-02
16 8.66E-06 1.17E-03 36 3.37E-16 4.96E-02
17 2.61E-06 9.02E-04 37 1.02E-16 1.72E-02
18 7.88E-07 2.48E-03 38 3.06E-17 5.64E-02
19 2.38E-07 3.10E-03 39 9.24E-18 4.97E-02
20 7.17E-08 4.99E-03 40 2.79E-18 4.96E-06

E,=5291.76MPa E=10.16MPa

Using the constructed linear viscoelastic matemaldel the storage modulus (E’) and loss factor
(tan( )) master curves can be plotted using Eq. (3.48)Eaq (3.25). The plotted master curves and
the relaxation behavior can be seenFigure 47a As it is shown the measurable three order of
magnitude frequency range (deigure 35) could be increased to 30 orders of magnitudehbytitne-
temperature superposition, while the relaxationalvedur cover 25 orders of magnitude, which also
cannot be determined by measurements without Wiftrgh

Figure 48 shows the temperature dependent material propesfiaviper blade at f = 10 Hz. The
results indicate that the glass transition tempeeais about -50 °C while the highest value of loss

factor is 0.6.
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Figure 47 (a)The storage modulus (E’), loss modulus (E”) ksd factor (tan() master curves and

(b) the relaxation modulus vs. time curve
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Figure 48 Time dependence of the relaxation modulus
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4.7. Specimen level examination

In windscreen wiper application, a rubber wiperdelaeciprocates on smooth glass surface in order to
remove water and/or contaminations from the winglshiFrom traffic safety point of view the
windscreen wiper has great importance because thetloo thick water film and the presence of
contaminants hinder the view of driver. The hypesgt, time- and temperature — dependent material
behavior of rubber, the non-Hertzien contact angel phesence of water makes the tribology of
windscreen wipers a challenging research area. Main of the research works dealing with the
windscreen wiper application is to improve wipingatity, reduce noise generation and extend life
time.

The aim of this chapter is to study the tribologibehavior of a commercial rubber wiper blade
sliding on wet/dry smooth flat glass surface. Altgb there are studies dealing with the tribology of
windscreen wipers in the literature [72, 73, 74llydew authors (e.g. [B1]) made an effort to azaly
the effect of real wiper blade geometry on thedlngical behavior experimentally. Here it must be
mentioned that eveloenen at al.’s very recent experimental study presentg few results on the
variation of coefficient of friction in function dafliding velocity, damping ratio of rubber, andisick
parameter. A review of the literature, at the sdime, revealed that no theoretical study taking int
account the real geometry of wiper blade on tribial behavior is available. In order to fill these
gaps a commercial wiper blade sliding on smootlggkurface is investigated here both theoretically
and experimentally. It is believed that this stiglgble to highlight the unique behavior of wip&de

and contribute to the better understanding of toipical behavior of wiper lip/glass contact pair.

4.7.1. Measurements

4.7.1.1. Test apparatus and test conditions

In order to investigate dry and wet friction of Watreen wipers, | have performed experimental.tests
The photo of the self-designed and built test agipigris shown ifrigure 49. It consists of a specimen
holder, a glass plate holder, and two force sen@eBM typS2 100N and HBM typS2 500N) to
measure simultaneously the horizontal (tangerdiad) vertical (normal) force components.

During the tests, the rubber specimen slides agaittrizontally oriented flat glass plate having a
length of 300 mm and a width of 100 mm. The thidgef the glass plate was 5 mm. The sliding
velocity of the specimen was varied between 0.1 &6@ mm/s, while its vertical position was
adjusted with a precision of 10 um. As the testusgd did not allow us to hold the normal force
constant during sliding the tests was carried omtten constant interference. The interference (s) is
considered to be zero when the wiper lip touchesglass plate. The interference ($eégure 583
varied between s = 0.3 and 2.4 mm. At real windstngipers, each point of the wiper blade moves
on circular path (seligure 51) whose radius varies typically from r = 10@00 mm (inner radius) to

R = 600...800 mm (outer radius). Due to limitatiorigtee test rig used, the highest sliding velocity
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was 150 mm/s, which corresponds to approximatetpeotypical sliding velocity of points close to
the inner radius. However, the sliding velocitytla¢ outer radius is about one order of magnitude
higher. As it is known the geometrical size, thaddthe force with which the wiper blade is pressed

against the windshield) and the sliding speed depmn car modelTable 13 shows some typical
values.

Vertical a2 . e Horizontal
displacement I . displacement
control E control

(Glass plate v
holder -

Computer control

Data acquisition

(@) N b
Figure 49 (a) Test apparatus and (b) the specimen holdarfaice sensors

The specimen with a length of lo = 40 mm was cut foom a commercial wiper blade (SWF
Duotec+). The profile of the wiper blade can bensed-igure 50.
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Comparison of the average sliding speed and loaiffefent wiper blade3able 13.

Average sliding speed [mm/s]

Car model I_[er:]'1r?1;h Load [N] Sf](i)tr:‘gilglt%a[?\j%]r at the center point of the wiper
Slow Fast
Peugeot 206 650 15.8 24.3 620 1150
Toyota Corolla 650 11.2 17.2 480 930
Volkswagen Golf V1 600 7.6 12.7 640 980
Nissan Micra 450 8 17.8 680 1240
Opel Astra 550 10.7 19.5 590 1050

After analyzing operational conditions of real weoteen wipers and assuming uniform pressure
distribution along the wiper lip the author foutndit the mean normal force per unit length is 18 .N/m
Investigating the velocity of wiping showed in téddle of wiper lip a mean sliding velocity of 600

as well as 1050 mm/s. Unfortunately the currentrigsdid not allow us to cover the whole velocity

range of windscreen wiper application.

Figure 52 Deformed shape of the wiper at different s value

In order to obtain reproducible results the follogitesting protocol was used. Before each

measurement glass and rubber surfaces were clemitiecacetone and isopropanol, respectively.
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According to the work oAllen [81] the average contact angle (the angle at wthiehliquid vapor
interface meets the solid surface) between thesgagface and a water drop - identified by sessile
drop test - is less than 3o the water is able to wet the glass surfacetHar words, the clean glass
surface is highly hydrophilic. A contact angle lemn 90° usually indicates that the solid is
hydrophilic and the water wet the solid. This gawettability is one of the essential elements of the
hydrodynamic effect. Based on the above due tonoigathe glass surface become perfectly
hydrophilic, thus it is completely wetted by wateks it is well known the increased wetting
establishes boundary layer lubrication conditicat #iminates solid-solid contact of the rubberhwit
the glass. After drying the wiper lip was presseaiast the glass surface by controlling the
interference. In all the cases, measurement waerperd at a temperature of £& holding the
interference constant. Each measurement cycle stergdi a forward and a backward motion with a
stroke of 150 mm. However, the horizontal and eaftforce components were recorded during the
forward motion only. In case of backward motion thedocity was 20 mm/s in every cases. At wet
testing the amount of water was controlled cargfullefore each test the glass surface was wetted
with water of 0.25 - 0.3 I/fby using a hand sprinkler. The water flowing awls glass surface was
compensated by continuous water feed. Dry and westsorements were performed at velocity of
v=0.1, 1, 5, 10, 20, 50, 75, 100, 125, 150 mmaws with interference of s = 0.3, 0.5, 0.6, 1.8, 1.
2.4 mm. The interference shows how large is thdicardisplacement of the specimen from the
position where it first touched the glass surfatike photos seen ifigure 52 show clearly the
deformation of wiper lip at different interferencalues.

The tribological tests have been performed in #iwtatory of Department of Machine and Product
Design of Budapest University of Technology andriguics.

The surface topography of the contacting surfacas measured by a Mitutoyo SJ-301 surface
roughness tester. The surface roughness profilesumeé throughout the length of the wiper are

shown inFigure 53.
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Figure 53 Surface roughness of (a) the wiper blade andléss surface

The (arithmetical) mean roughness of the glasseptatd the rubber surface iss R 0.03 m
(R;=0.11 m) and R = 1.8 m (R, = 13.57 m), respectively. The mean roughness of the glass
surface is almost two orders of magnitude smal@ntthe one of rubber specimen, thus we can

assume that the glass surface is smooth.
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Figure 54 shows typical measurement results in case ofebtny. In presence of water the results

are similar but the ratio of friction and normakde becomes smaller than one. This indicates that
water has significant friction reducing effect. Hower it must be mentioned that in few cases

(typically at velocities higher than 100 mm/s) spamns exhibited noticeable vibration in both drgan

wet testing (seéigure 55). These vibrations were accompanied with perckptilmise during the
whole stroke.
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Figure 54 Typical test result (dry measurement, s = 1.2 mm20 mm/s)
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Figure 55 High amplitude vibration observed in the meastioece components
(dry measurement, s = 1.2 mm, v = 125 mm/s)

The gray area in the figures corresponds to the shaviper lip, which is caused by the change in
sliding direction. After the change in sliding dite®n, measured force components stabilize and
remain relatively constant during sliding. At theakiation only the stabilized test results werestak
into considerationTable 14 summarizes the interference (s) and sliding velde) values where the
vibration phenomenon appears.

4.7.1.2. Measured force-displacement characteristic of tipemblade

One of the aims of this part is to analyze the raaal behavior of wiper lip in depth. To do this |
carried out experiments and finite element modeling

In the course of measurement the wiper lip was éeérny moving a steel plate with a velocity of
1 mm/min (quasistatic case) in x-direction. At tieginning of bending test the interference between

the lip and the plate was s = 3.9 mm (Bagure 589. The U displacement of the plate is considered
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to be zero when it first touches the wiper lip. Thst configuration and the measurement results are
shown inFigure 56. At the beginning of measurement primarily the kne€ wiper blade deforms
which results in practically linear force-displacamh characteristic. Main parts of the wiper blade a
depicted inFigure 57. As the wiper lip comes into contact with the badywviper blade (point “A” in
Figure 56) the slope of the measured force-displacementccinanges. The second part of the force-
displacement characteristic is basically non-linead shows degressive behavior. Unfortunately, the
load cell used did not allow us to measure forogget than 0.1 N accurately. This is the reason why,
in Figure 56, the measured force is nonzero at zero displaceniée effect of low forces is taken

into account by shifting the measured characterigirizontally (see the dashed lindFigure 56).

Different combination of s and v valudsable 14.

Cases where vibration appeared are designatedymsy

Sliding speed [mm/s]
01 1 5 10 20 50 75 100 125 150

0.6 n n n n n n n n n n

1.2 n n n n n n n nly y

s [mm]

1.8 n n n n n n n n |y vy

24 n n n n n n n n n y

MEASUREMENT

X Horizontal shift \ﬂ

2 25 3 35 4
Displacement x, U, [mm]

Wiper lip Body of the
(head of the wiper) wiper

=
=)}

=
[§)

o
%

<
o~

Force in x direction, Fy [N]

Neck of the
wiper

0

Figure 56 Measured force-displacement curve of the

wiper blade. Figure 57 Parts of the wiper
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4.7.2. FE simulation

Main aim of this paragraph is to investigate thechamical behavior of wiper blade numerically. To
do this | constructed and solved a 2D, plain stfimiite element model. The model (sEégure 5839
consisted of 1244 linear quadrilateral elementsthBbe fixture and loading of wiper blade was
realized through moveable rigid bodies. This is whg modulus of rubber is orders of magnitude
lower than the one of other components. In ordeslt@in reliable contact results a six level local

mesh refinement was used in the FE models. With tchnique the average element size in the
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nominal contact area was less than 1ni. Fixture of the meshed part was realized throtigh
vertical and horizontal adjustment of rigid bodiegyure 58 shows the FE model consisting of the

rigid and deformable bodies and represents theagfinesh in the small vicinity of contact area.

-

1.1 mm

(a) (b)
Figure 58 (a) FE model, (b) deformed wiper lip and the FEsime

As a first step, the position of wiper blade wa®di by moving the upper three rigid bodies in prope
position (see the inlets Figure 56) then the below rigid body was moved with constaatocity. The

FE model was built and solved by means of softhB& Marc.

4.7.2.1. Calculated force-displacement characteristic ofwiper blade

In this case, the aim of the FE modeling was tatifiethe elastic modulus of the wiper blade from a
fit to measured quasistatic force-displacementatiaristic. For simplicity, it was assumed that the
rubber obeys the Hooke-law. As depicted-igure 59, at a modulus of E = 4.5 MPa the simulation
agrees well with the measurement. The agreemewgvey, decays as the wiped lip becomes highly
distorted.
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g
o)
L

12

0.8

Forcein x direction, F, [N]

=3
=

0 0.5 1 1.5 2 2.5 3 35 4
Displacement x, U, [mm]

Figure 59 Comparison of measured and simulated force-displané curve of the wiper:

measurement vs. simulation
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4.7.2.2. Contact forces

In this chapter, FE modeling is used to computenadifriction force values and nominal contact area
in function of interference (s) and coefficientfdg€ttion (). The model was solved in 1000 steps by
using the updated Lagrange framework. The averagdian time was approximately 250 s. By
considering the measured coefficients of frictiseq later), in the FE simulation, thewas varied
between 0 and 2. The zero coefficient of frictiamresponds to the frictionless case. The computed
deformed shapes at s = 0.6, 1.2, 1.8 and 2.4 misharen inFigure 60.

027
—0.243
—0.216
= 0.189
0.162
0.135

0.108
0.081
0.054
0.027
0.0

Figure 60 Computed deformed shapes at s = 0.6, 1.2, 1.8 dnuii

Normal and friction force values computed are showkigure 61 andFigure 62
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Figure 61 Variation of normal force in function of s at difent coefficients of friction
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Figure 62 Variation of friction force in function of s atftirent coefficients of friction

Analysis of the computed normal force-interferemceves reveals that, at constant coefficient of
friction, the normal force increases nonlinearly fimst progressively then degressively) as the
interference increases. Further, the results siatit the interference is constant then the ficti
force is inversely proportional with the normalderi.e. the normal force decreases as the coefficie
of friction/friction force increases. This behavioan be understood if the bended wiper lip is
considered as a curved beam. As it is well knows fiee end of a curved beam subjected to a
horizontal point force F displaces both in horizbrgnd vertical direction. If we consider force $- a
the friction force acting at the contact of defodneiper lip and glass then this analogy helps us to
understand why the normal force decreases as tbiorir force increases in case of constant
interference. At real windscreen wipers the norfioate that presses the wiper blade against the
windshield is produced by a spring. As it was named earlier the mean value of normal force is
between 17.5 and 25 N/m (see the bottom and mildteontal line inFigure 61). The third
horizontal line corresponds to a normal load per length value of 37.5 N/m. Consequently the total
load on the wiper specimen, in these cases, isl0ahd 1.5 N. As it can be seen under constant
normal force the increasing coefficient of frictifiiction force results in increasing interference
between the wiper lip and the glass. In other wardghe friction force becomes higher and higher t
wiper approaches the glass surface. At the same tity increasing the normal force the friction
induced approach of wiper blade becomes grater-igsre 61 shows high coefficients of friction
correspond to the dry case while lower values mprethe wet case. In respect of the variation of
friction force in function of interference it car lzoncluded that, at constant nonzero coefficiént o
friction, the friction force increases nonlineawjth increasing interference. Additionally, at ctarg
interference, the friction force increases as thefficient of friction increases (sddgure 62). The
results belonging to constant normal force indi¢htd the wiper approaches to the glass surface due
to the increasing friction force. At normal force@7 N the friction force-interference relatioreses

to be linear. However this relation becomes nonling higher normal forces. The ellipses on the
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constant normal force lines represent the regidnkw and high coefficients of friction. As the
measured coefficient of friction is much higherdiry case than in wet one (see later), we can follow
the transition from wet to dry friction by movingofn one ellipse to another.

Deformation of the windscreen wip€&able 15.

Load per unit length [N/m]

XXX

XXX

XX
XXX

0.2

0.6

Coefficient of friction, p [-]

15
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4.7.2.3. Nominal contact area

Figure 63 shows the width of nominal (apparent) contact amgfainction of coefficient of friction at
different interference values. The figure showsadiethat, if the interference between the wiper li
and the glass is held constant then the width ofinal contact area decreases with increasingdricti
force. Furthermore, at constant coefficient oftfoie the nominal contact area is proportional te th
interference i.e the bigger interference yieldsewicontact area. Holding the normal force constat
nominal contact area may show both decreasingramrdasing tendencies with increasing coefficient
of friction. At moderate normal loads the tendemcgecreasing while at higher loads it is incregsin

In other words, the impact of friction force on theminal or apparent contact area is normal force-
dependent. Consequently, the effect of frictiorcéoon the contact pressure distribution is alsonabr
force-dependent. If the mean contact pressure fmede as the normal load over the nominal
(apparent) contact area then, at constant norradl, lilve increasing contact area implies decreasing,
while the decreasing contact area implies incrgagiean contact pressure. The deformed shapes of
the wiper blade at the main points Eifjure 63 are depicted iTable 15 The calculated deformed
shapes show that both the increasing coefficientriofion and the increasing normal load value

increase the deformation. During the deformati@nwiper gets closer to the glass surface.

—

- S=2.4mn,

L &= l.8mm

014 BN —pa A
5=1.2mm s
| ®—o6—o _

R S 0o . Fn=IN (25N/m)
T o T
5=0.6mm © & A - N v
" o O UIN(T75N/my
-l

E=4.5MPa e
=048 FE CALCULATION Al

0 0.5 1 1.5 2
Coefficient of friction, n [-]

T o0 ¢ o —9

Width of the nominal contact area, b [mm]

0.01

Figure 63 Variation of width of the nominal contact area in

function of coefficient of friction at different\alues

4.7.2.4. Contact pressure distribution

The computed contact pressure distributions arectdepin Figure 64. As expected the contact
pressure distribution depends not only on the hdtterference value but also on the magnitude of
coefficient of friction. The results indicate thaidth of the nominal contact area decreases with
increasing coefficient of friction, if the interfamce does not change. Furthermore it can also be
concluded that the increasing interference yieltgdasing nominal contact area. It is worth to

mention that at interference of 0.6 mm ($&gure 643 the contact pressure distribution is almost
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Hertzian, however, at bigger interference it isade non-Hertzian (se€&igure 65). These results
demonstrate that the friction force has consideraffiect on the contact pressure distribution ded t
nominal contact area in size and location at tineeséime.
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Figure 64 Effect of coefficient of friction on the contaatgssure distribution computed
at (a) s=0.6 mm, (b) s=1.2mm, (c) s = 1.8 ifdhs = 2.4 mm

Furthermore it can also be stated, that at consteaifficient of friction the increasing interferenc
yields increasing nominal contact aré&gure 65 shows the contact pressure distributions computed
atu=0,0.7 and 2.

It is worth to mention that at s = 0.6 mm (d&gure 65) the contact pressure distribution is almost
Hertzian, however, at greater interference it é&adly non-Hertzian. These results demonstratettieat

friction force has a great effect on the contaespure distribution and the nominal contact area.
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4.7.3. Results of tribological tests

During the presentation of measurement results sigmiepresent the mean values while the vertical
line segments passing through the symbols showatige within which measurement results scattered
as the wiper blade slid on the glass surface wdthstant velocity. Consequently the ends of these
vertical line segments correspond to the minimuchrmaximum value of the measured quantity. As it
was mentioned previously there were cases whereviper blade showed vibration during sliding
with constant velocity (seeigure 55). According to the authors’ observation the vilmatappeared at
the same combinations of sliding velocity and if@emce in both dry and wet testing. Below

100 mm/s the vibration disappeared in every case.

4.7.3.1. Dry friction

The variation of normal force measured at diffeiatérference value as a function of sliding vepci
can be seen ifrigure 66a. As the figure shows the range within which the roead quantity
fluctuates during sliding becomes wider as thdrglidielocity increases. Furthermore, results indica
that an increase in interference yields increageimmal force, if the sliding velocity is held coast.

At the same time the normal force seems to be itgloependent especially at bigger interference
values where the wiper lip is strongly deformednds going through corresponding data points

represent the trend of measured data. Plottingrteasured friction force against sliding velocity
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produces the trends seen Riigure 66b. First of all it must be mentioned that the fiocti force
increases with increasing interference at anyrsjidielocity. At velocities lower than 80-90 mm/ th
normal force decreases, while the friction forceréases with increasing velocity. At higher
velocities, however, this tendency changes; thenabforce starts to increase while the frictionctor
starts to decrease. In case of roll-shaped spesirfg&e [73]), the increase of friction force atyver
load sliding velocities is explained, similar tohet studies, by the increasing real contact area.
Unfortunately, in the present study, no measuremesntlts for the real contact area are availatie. T
FE simulations (se€igure 62 andFigure 63) however, show that, in case of constant intenfese
the increasing friction force results in decreasingmal force and nominal contact area.

The coefficients of friction calculated as the @atof mean friction and mean normal force are shown
in Figure 67. The coefficient of friction exhibits strong slidj velocity dependency at low sliding
velocities (v < 50 mm/s) only. Contrary to normaldfriction force, at constant sliding velocitygth
coefficient of friction decreases with increasimgeirference. It is caused by the fact that the abrm

force increases more rapidly than the friction éorc
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Figure 66 (a) Normal and (b) friction force measured atetéint interference
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Figure 67 Coefficient of friction measured at different irfexence values

in function of sliding velocity (dry case)
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In Figure 68, the friction force values are depicted in functiof normal force at different sliding
velocity. The figure shows clearly that frictionrée increases with increasing normal force. At low
forces the relation of normal and friction forceajgproximately linear, however, abovg+1 N the
slope of the friction force vs. normal force cunasanges significantly. This change in the slope

yields decreasing coefficient of friction as themal force increases.
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Figure 68 Variation of friction force in function of normébrce at constant

sliding velocity (dry case)

Nowadays, it is commonly accepted that basically foechanisms are responsible for rubber friction
in dry case. These are the adhesion, the macroma&rdhysteresis and the wear. Since, in the ptesen
study, the wiper blade slides on smooth glass sarfa condition where practically no wear is
produced the rubber friction is due to the adhesion

4.7.3.2. Wet friction

The general aim of the application of windscreepewiis to remove water and other contaminations
from the glass in order to preserve the transpgrehevindshield. In order to examine the effect of
water lubrication the experiments were repeategré@sence of water. The test rig and the operation
conditions were unchanged but controlled amounwatkr was applied to glass surface. To do this a
hand sprinkler was used.

Normal force values measured under constant imearée as a function of sliding velocity can be seen
in Figure 69a The figure shows that the sensitivity of normatck against sliding velocity is
different below and above 10 mm/s. Below 10 mmés miormal force is practically constant i.e.
exhibits slight variation. Above 10 mm/s, howevi&e normal force increases with increasing sliding
velocity. It can also be seen that the normal fanceease increases with increasing interferenbe. T
friction force vs. sliding velocity curves (s€&gure 69b) indicate that above 10 mm/s the friction

force starts to decrease and the magnitude oidinidorce decrease is proportional to interfererdde.
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an interference of 0.3 mm the friction force haslatively low value which is practically indepemte

of the sliding velocity. This proves that therenis perceptible hydrodynamic effect in this case.
Measurement results demonstrate that both the mdomc@ and the friction force are different at the
same values of interference for dry and wet rubNermal forces are higher while friction forces are

lower when the wiper blade slides on wet glassasexf

WET MEASUREMENT 16 WET MEASUREMENT
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Figure 69 (a) Normal and (b) friction force values measuatdifferent

interference as a function of sliding velocity (wete)

The friction reducing effect of water is clearlysiile from the comparison of wet and dry resultsee T
friction force vs. normal force curve (segure 70) shows strong sliding velocity dependency. The
friction force increase induced by increasing ndrfoece decreases as the sliding velocity increases
Consequently, the coefficient of friction diminisheith increasing sliding velocity. Above 100 mm/s

magnitude of the friction force increase, at theitmeing, remains approximately constant with
increasing normal force then starts to decrease.
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Figure 70 Variation of friction force in function of normébrce
at constant sliding velocity (wet case)

Analyzing the coefficients of frictionFH{gure 71) and comparing them to dry results it is obviduet t

the water causes perceptible reduction in slidifgidn by creating a thin lubricant film betwedret
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contacting surfaces. This proves that the watersigrsficant friction reducing effect. At the same

time, due to the low viscosity of water the redoictof friction force can not be explained by the

hydrodynamic effect at low sliding velocities.
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In Figure 71aandFigure 71b, the coefficient of friction is depicted in funati of sliding velocity and
Stribeck parameter. In the dimensionless Stribeckmpeter (S = v/p), is the dynamic viscosity of
water ( = 0.017 Pas), v is the sliding velocity and phie hormal force (per unit lengttjigure 71c

was constructed on the basis Kifjure 70 and shows the variation of coefficient of frictias a
function of sliding velocity under constant nornf@d. Similar toDeleau et al.’s investigations on
roll-shaped rubber specimens [73], at low slidirdoeity the friction force is relatively high busi
value is lower than in dry case. This differencewbver, decreases as the normal load increases.
While at a normal force of 1.5 N the friction foroeaches its minimum value at v = 100 mm/s, at
higher load the minimum appears at higher slidiapeity. It is worth to mention that, &gure 63
shows, at F = 1.5 N the nominal contact area increases in tiomcof coefficient of friction.
Investigating the wet friction of wiper bladésenenet al. [72] concluded that a normal load increase
induces a reduction in coefficient of friction dit\eelocities. This study, however, shows that be
critical sliding velocity a load increase induces a decrease but an increase in the coefficient of

friction. Our results indicate that this criticdlding velocity is approximately 100 mm/s. Under a
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normal load of 1.5 N, the minimum of coefficient tfction vs. sliding velocity curve appears
approximately at 100 mm/s. In case of higher lo#us minimum is at higher velocities.

The lower friction measured in wet case is duén&following process. At very low sliding velocgie
the real contact area is practically the same adryncase. However, within the asperity contact
regions the surfaces are not perfectly dry. Theycavered with a very thin water film (hydrophilic
solid possesses high surface free energy) whicls do¢ allow the formation of adhesion bonds
(boundary lubrication). As it is well known, in th®undary lubrication regime, the friction force is
proportional to the shear strength of boundaryraye the real contact area. The shear strength of
boundary layer depends on many parameters thuanitbe determined from measurements. Our
results indicate that, in the boundary lubricatiegime, the coefficient of friction depends strgngh

the magnitude of normal load. By increasing thdistj velocity the water film, due to the increasing
fluid pressure, becomes thicker which results ictibnh force to be controlled by fluid film frictio
and boundary layer friction. Due to the thicker evdilm the importance of real contact area is much

less in the mixed friction regime than in the boanydubrication state.

4.7.4. Further results

In [73] experiments and calculations are presefiedhe case where the real windscreen wiper is
replaced by a half cylinder having a radius ofrB. In case of normal force of ~0.5 N the calcwate
and measured contact width are 0.14 mm and 0.17 respectively. In the computation of [73] the
elastic modulus of the glass is 106 GPa, whilePitésson ratio is 0.17. As it is well known the
physical interaction between clean rubber and gkasan der Waals type the adhesive work coming
from van der Waals forces is 0.1 J/arcording to [73] and is between 0.1 and 1 JAatording to
[81]. Based on these values we can conclude thiatibastrong adhesion between the rubber and glass
in dry case.

According to [60] the hysteretic part of rubbercfion is proportional to the loss factor (tarand
inversely proportional to the shore A hardnessds$l)

m La:d (4.51)

However there are only a limited number of publaad where this assumption is compared to
measurement.

The loss factor of the wiper blade studied in thissis can be seen kigure 47 while its hardness
measured by Mitutoyo Hardmatic HH-300 is 45 Shore A

In a very recent study ¢talfi et al [82, 83] the hysteretic part of rubber foaotis analyzed by finite
element method. Based on its findings it can beclooied that at an arithmetical mean roughness of
R.= 0.03 um (R of the glass surface) the effect of hysteresigutber friction can be neglected.

Among others [61, 73 and 82] also prove this.
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4.8. Structural level examination

The main motivation for this chapter is the desireinderstand the tribological behavior of standard
or prototype windscreen wipers. A review of therdture has revealed that no experimental results
have been published for investigating tribologibehavior of real windscreen wipers on structural
level. In this part, the rubber/glass contact pminvestigated experimentally by a windscreen wipe
on-cylinder machine. Main advantage of this testfigorration is that the tribological behavior cam b
studied experimentally for a long time (without ngang the sliding direction) by using standard or

prototype windscreen wipers (structural level).

4.8.1. Experiments

4.8.1.1. Test apparatus

The test apparatus and its main components camdre inFigure 72 andFigure 73. The electric
motor with steeples speed control rotated a glgksder with a nominal outer diameter of 220 mm
through a flexible coupling and a gear box. Theriggaratio of the gear box was 51 while the highest
rotational speed of the motor was 6000 rev/min twsitesponds to a tangential speed of 1355 mm/s
on the surface of the glass cylinder. The lengith the wall thickness of the cylinder were 700 mm
and 5 mm, respectively. Three metal rollers condbinéh rubber rings guided the cylinder at both

ends of it. The below ones were supported by Hedfmangs.

Figure 72 Windscreen wiper-on-cylinder machine Figure 73 Left view of the deformed blade

Position of the windscreen wiper pushing againstglass cylinder can be adjusted with an accuracy
of 0.01 mm in two directions (x- and y-directionRigure 74). Forces acting on the windscreen wiper
(F« and F) were measured by force sensors. Before eacltheegilass cylinder and the rubber blade
were cleaned by acetone and isopropanol, respBctiMee windscreen wiper was pressed against the
glass cylinder by prescribed vertical displacentatiied interference in the previous chapter (see s

Figure 74) measured from the position where the blade toairs the cylinder.
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Figure 74 Shape of the wiper blade in case of no contaetedisas full
contact and the variation of normal force/contaetan function of s
(sizes are in [mm])

Due to the gravity the wiper blade had a curvedifbefore it touched the glass cylinder at its below
most point (see the no contact statéigure 74). In case when the wiper blade was in contact with
the glass cylinder along its total length (full taet inFigure 74) it becomes straight. Full contact was
reached when s is about 6 mm. If s is smaller Ghamm then the length of nominal (apparent) contact
area is between zero ang+ 450 mm where,4 denotes total length of the wiper bladleg(re 74).
While the length of the apparent contact area magpger limit the contact normal force increases
continuously as s increases (normal force vs. secur Figure 74). Variation of both the apparent
contact area and the contact normal force was rdgted experimentally by using a plane glass

counter surface. The contact normal force vs. @br@ti@a curve is shown kigure 75.

Figure 75 Variation of contact normal force as a functidrcontact area
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Tests were performed at room temperature in drywagtcconditions with sliding speeds of 10, 20, 40,
80, 200, 400, and 800 mm/s. In wet case, the aomtim water lubrication was realized by a hand
sprinkler. The test rig was designed and builth@ frame of integrated EU-project KRISTAL at the

Institute for Dynamics and Vibrations of Universkiiannover.

4.8.1.2. Results
Experiments are conducted, and, it was found tresisared force components fluctuate as the glass

cylinder rotateskigure 76 shows a typical force vs. time curve for both éocomponents.

Figure 76 Typical force vs. time curve in presence of wge80mm/s)

As it can be seen clearly, both thedhd F force component vary periodically. At a slidingesp of

v = 80 mm/s one complete revolution takes abouts8as indicated ifrigure 76. During this time
period both force components have two differenallanaxima and minima. In the followings, an
effort has been taken to understand and explaimtmesured force vs. time curves by introducing an
analytical model.

4.8.2. Analytical model

Firstly, | assumed that the fluctuation in the #Ks. time curves is caused by the non-circulassero
section and eccentricity of the glass cylinder.pfove this assumption the radius of the cylindes wa
measured along its total circumference. Cross@extmeasured at differericoordinates and their
average can be seenHigure 77 andFigure 78.

Adequate visualization of the real cross-sectioquires that the deviation from the ideal circular
cross-section to be greatly exaggeratadyre 78). As seen the real cross-section of the glasadsti

is an ellipse whose center point does not coineiile the axis of rotation. Major and minor axis of
the ellipse are 2a = 220.7 mm and 2b = 220.1 meHgrire 79), respectively.

Eccentricity of the ellipse can be characterizedthyy horizontal and vertical distance measured

between the axis of rotation and the center pointhe ellipse. These are h = 0.05 mm and
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k = 0.04 mm, respectively (s€égure 79, where O’ denotes the axis of rotation). For sifglg the
analytical model it is assumed that the wiper bleden contact with the glass cylinder at a point
(denoted by Ain Figure 80) having constant horizontal and changing verfazaition. In the present
case, x"-coordinate of contact point & s = -4 mm (seEigure 80).

Figure 77 Measured cross-section of the glaskigure 78 The average measured cross-section

cylinder at different z-coordinates of the glass cylinder at different z-coordinates

Figure 80 Rotating eccentric ellipse (this figure
Figure 79 Eccentric ellipse can be considered as the left view of the test
apparatus seen Figure 72)

As it can be concluded the real cross-section@fdtating glass cylinder is an ellipse (Ségure 78
which rotates around the axis z' (see the rightdeanCartesian coordinate systentfigure 79 that
does not coincide with the center point O. The triggnded Cartesian coordinate systems x-y-z and
X'-y’-z’ can be seen irFigure 80. The origin of the coordinate system x-y is asstyto the center
point O, while the one of coordinate system x’-gircides with the axis of rotation (see point O’ in
Figure 79). Both coordinate systems rotate together withethipse. The motion of the contact point is

described in the coordinate system x"-y” whichtisest while the ellipse rotates. Its origin is trant

82



O”, which coincides with the point O’ (séegure 80). The vertical line defined by equation x” = s
intersects the rotating ellipse at pointsaad A. In our model, point Acorresponds to the contact
point between the wiper blade and the rotatinghcdr.

Eq. (4.52) defines an ellipse in coordinate system

2

2
L2+§:1 (452

Q

In case of eccentricity, equation of the ellipseaa$unction of coordinates x’, y' is defined by
Eq. (4.53).

(x+h)? | (y+k)* _
2 + 2 =1 (4.53
Finally, Egs. (4.54) and (4.55) provide the x”- ariecoordinates in function of X’ and y'.
X'=cos&)>X- sin@)>y (4.59
y'=sin@)>x+cos@)>y' (4.55
As a first step, lets express x' from Eq. (4.54ritreplace x” by s. Eq. (4.56) shows the resulting
equation
o= STy’sin@) (4.56)
cos@)

Thus, the interrelation between y” and y’ can bétem as

y'=sin(&) M +cos@) xy". (4.57)

@)
In order to eliminate y’ from Eq. (4.57) one hasstdstitute Eq. (4.56) into Eq. (4.53). The resdglti
second-order equation (see Eq. (4.58)) has twargopiand y'.

2

> _+yxg(a) Y
cos@) SRS (4.59

a’ b2

Since Eg. (4.58) contains the input dadalf, k, h, yand the angle only, y” can be expressed as a

h+

function of , if one substitutes rootg’ andy,’ into Eq. (4.57). Then Eq. (4.59) providgs andy,”

in function of input data and the angle

2

1
y;,z=i&{ b?>h &in( & €os(gd & *k #4 -b)ss sin( 3

a’ + b xtan(ay

+\/az+b2 X -fF-$x——— +2xhktan( d b k) @n(3 2wsx_—  (h k tan( Y) (459
cos@) cos@ )

Figure 81 shows the variation of;¥and y" in function of . As seen, there is a sign change ih y
and y" at =90 and 276. Both functions seem constant in the range 9-90-276 and 270-369
due to the fact that their variation is very smallcomparison to the radius of the cylinder. The

fluctuation in A, (seeFigure 80) can be made visible by taken into consideratiositive values of
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y:” and y” only. As the force component,Hs proportional to the 4, Figure 81 represents
qualitatively the force variation during a singvolution. Comparindrigure 81 to Figure 76 it can
be concluded that the proposed analytical modelbie to predict the variation in the measured

vertical force component (Fqualitatively.

Figure 81 y"-coordinate of the contact point vs. angle atftion

For understanding the effect of geometry and edcitgiton the measured vertical force component
completely four different cases (centric circlentce ellipse, eccentric ellipse with non-zero hda
eccentric ellipse with non-zero h and k) have bemestigated analytically. All of the results are
presented ifrigure 82

In case of centric circle, the distancg,As constant i.e. does not depend on angle case of centric
ellipse, the distance 4 varies periodically between a minimum and maxinuaiue. Finally, as seen
in Figure 82 eccentricity h causes two different local maximhile eccentricity k induces two
different local minima during a single revolutiohhe similarity between the case corresponding to
non-zero h and k and the measured vertical forogponent Figure 76) proves that the rotating glass

cylinder has an ellipse cross-section with ecceityrh and k.

Figure 82 Variation of A,” in case of centric circle, centric ellipse, edrerellipse with non-zero h,

and eccentric ellipse with non-zero h and k
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As the wiper blade slides on the rotating glassndglr non-zero contact force can be measured in
direction x and y, i.e. in horizontal and vertidalection. These forces and their normal and tatiglen

components are shown kiigure 83,

Figure 83 Contact forces exerted on the wiper bl@ggeand F) and

their normal and tangential componentg,(Fun, Frv, Fw)

The figure represents the case when s has a vegatiue, i.e. the contact point is left from thaésa
of rotation. As shown angle is function of the angle with which the glass oyglr is rotated
(anglea). Introducing the coefficient of friction the imtelation between the total tangential and

normal force is

Fr- B = ,7(FNV + FNh)' (4.60
Inserting the value offfand K (measured horizontal and vertical forces) we have
F,>codb)- F,sin(b)= mF, xcodb)+ F, >sin(b)). (4.61)

Hence the measured horizontal force in functiothefmeasured vertical force is

. n>cos(b)+sin(b)_
" Ycodb)- msin(b)

If one substitutes JFwith Eq. (4.59) — this can be done becaugdsFproportional to y” — then

F (4.62

Eq. (4.62) shows qualitatively the variation ofilaontal force kin Figure 76.

By assuming that angleis small Eq. (4.62) can be written as

n+b
F — = . 4.6
h @:v 1- Wb ( 3)
Finally, the coefficient of friction may be expredsfrom Eq. (4.61) as
_F, scodb)- F,ssin(b) (4.64)
F, xcogb)+F, >sin(b)’
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or, by assuming angleto be small, as

F.- Fxb
ma———. 4.6
F,+F, %0 (469

As Eqg. (4.64) shows, the coefficient of frictionnche determined if not only the measured force
components (horizontal and vertical) but also theal tangentl{) at the contact point are known.
Angle b denotes the inclination of local tangent from tleerdinate axis x”. From Egs. (4.54) - (4.55)
we can express coordinates x’ and y’ of the corgantt as

X'=s>c0s@) + y»sin@), (4.66)

y'=y"cos@)- s’sin@), (4.67)
where y” is defined by Eq. (4.59), while s subs&tux”. The interrelation between coordinates X, y
and X', y' is defined by Egs. (4.52) - (4.53) thwe know coordinates of the contact point in the
coordinate system x - y too. From the differentiatof Eq. (4.52) with respect to x we obtain tragpsl

of the local tangent in coordinate system x-y, grgl (see Figure 83

m, =W, b (4.69)
“dx 2
a2 [b? - 22 X

The same can be obtained if we express y from£&§2) and differentiate it with respect to x. Semil
to Eq. (4.59) there is a sign change in the sldpa a 90 and 270°. According to the above the
inclination of the local tangent in coordinate gystx-y and x’ - y' is taf (m,,). Angle can be
determined on the basis of slope m and angkeor instance if angle is between 0 and 90° then

b= Htan‘l(mlvz)‘ - a‘. (4.69

Variation of angle in function of angle is shown inFigure 84 for one complete revolution.

Figure 84 Variation ofb in function ofa

As it can be seen frorRigure 84 angle is about 2° in the present case. Due to this, geaal
approximation, the total contact normal force isado F, while the total tangential force is equal to
Fh.
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4.8.3. Discussion of experimental results

As a first step all the experimental results meadim wet condition are collected and analyzedhEac
test is performed at constant s and sliding veduiit their values changed test by test. The vanat

of vertical force at a constant s is similar Figure 76 in each case. By considering all the
measurements we can identify an upperdJ and a lower limit (G..) for the vertical forces
measured. Thus, we can state that the force capenlmigher than J.x and lower than g, at none of

the measurements. As a second step seven differestvalues (0.2, 0.8, 1.2, 3, 5.2, 11 and 16M) ar
selected from the range.fn - Fumax Based on the measured force vs. time curves possible to
identify time instants where the vertical force sww&d equals to the one selected. As a next step th
horizontal as well as the vertical force values sead at the time instants identified are collected
the end of the former section it is concluded that coefficient of friction can be computed, in the
present configuration, as the measured horizootakfover the measured vertical force. Results are
presented irFigure 85 andFigure 86. As it can be seen the coefficient of friction @exses as the
sliding speed or the vertical force increases. Ustrbe noted that the specimen level investigations
[72, 73, 74] show the same tendenigure 87 is almost the same &sgure 86. The only difference

is that vertical force values are divided by thegil of the apparent contact area taken fFogure

75. While inFigure 86 different normal force belongs to each curve thiglency cannot be observed
in Figure 87 where instead of normal force values the normatl Iper unit length ones are used. In
other words, the curves Figure 87 cannot be separated from each other on the baswmal load

per unit length values. Drastically different cag#nt of friction belongs to the approximately sam

normal load per unit length values.

Figure 85 Horizontal force vs. sliding speed curves atettight

vertical forces (in presence of water)
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Figure 86 Coefficient of friction vs. sliding speed cunasdifferent

vertical forces (in presence of water)

Figure 87 Coefficient of friction vs. sliding speed curvgertical force

values are substituted by the vertical force pérlangth values)
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4.9. Conclusions

In the present chapter the tribological behavidwiaodscreen wipers had been studied.

Firstly the specimen level examination was givehicl in the sliding friction of a 40 mm wiper blade
segment was in the center of attention. The exainmavas based on experimental analyzes and
numerical simulations. The tests were performeé anodified milling machine in order to precisely
vary the operation conditions. The tests have loeeried out under dry and wet conditions and wide
sliding speed and vertical displacement were exath{B. and 6. research objective).

The results demonstrate that the friction force bassiderable effect on the contact pressure
distribution and the nominal contact area. It isoaproven that an increase in interference yields
increase in normal force, if the sliding velocity lield constant. The friction force increases & th
interference increases at any sliding velocity. Tuefficient of friction exhibits strong sliding
velocity dependency at low sliding velocities (V6@ mm/s) only. Contrary to normal and friction
force, at constant sliding velocity, the coeffidien friction decreases with increasing interferenit

is caused by the fact that the normal force in@gasore rapidly than the friction force. Finallyigt
also proved that the friction force increases witlreasing normal force. At low forces the relatain
normal and friction force is approximately lineagwever, above == 1 N the slope of the friction
force vs. normal force curves changes significanflyis change in the slope yields also decreasing
coefficient of friction as the normal force increas

The results of the computed normal force-interfeeenurves reveals that, at constant coefficient of
friction, the normal force increases nonlinearly fimst progressively then degressively) as the
interference increases. Further, the results shawif the interference is constant then the foicti
force is inversely proportional with the normalderi.e. the normal force decreases as the coefficie
of friction/friction force increases. As it can l®en under constant normal force the increasing
coefficient of friction/friction force results imcreasing interference between the wiper lip ared th
glass. In other words, as the friction force becomigher and higher the wiper approaches the glass
surface. At the same time, by increasing the noforak the friction induced approach of wiper blade
becomes grater.

This study also revealed that below a criticalislidvelocity a load increase induces not a decrease
but an increase in the coefficient of friction. Qesults indicate that this critical sliding veltycis
approximately 100 mm/s, on the examined wiper blatfeder a normal load of 1.5 N, the minimum
of coefficient of friction vs. sliding velocity cue appears approximately at 100 mm/s. In case of
higher loads, the minimum is at higher velociti@is tendency supplements and specifies the
statement in the literature whereby increased ldaad to a decreased coefficient of friction at all
velocities in the presence of water.

In the second part, a novel test apparatus, natnelwindscreen wiper-on-cylinder machine has been
analyzed. This machine enables the tribologicahisieh of standard and prototype windscreen wipers

to be investigated not only at specimen level, les former studies in the literature, but also at
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structural level. Furthermore it makes possiblettaly both the full contact and partial contactesta

In the latter case, the wiper blade is not in ccintédth the glass counter surface along its taapth.

It is found that experimental results are strorgffected by the eccentricity and the real, nonwdac
cross section of the glass cylinder. One of thenroantributions of this paper is the developmera of
mathematical model for explaining qualitatively tBeperimental results. The mathematical model
uses geometrical equations and its solution to it@ikeaccount the shape and the eccentricitiebef t
rotating cylinder. A good agreement is found betwége theoretical model and the measurement.
Using the constructed mathematical model the empmrial results are evaluated. The presence of
water experiments show that the coefficient oftiic decreases as the normal force as well as the
sliding velocity increases. It is also found tha hormal load per unit length value can be comsiaie

to be independent on the operation conditions whanlse one order of magnitude difference in the
friction coefficient. This large difference is comfrom the alternating apparent contact area wisich

not can be observed at the specimen level examirsafi’. research objective).
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5. Outlook

Basically, the work connected to an EU supportegjgot, which targeted the understanding of
tribological phenomenons on reliable working. Hoeethe work also deals with such concepts and
uses such models, which could be also applied inynagher cases, when elastomeric materials are
required. If we think over how many elastomericlsetires and other elastomeric parts are used
worldwide, then it can be easily seen that theiegpbn of the worked out models give direct access
to results, which could be just. However it is edise to also see that the examination of elast@ner
materials and solid bodies made of elastomerscienaplicated task. Take into consideration all the
influencing parameters are almost impossible aonhfthis reason the current dissertation is focusing
just on a little segment of the phenomenons. Tham@xations given in this work are not
concentrating on the temperature dependency, wbichd generate high change in the material
properties (near to the glassy temperature the hasdaf an elastomeric body could even reach the
5000 MPa or more contrary to the 20 MPa at roonperature). From this reason, | am sure that the
consequences of the tribological examinations atemld reveal important and fascinating
phenomenons, if the test would be repeated on Igivtemperatures.

The dissertation also does not cover the effectildber types, filler materials and additives inteuf

the fact, that those materials have a great impa¢he mechanical and tribological performance. The
variety of the examination and the amount of val@ahnd useful conclusions could be also
propagated by the consideration of different cresstion wiper blades. According to the best
knowledge of the author, this type of examinatiamrot be found in the literature and could be
performed by the devices introduced in this disdiem. The tribological system considered to balide
so the contacting surfaces are not separated lgy mediums (dry case) or the medium between the
surfaces is clear water (wet case). If think aktbetreal application, it can be easily seen thist th
conditions never occur because the surfaces ar¢éaroorated and the water always contains
impurities.

It is also possible to use the examined viscoelastaterial models and detailed tribological
phenomenons to analyze the lubrication state ééreifit engineering components like seals [B18] or a
wiper blade [B13]. The mentioned lubrication anaygquires the pressure distribution, which can be
obtained by the worked out FE models. By most stnggproaches the leakage value of other lipped
seals can also be determined, which calculation agjuires the pressure distributions as it is
described in [B13, 25]. However the current worlesimot cover the three dimensional (3D) pressure
distributions, which does not influence importarttig examinations, because the length of the wiper
blade is much larger, than its other dimensionse &pplication of finite element simulations also
could be used to examine the tribological systemviofiscreen wiper blade acoustically (as it is give
in [72]), dynamically (like stick-slip vibration) rothermally but these examinations also could go

beyond the border of this work.
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6. Tézisek magyar nyelven

1. Uj moédszert dolgoztam ki kis-alakvéaltozasok elmélére épul altalanositott Maxwell-
modell paramétereinek allandd alakvaltozasi sebesgé huzdvizsgalatokbdl tdortén
meghatarozdsara. A moddszert nagy-alakvaltozasokrasi kiterjesztettem a Green-féle
alakvéltozasi  tenzor invariansain  alapulo, nagy-ruglmas  (hiperelasztikus)
anyagtorvényekben szerepl paraméterek meghatarozdsa céljabol. A modszer
alkalmazhatésadgat o6t vagy annal kisebb &gszdm esetésajat kisérleti eredmények
felhasznédlasaval igazoltam. A Kkiterjesztésnek kosmbiet en két eltér, de &llando
alakvaltozasi sebességhuzévizsgélathbdl a viszkoelasztikus paramétereketilmen en, az
anyagi viselkedés alakvaltozas fuggése is leirhatovalik.

Az értekezés kapcsolddo fejezete: 3.5.2.
Kapcsolédo publikaciok: [B2, B3, B4]

2. A szaraz és nedves korulmények kozoétt Gzenadlaktorl lapat probatest szintviselkedését
meéréseken és végeselem szimulacion keresztiil Wiasg& méréseket egy sajat tervezémer
berendezésen végeztem el. A vizsgéalati eredméngpléa az aldbbi megallapitasokat tettem:
2a) Az ablaktorl lapéat vizzel kent mérési eredményei alapjan megabitottam, hogy egy
adott csuszasi sebességnél kisebb sebességen aeléshdvekedés nem csdkken hanem
novekv surlodasi tényezt okoz. Ez a kisérleti medfigyelés kiegésziti és mositja a
szakirodalom azon megallapitasat, mely szerint a tieelésnovekedés 10 és 2000 mm/s
csuszasi sebesség kozott csokkenmurlédasi tényezt okoz viz jelenlétében. Az atmenet a
novekv és csokken tendencidk kozott 100 mm/s-os csUszasi sebességadbdik. A
sarlédasi tényezvel ellentétben, a surlédd er a névekv fellleteket dsszeszoritdé (normal)
er hatdsara 0.1 és 150 mm/s-os sebességek kdzott remesetben novekszik. A surlédasi
er novekedése azonban 100 mm/s felett sokkal kisebmjnt alatta. Méréseim szerint a
sarlédasi tényez nagysdga 100 mm/s csuszasi sebesség esetén jOlikismel fliggetlen a

normal er nagysagatol.

2b) A végeselemes szimulacidk alapjan megéallapitath, hogy allandé normal er esetén a
sarlédasi er nagysaga hatadssal van a névleges érintkezési tamtény nagysagan és
elhelyezkedésén kivil a torl él és az tveg felllet egymashoz viszonyitott pdbiara is. A
névleges érintkezési tartomany szélessége novekds csokken tendenciat is mutathat a
novekv surlodasi er fuggvényében. 37.5 N/m vonalterhelés esetén ndvekazonban 25
N/m terhelésnél mar csokken tendencia figyelhet meg. A ndvekv surlédasi er hataséara
az ablaktorl ugyanakkor egyre kbzelebb keril az tiveg felllethez

Az értekezés kapcsolddo fejezete: 4.7.

Kapcsolddo publikaciok: [B10, B25]
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3.

Matematikai modellt dolgoztam ki a teljes ablaktorl lapat szerkezetszint triboldgiai
viselkedésének feltarasa céljabol végzett mérésekedmeényeinek értelmezésére. A modell
kapcsolatot teremt a forgd henger alakhibaja/excemicitasa és a mért er komponensek
ciklikus ingadozasa kozoétt. A modell alkalmazéasavainegallapitottam, hogy a horizontélis
és vertikdlis er komponensek ingadozasa a forgo Uiveg henger alakianak és excentrikus
agyazasdnak kovetkezménye. Megdllapitottam tovabbdhogy a mért horizontalis és
vertikdlis er komponensek j6 kozelitéssel surl6do és normal émek tekinthet k.

Az értekezés kapcsolddo fejezete: 4.8.2.

Kapcsol6do publikaciok: [B1, B12]

Az ablaktorl lapat részleges felfekvése esetén, a szerkezetszitriboldgiai méreési
eredményekb | megallapitottam, hogy a vizsgalt ablaktérl lapat vonalmenti terhelés
értéke, a latszOlagos érintkezési tartomany valtosa kovetkeztében, gyakorlatilag
fuggetlennek tekinthet a jelent sen eltér surlodasi tényezket eredményez vizsgalt
m kodési paraméterekt|. Ez a jelenség teljes felfekvés esetén (mely aalsirodalomban

részben vizsgalat ald kertl) nem figyelhet meg. A mérések ramutattak, hogy a
szakirodalmakban fellelhet probatest szint vizsgélatokhoz hasonléan a surlodasi tényez
jelent sen csokken a novekv cslUszasi sebesség vagy a fellleteket 0sszeszoeitd
csokkenésének hatasara, vizzel kent esetben. A saetszint vizsgélatoknal az ablaktorl

él felfekvésének hossza valtozd, mely a novekuerhelés mellett is kozel valtozatlan
vonalmenti terhelés értéket idéz el kilbnbdz suarldédasi tényezk mellett.

Az értekezés kapcsolddé fejezete: 4.8.3.

Kapcsolddé publikaciok: [B1, B12]
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7. Theses in English

1. | developed a new method for identifying the paramiers of the generalized Maxwell- model
based on the small strain theory from tensile testef constant strain rate. | extended the
method to large strains as well in order to determie the parameters of the Green strain
tensor’s invariant-based hyperelastic model. | vefied the applicability of the method using
own experimental results for five or less Maxwell érms. As a result of the extension, the
strain dependence of material behavior can also b#escribed, in addition to the viscoelastic
parameters, from two different tensile tests of costant strain rate.

Related chapter of the dissertation: 3.5.2.
Related publications: [B2, B3, B4]

2. | tested the specimen-level behaviour of windscrnegrers operated in dry and wet conditions
through measurements and finite element simulatibfeasurements were performed on a test
rig of own design. | drew the following conclusidossed on the results:
2a) On the basis of the test results of wiper lipkibricated by water, | concluded that at a
sliding velocity lower than a given one the load krease results not decreasing but
increasing coefficient of friction. The statement bhove supplements and specifies the
statement in the literature whereby increased loaddead to a decreased coefficient of
friction at velocities between 10 and 2000 mm/s ithe presence of water. The transition
from increasing tendency to decreasing one is reabd at 100 mm/s. Contrary to the
coefficient of friction, the friction force increases with increasing normal load at any
velocity between 0.1 and 150 mm/s. However, the dtion force increase above 100 mm/s is
much less than below it. According to my measuremésnthe magnitude of the coefficient of

friction is practically independent of the normal force at a sliding velocity of 100 mm/s.

2b) On the basics of the FE simulation, | concludedhat, at constant normal load, the

friction force influences not only the nominal (ap@rent) contact area and the location of the
contact area but the relative position of the wipeblade and the glass surface. The nominal
contact area can show both decreasing and increagitendencies with increasing friction

force. At a load per unit length of 37.5 N/m the tedency is increasing however, at a load of
25 N/m decreasing tendency can be observed. At tkame time, the wiper gets closer to the
glass surface due to the increasing friction force.

Related chapter of the dissertation: 4.7.

Related publications: [B10, B25]
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3.

| developed a mathematical model to explain the re#ts of structural-level tribological
measurements of the complete windscreen wiper. Thmodel establishes a connection
between the shape distortion / eccentricity of therotating cylinder and the cyclic
fluctuations of the measured force components. | e&gblished by applying the model that the
periodic fluctuation of horizontal and vertical force components is a consequence of the
shape distortion and eccentricity of the rotating tass cylinder. | further established that the
measured horizontal and vertical force components an be considered as friction and
normal forces.

Related chapter of the dissertation: 4.8.2.

Related publications: [B1, B12]

| allocated from the structural level measurement esults, that in partial contact, the load
per unit length value of the examined wiper blade an be considered to be independent on
the working parameters which causing drastically diferent coefficient of frictions, because
of the changing nominal contact area. This phenomem cannot be observed in specimen
level (which is examined in the literature). The tst results show that under water
lubrication, similarly to the specimen level resul$ in the literature, the coefficient of friction
value importantly decrease by the increasing slidig velocity or the decrease of the clamping
force. In the structural level examination the condct length can change, which causes
approximately constant load per unit length value adifferent coefficient of friction values
and increasing normal forces.

Related chapter of the dissertation: 4.8.3.

Related publications: [B1, B12]
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