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Kurzfassung

Die Arbeit beschéftigt sich mit der Untersuchung der Ermiidungs- und Hystereseeigenschaften
von Gummi und Gummi-Textil Verbundwerkstoffen. Der Messaufbau ermoglicht die
Ermiidung von reinen Gummiproben und Gummi-Textil-Verbundwerkstoffen mit der
gleichen Probengeometrie zu untersuchen.

Es werden verschiedene Gummimischungen untersucht um den Einfluss der
Hauptbestandteile der Gummimischungen zu evaluieren. Ein Hauptaugenmerk liegt
in der Untersuchung der Unterschiede zwischen Modellmischungen, die nur im Labor
verwendet werden, und industrielle Mischungen, die in Produkten zur Anwendung kommen.
Da die iiblichen Laborbedingungen von den Lastbedingungen von Produkten oft abweichen,
werden die Einfliisse verschiedener Kurvenparameter wie Lastverhéltnis, Frequenz bzw.
Dehnrate und Kurvenform untersucht. Dabei wird der Lastfall eines bestimmten Produktes
(Handlauf) herangezogen. Auflerdem wird das Ermiidungsverhalten unter erhohter
Temperatur untersucht.

Es werden Risswachstums- und Lebensdauermessungen durchgefiihrt, wobei jeweils auch die
Hystereseeigenschaften untersucht werden. Bei allen Ermiidungsuntersuchungen wird die
Dehnung mit digitaler Bildkorrelation bestimmt und die Eigenerwérmung unter zyklischer
Belastung mittels IR Thermografiekamera gemessen.  Der Zusammenhang zwischen
Probentemperatur und dissipierter Energie wird analysiert.

Aufbauend  auf diesen  Erkenntnissen  wird das  Ermiidungsverhalten  der
Gummi—Textil-Verbundwerkstoffe untersucht. Fiir die Verbundwerkstoffe werden gewebte
Textilien verwendet statt, wie in der Literatur tiblich, einzelne Strénge. Da es sich
bei der Form zur Herstellung der Proben und dem Klemmsystem fiir die Prifmaschine
um Neuentwicklungen handelt, werden sowohl die Ermiidungseigenschaften beziiglich
Risswachstum und Lebensdauer untersucht als auch Zugversuche zur Evaluierung der Giite
des Verbundes durchgefiihrt.

Da die Priiffrequenz durch die Eigenerwédrmung der Materialien begrenzt ist, lassen sich
sehr hohe Schwingspielzahlen nur {iber lange Versuchszeiten erreichen. Deshalb werden
verschiedene analytische Modelle zur Lebensdauerabschitzung von Gummi herangezogen
und analysiert. Die Modelle werden auf die Qualitdt ihrer Lebensdauerabschitzung
untersucht, aber auch beziiglich des Zeitaufwands, der notwendig ist um die Daten zur

Berechnung der Modelle zu ermitteln (Zeitersparnisfaktor).
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Abstract

The focus of this work is the investigation of fatigue and hysteresis properties of rubber blends
and rubber—textile composites. A measurement set-up is defined which allows to investigate
rubber and rubber—textile composites using the same specimen geometry.

Different rubber blends are used to investigate the influence of the main material ingredients.
The analysis of the difference of model materials used solely in the laboratory and industrial
rubber blends used in real products is thereby one of the focuses.

Since the typical loading conditions in laboratory deviate from loading cases of real products,
different influences of curve parameters including load ratio, frequency/strain rate, and wave
form are examined. The loading conditions are chosen with regards to a specific product
(handrail). Furthermore, the influence of a higher ambient temperature is studied.

Fatigue life and crack growth measurements are conducted and the hysteresis properties are
investigated. For all fatigue measurements, the real strain is measured using digital image
correlation and the heat build-up under cyclic loading is determined with an IR thermography
camera. The relation between sample temperature and dissipated energy is reviewed.

Based on the measurements with pure rubber samples, the fatigue behaviour of rubber—textile
composites is investigated. The measurement set-up enables the investigation of rubber and
rubber—textile samples with the same geometry. For the composites, woven mats are used as
reinforcement instead of single cords. The production mould for rubber—textile samples and
the clamps for the testing machine are newly developed and built. Therefore, in addition to
the crack growth and fatigue life measurements also tensile tests are done to evaluate the
quality of the composite.

The heat build-up of the materials limits the frequency of the measurements. Therefore, high
cycle fatigue measurements are time-consuming. Thus, different analytical models for fatigue
life prediction are considered and analysed. The reliability of the fatigue life prediction of
these models and also the amount of time (measurement and evaluation time) to attain these

predictions are examined.
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Ny mean value of fatigue life

Nyca fatigue life prediction with crack growth model
Ny B fatigue life prediction with crack nucleation model I
Nyw fatigue life prediction with crack nucleation model II
NBR Acrylonitrile-Butadiene Rubber

NR Natural Rubber

R load ratio

R elongation ratio dmin/dmax

R strain ratio €min/Emax

Ry logarithmic strain ratio € min /€7 max

Ry force ratio Finin/Fmax
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sine sine wave
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tand loss factor
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t mm thickness

T °C temperature

TGA Thermogravimetric Analysis

Vv mm? volume
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Introduction 1

1 Introduction

1.1 Motivation

Due to their outstanding properties, rubbers are often used for applications where
they are subjected to cyclic loads. Under these loading conditions, rubbers primarily
fail due to fatigue. Therefore, the investigation of the fatigue behaviour of rubber
products under time-varying loads is a critical issue.

The fatigue behaviour depends on various parameters, for example loading conditions,
environmental factors, composition, and processing of the rubber compounds [1].
Before rubber materials are used in real products, they are tested in laboratory using
dynamic testing machines and uniform test specimens. For these measurements, the
predominantly used load curve is a sine wave. A sine wave is easy to implement and
the resulting hysteresis curve gives information about the dissipated and stored energy
during a cycle. The frequency and elongation are chosen so that the experiments are
finished within a reasonable time. An important property of the fatigue behaviour
is the fatigue life which is the number of cycles until a failure criterion is reached.
Furthermore, the crack growth rate is a crucial parameter. Investigations in the
literature are mostly done with moderately filled model materials consisting of one type
of rubber while application-relevant blends can strongly differ from these compositions.
Furthermore, in laboratory measurements often the applied load oscillates in the
pure tensile load. When the load oscillates between tension and compression, the
fatigue life significantly decreases and the crack growth rates increase compared to
pure tensile loads [1,2]. In technical applications, the tension—compression load is
often unavoidable, hence it is important to investigate rubber properties also in
this load range. Additionally, the sample temperature due to heat build-up under
tension—compression loads is usually higher than in pure tensile tests which can also
contribute to a faster crack growth and shorter fatigue life.

In general, a product has a different geometry than the laboratory test specimens and
is also subjected to a cyclic load which can deviate from a pure sinusoidal oscillation.
However, most of the studies do not consider other load curves than sine waves [3,4].
The only product loading case which is considered to a greater extent is that of
tyres [1, 5], since this product is the main application of rubber [6]. Besides that,
rubber is used in many different products under greatly varying load curves which
makes the reproduction of those conditions in the laboratory difficult.

Another point is that in many products, rubber is reinforced e.g. with textile plies or
with metal cords. For these composites, adhesion between rubber and reinforcement is
a great issue. Since the geometry, the used materials, and the form of the load curve
are often unique for one rubber product, these products are tested on specific test

rigs. In laboratory, an investigation of those rubber—textile products is challenging.
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2 Introduction

Nevertheless, it is still important to know how the reinforcement e.g. with textile

influences the behaviour of the rubber samples.

This work focuses on the product handrail. A handrail is a rubber—textile composite
used under displacement-controlled, alternating tension—compression load. The fatigue
life of handrails is usually tested on specific test-rigs which simulate the real load
conditions in applications. A schematic drawing of a handrail test-rig is shown in

Figure 1.1.

Y AN N7 AN 7 N TN T AN,

Figure 1.1: Test-rig for handrails of escalators

The handrails are subjected to concave and convex bending at the drive rolls which
leads to durations of constant tension and compression alternating with straight phases.
Therefore, the loading curve of the handrail deviates from a pure sinusoidal wave
form. The measurements on the test-rigs can take several months and are also
labour-intensive since during the tests the handrail is periodically examined regarding
cracks and other damages. Furthermore, these investigations require a lot of experience.
Thus, it is preferable to find ways to predict the material behaviour at the handrail
test-rig by laboratory measurements which are less time-intensive.

The influence of different load and material parameters on the fatigue crack growth in
relation to the handrail was extensively studied in [7]. In this work, the emphasis
is on the investigation of the fatigue life and the fatigue behaviour of unnotched
samples. As mentioned above, the usual conditions in laboratory measurements differ
from those applied to the handrail at the test-rig e.g. regarding load ratio, frequency,
and wave form. Hence, it is crucial to know the influence of these parameters on
the fatigue behaviour. Furthermore, the fatigue behaviour of application-relevant
blends used for the handrail and of model materials should be compared to identify
significant differences in the material behaviour. Although, the effects of different
types and amounts of carbon black on the fatigue life of model materials are often

studied in the literature [1, 3, 8], a specific analysis of the influence of these blend
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Introduction 3

parameters on the application-relevant blends is also important. Clearly, the fatigue
behaviour of rubber differs to that of rubber—textile composites. Since the handrail
is a composite consisting of rubber and textile plies, a method to investigate the
fatigue behaviour of rubber—textile composites in the laboratory can help to reduce
time-intensive measurements at the product test-rig.

Regarding the pure rubber samples, there are standards covering the determination of
heat build-up and fatigue in pure tension range [9] or in the compression range [10,11].
The used specimen geometries therein are not suited for reinforcement with textiles
which makes a consideration of other specimen geometries necessary. Furthermore,
the pure shear specimen geometry used for crack growth measurements differ greatly
from typical fatigue life specimens [7,12]. A specimen geometry for the fatigue life
measurements which is more similar to the specimens for crack growth tests may give
a better understanding of the fatigue failure process.

The handrail is usually subjected to maximum strains about 10 %. Under these loads,
also the fatigue life measurements in the laboratory would take several weeks or months.
There are different models to predict the fatigue life of rubbers which use numerical
and analytical methods. For a reasonable use of these models, it is necessary to identify
the capability and reliability of the fatigue life prediction of these models and also the

amount of time (measurement and evaluation time) to attain the predictions.

1.2 Objective

The overall aim of this work is to define a measurement set-up to investigate the
fatigue behaviour of rubber and rubber—textile composites. The used materials and
the loads applied are chosen with regard to the product loading case of the handrail.
The investigations include fatigue life and fatigue crack growth measurements and
also the determination of the hysteresis properties like dissipated energy and stored
energy. Determining the heat build-up of rubber under cyclic loading can give further
explanations for the behaviour of the materials and is therefore always conducted.
The most important rubber blends in this work are industrial rubber blends which have
complex recipes with many different ingredients. In contrast to them, the compositions
of model materials are kept as simple as possible. The differences of model materials to
the industrial rubber blends regarding fatigue behaviour and influence factors on the
fatigue are investigated. The behaviour of rubber blends is also strongly determined
by the carbon black. Therefore, the influences of the type and amount of carbon black
for the chosen blends are studied.

The influence of the different curve parameters on the fatigue behaviour is very
important since the extent of their influences differ from material to material [1]. For
the measurements, the preferred load curve is a sine wave with a frequency of 5 Hz. The

load is in the tension—compression range and the difference to pulsating tensile load is
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4 Introduction

investigated. The considered product handrail is subjected to a cyclic load with a lower
frequency and a wave form deviating from a pure sinusoidal oscillation. Therefore, the
question is if a simplified procedure, i.e. sine wave with higher frequency, is valid to
draw conclusions for the more complex loading case of the product. Thus, the influences
of frequency and its accompanying effects on the fatigue behaviour of industrial rubber
compounds are investigated. Also the influence of a higher ambient temperature is
studied. The effect of product-related wave forms on the fatigue behaviour is examined.
Furthermore, the importance of the use of the application-relevant control mode is
studied.

Based on the investigations with rubber blends, also rubber—textile samples are
evaluated. The production mould for rubber—textile samples and the clamps for the
testing machine are newly developed and built. The first results are presented in this
work on which the next steps for the investigations of the rubber—textile samples are
defined.

Different analytical models are considered and applied to predict the fatigue life of
rubber blends in the tension—compression range. The deviations of the prediction from
the measured fatigue life and the time saving factor compared to the measurement

time for all fatigue life values are investigated.
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2 Background

2.1 Rubber

Rubber belongs to the group of elastomers which are wide-meshed, cross linked
polymers. This loosely bound network structure is obtained by chemically linking
the long molecule chains of raw rubber (caoutchouc). The process of crosslinking is
called curing or vulcanization. Vulcanization forms a three-dimensional network with
the long molecules held together by chemical bonds. An unvulcanized rubber cannot
hold its shape but if it is mixed with a vulcanizing agent and subsequently heated, it
becomes a soft elastic solid (elastomer) which is called rubber [3,4,13]. One of the
most important vulcanizing agent is sulphur which is normally used with accelerators
to increase rate and efficiency of crosslinking. Another curing system is based on
peroxides. Another type of rubber are thermoplastic elastomers which chains are joined
by the physical aggregation of parts of the molecules into hard domains. Thermoplastic
elastomers dissolve in solvents and melt when heated, so that they can be subjected to
several processing techniques not applicable to purely elastomeric materials [3,14]. All
rubbers used in this work are elastomers and not thermoplastic elastomers. Therefore,
the following properties concern the former type of rubber.

Elastomers are operated above their glass transition temperature which lies typically
in the range between —100°C to —20°C depending on the type of elastomer. Below
the glass transition temperature the elastomers behave hard and nearly brittle. The
molecular segments move very slowly, so that it is regarded that they do not move
at all. Above the glass transition temperature the rate of motion of the molecular
segments increases and the elastomer shows an entropy elastic behaviour (section 2.2).
Further heating leads to decomposition of the elastomer with no yielding region [3,13].
In general, rubbers have good damping abilities and show high flexibility and low
elastic modulus. Over the years, rubber has become an engineering material and
today’s rubber compounds consist of the rubber (natural or synthetic rubber) or
blends of several rubber types and various ingredients to achieve different requirement
profiles. These ingredients include crosslinking agents, accelerators, reinforcements
(fillers), anti-degradants, and special additives. The amount of every ingredient of the
rubber compound is given in parts per hundred (parts) rubber which is abbreviated phr.
Rubbers can be classified by polymer types. It is very common to use several rubber
types for the final blend to meet requirement profiles. One reason for this is that the
development of new polymeric materials is more cost intensive than the use of existing
materials with known properties. Another reason is that the requirement profile of a
product is often contradictory and cannot be met with one single elastomer type. Most
of the polymers are immiscible which leads to phase separation [15,16].

In the next section, the rubbers used for the blends in this thesis are described. There
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6 Background

are many more rubber types available which are mostly designed for specific purposes

like elevated temperatures, and increased resistance to swelling and/or ageing [3,13].

2.1.1 Natural rubber NR

Natural rubber (NR) consists of chains of the isoprene monomer and is also called
polyisoprene. Due to the configuration of the isoprene, the chemical name of natural
rubber is cis-1,4-polyisoprene [4]. Natural rubber is produced mostly from the latex
of the Hevea brasiliensis tree [3,13]. Due to the identically configuration of the
NR macromolecules, they can spontaneously pack together as crystallites. This
happens either at low temperatures (maximum crystallization at about —25°C) or
when the rubber is strained. The crystallisation under strain is called strain induced
crystallization (SIC) and makes a major contribution to the outstanding properties
of NR if compared to non-crystallizing rubbers. The crystallites which are formed
during SIC can be thought of as additional crosslinking points and they significantly
improve the strength at break and reduces crack propagation [3]. In unfilled rubber,
SIC sets in at strains about 300 %. This is not a typical load in real-life conditions,
but in filled rubbers the local strain in the rubber phase exceeds the external strain
due to the rigidity of the filler phase. The higher the rubber is filled, the higher is
the strain in the rubber matrix. This effect is called strain amplification [17]. In
highly filled rubbers, an elongation of 30 % of the specimen can lead to a strain of
about 150-200 % in the rubber phase [18]. The amount of crystallization is maximal
30% and depends on temperature and time. The degree of crystallinity decreases
with increasing temperature and frequency. SIC is reversible and when the strain is
removed, the crystallites disappear instantaneously [19,20].

NR shows a glass transition temperature of approximately —70°C. Its has a high
tensile strength, high tear resistance, high elasticity, low hysteresis, and low permanent
deformation. Compared to other rubber types, NR shows a low thermal and oxidative
stability and also the resistance to UV and ozone is low which requires the use of
antioxidants [3,6,13].

2.1.2 Styrene-butadiene rubber SBR

Styrene-butadiene rubber (SBR) is the most widely used synthetic elastomer and
is synthesized by free-radical polymerization as an emulsion in water (E-SBR) or
anionically in solution (S-SBR). The most common type is E-SBR with a glass
transition temperature of about —50°C. The thermal and ageing resistance is better
than for NR but antioxidants are still required. Also protection against ageing and
ozone is required. SBR shows lower tensile strength, tear resistance, and dynamic
properties like heat build-up and dynamic crack growth than NR. Since SBR is one of

the cheapest rubber types it is used in many products either as only rubber component
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Background 7

or in blends. To improve the heat stability of NR and to reduce costs, it is common to
use SBR in blends with NR [3,6,13].

2.1.3 Butadiene rubber or polybutadiene BR

Butadiene rubber (BR) is a synthetic rubber and can be synthesized anionically, via
Ziegler-Natta catalysis, or by free-radical polymerization. Depending on the production
process, BR shows different properties. Typically, BR types are used which have a low
glass transition temperature of about —100°C and no SIC ability. These BR types are
very resilient. They show excellent abrasion resistance, high elasticity, low hysteresis
losses, and low heat build-up. Compared to NR and SBR the tensile strength and tear
resistance of BR is low. BR is often used in blends to improve the properties of the
basis polymer. Blends of NR and BR or SBR and BR show better abrasion resistance,
flexibility at low temperatures, lower heat build-up and lower dynamic crack growth
than only NR or SBR, respectively [3,13].

2.1.4 Polychloroprene CR

Polychloroprene (CR) is synthesized by emulsion polymerization of 2-chlorobutadiene.
CR is considered as speciality rubber. These elastomers are used for specific
applications, when the properties of the general purpose rubbers NR, SBR, and BR
are insufficient [3]. The benefits of CR are its superior weatherability, temperature
stability, heat resistance, and flame resistance. Furthermore, it is self-extinguishing.
CR also has lower permeability to air and water vapour and a better resistance to ozone
compared to general purpose elastomers [3,6]. The tensile strength and tear resistance
of CR is higher than of the most synthetic elastomers. The glass transition temperature
is about —50°C. The raw rubber shows tendency to crystallize in particular at low
temperatures. The behaviour of CR at low temperatures is improved by addition of
plasticizers or in blends with BR [13].

2.1.5 Acrylonitrile-Butadiene Rubber NBR

Acrylonitrile-butadiene rubber (NBR) is also a speciality elastomer synthesized by
emulsion polymerization of acrylonitrile and butadiene whereas the acrylonitrile
content can vary from 18 to 50%. NBR is typically used in products which have
to be resistant to grease, oil, and fuel. NBR is an amorphous rubber which does not
show SIC. Its elasticity is low. The glass transition temperature rises with increasing
acrylonitrile content (50%: T, = —2°C). Furthermore, with increasing acrylonitrile
content the resistances to grease, oil, and fuel increase, the gas permeability decreases
and there is an increase in tear resistance and resistance to ageing. The resistance to
ozone is lower than for NR or SBR and also the oxidative stability is low which make

the use of antiozonants and antioxidants necessary [3,13].
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8 Background

2.1.6 Fillers

Fillers are used in the rubber compound for reinforcement and to modify its physical
properties [21]. Carbon black is the oldest and the most widely used filler. Another
important filler is silica which is used since the 20th century [22,23]. Since all the used
rubber compounds in this work are filled with carbon black, this part deals with the
reinforcement with carbon black.

Carbon black is made up of primary particles which sizes are in the range of
nanometres. The particles are strongly bonded to other primary particles and this
forms three-dimensional branched aggregates (Fig. 2.1 b). The size of the aggregates
is between nm and pum. Especially, for high filler loading the filler aggregates tend
to interact with other aggregates through weaker secondary bonding (Van der Waals
attraction) to form loose agglomerates (Fig. 2.1 ¢)) [22,24]. This establishes what
is called secondary network or more usually filler network. The effect is governed
by aggregate—aggregate interaction, aggregate-polymer interaction, and the distance

between aggregates [23,25, 26].

a) b)

Figure 2.1: Carbon black (modelled after [27]): a) primary particle, b) carbon black aggregate,
c¢) carbon black agglomerate, the physical bonds between the aggregates are indicated by the
rectangles

There are different types of carbon blacks which are classified by particle size, specific
surface area, structure, and surface activity parameters [22,25]. The specific surface
area determines the effective contact area between filler and polymer [22]. The primary
particles are not like a compact dense sphere, but have a branched porous structure
and therefore a higher surface than a sphere. The specific surface area can be measured
by absorption of cetyltrimethyl ammonium bromide (CTAB) and gives the surface of
carbon black which is accessible by the elastomer. The structure defines the degree
of irregularity of the carbon black which is important for the restrictive motion of
elastomer chains under strain [22]. It is measured by absorption of n-dibutyl phthalate.
The oil is mixed with the carbon black and the volume of oil to reach a pre-set torque
level is measured. This volume is given in ml/100g and called DBP number. The
DBP number is a measure of the total carbon black structure including aggregates
and agglomerates [22,24]. The surface activity is widely used but a poorly defined
term. In [28], it has been shown that the high energetic sites decreases with increasing

particle size.
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In Table 2.1, the carbon blacks which are used for the compounds in this thesis are

listed and their main properties are given.
Table 2.1: Properties of carbon blacks

ASTM Name particle DBP number CTAB

designation  [23] size [13] [25] 25,29, 30]
N330 HAF 30nm  101ml/100g 82m? /g
N550 FEF 56nm  122ml/100g 42m?/g
N990 MT 285 nm 38ml/100g 27m?/g

Reinforcement with fillers leads to an increase of the ultimate properties like tensile
strength, tear resistance, and modulus. Carbon black is most effective when used
for non-crystallizing elastomers since strain crystallizing elastomers already have
a reinforcing mechanism. Unfilled and carbon black-filled NR vulcanizates have
comparable tensile strengths, although the latter show improved tearing and abrasion
resistance. Carbon black also improves the processability by reducing the melt
elasticity which allows shaping operations like extrusion with less shrinkage and melt
distortion [3].

Furthermore, the addition of carbon black decreases the crack growth rate and
increases fatigue life. One of the main reason for this is the increased material
hysteresis in filled rubbers. Also anisotropic structures may form at the crack tip of
certain non-crystallizing filled rubbers which enhances the fatigue resistance |8, 31].
The enhancement continues with increasing carbon black amount up to a threshold
which is dependent on the polymer [8,31,32]. Above this threshold, the crack
growth rate increases and the fatigue life decreases. This is explained by the
formation of larger filler clusters and by overlapping of aggregates which then hinder
each other in their spatial mobility [31]. The shorter fatigue life can also be due to

an increase of the effective flaw size caused by the agglomeration of the carbon black [8].

The reinforcement of rubber, especially with carbon black, has been investigated
intensively, but the mechanisms of reinforcement are still not fully understood. It is
generally accepted that the reinforcement of elastomers depends largely on polymer
properties, filler properties, and processing [21,22].

The first models to describe the reinforcement used the hydrodynamic effect which
was originally developed by Einstein [33]. The hydrodynamic effect describes the
increase of viscosity of a fluid with dispersed spherical particles in dependence of the
particles volume fraction [24,33]. Smallwood [34] used the same equation for the

elastic modulus E of rubbers
E=FEy(1+2.5¢) (1)

where F is the modulus of the rubber with dispersed particles, ¢ is the particles

volume fraction, and Ej the elastic modulus of the rubber without particles. However,
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the values for the measured modulus were significantly greater than the calculated
values. Guth and Gold extended Equation (1) with an additional quadratic term 14.1¢?
and applied the equation to the elastic modulus F of filler reinforced rubbers [35, 36].
The extended equation is called the Einstein-Guth-Gold equation. It describes the
mechanical reinforcement by taking into account the interaction between spherical
particles but no interaction between polymer and filler [21,24]. Due to that the
Einstein-Guth-Gold equation is a rough estimation of the elastic modulus for modest
filled rubbers. The equation has been further developed to include not only fillerfiller
interaction, but also filler-rubber interaction which is is considered as the more
important [22,24,37]. Carbon black interacts with the polymer in different ways. Three
main effects can be distinguished which are called “occluded rubber”, “immobilized
rubber”, and “trapped rubber” and are explained in the next paragraphs.

Inside the carbon black aggregates, rubber can be trapped which is then shielded
against deformation. This “occluded rubber” is immobilized and no longer part of the
elastic rubber matrix. It acts as part of the filler and increases the effective volume of
the filler. It has been shown that filled rubber behaves in many aspects as if the filler
concentration is higher than its real volume fraction based on filler density and loading.
This behaviour is related to the occluded rubber. The effect is a geometrical one and
shows little temperature and strain dependency. The occluded rubber is connected
with the structure parameter of the filler [24,25,30].

Carbon black shows high surface energy, therefore elastomeric chains are adsorbed onto
its surface. The smaller the carbon black particle the higher is the number of highly
energetic adsorption places. The adsorption is limited to a small part of elastomeric
chains, but it leads to a gradient of mobility. Thus, there are polymer layers with
reduced mobility and nearly glass-like behaviour next to filler surfaces which has been
experimentally confirmed [26]. By means of mobility, three regions within the polymer
can be distinguished. Next to the filler is a hard shell with glassy-like behaviour where
the motion of rubber molecules or segments is extremely restricted and which is called
“immobilized rubber”. Surrounding the hard shell is an outer shell (second region) with
higher mobility than the hard shell but less than the region of mobile rubber (third
region) which is outside the outer shell. The interaction of the polymer with the filler
particle depends on the surface energy of carbon black, roughness, and surface area
respectively surface activity of the carbon black. The effect of immobilized rubber
shows a strong temperature dependency, i.e. a higher temperature decreases the layer
thickness and more rubber is “mobile” again [23, 25, 26].

Inside the agglomerates, rubber can also be trapped which is then called “trapped
rubber”. The agglomeration is highly strain and temperature dependent. At moderate
to high strains, the agglomerates can be destroyed due to the deformation. When the
agglomerate structure breaks apart, the trapped rubber becomes “untrapped” and acts

as polymer matrix again. A reduction of the filler agglomeration can also be caused by
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Background 11

raising the temperature. A higher temperature weakens the interaggregate interaction
and less rubber is trapped inside [24-26,30].

2.2 Mechanical properties of rubber

The long flexible molecules of rubber are highly extensible. In the absence of an external
force they adopt rather compact, random configurations. When they are stretched and
released, they return to random shapes as fast as their thermal motion allows. This
describes an entropy elastic behaviour since the restoring force is due to the fact that
the chains strive to achieve a maximum entropy. Rubber is able to undergo large
elastic deformations and recover completely. At small strains rubber behaves linearly
elastic but under large deformations the response is nonlinearly elastic (hyperelastic).
This elastic properties are valid for the pure rubber vulcanizate. However, rubber
in engineering products are often reinforced with fillers, e.g. carbon black or silica.
This changes material properties like tensile strength and also the elastic response.
The original state after stretching is recovered only slowly and the stresses depend on
history of deformation, temperature, and time [3].

Under dynamic loads, rubber shows viscoelastic behaviour which is caused by friction
between chain segments, between filler particles, and between chain segments and filler
particles [38,39]. When rubbers are subjected to a sinusoidally varying stress, the
resulting strain is also sinusoidal, but not in phase with strain (Fig. 2.2). The resulting
phase angle 6 depends on the dynamic viscosity of the material and becomes zero when

the viscosity is zero i.e. when the material is purely elastic [3].

6
2n f
A g
o 3
= +
7 0
— stress
strain

time

Figure 2.2: Instantaneous stress and strain curve for a viscoelastic solid

Stress o and strain € can be written as
0 (t) = ogsin (27 ft) (2)

and
e(t) =eqsin(2mft —9), (3)
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where o, and ¢, are the amplitudes of stress and strain, respectively. In a linear elastic
material the elastic modulus E' is defined as the ratio of stress o to strain €. Due to
the phase shift in a viscoelastic solid, a complex modulus E* is introduced which can

be split in a real and an imaginary part
t :
E*:U():@eZ(S:E/_FiE//. (4)
The real part of Equation (4)

o
E' = E*sin (§) = —sin (0) (5)
€a
is called storage modulus. It is the ratio of stress in phase with strain divided by strain.
The storage modulus represents the elasticity of the material and is a measure of the

energy stored during an oscillation period. The imaginary part of Equation (4)

E" = E*cos (6) = 74 cos (0) (6)

€a
is called the loss modulus. It is the stress 90 © out of phase with strain divided by strain
and represents the viscous property of the material. The loss modulus is a measure of
the energy dissipated during an oscillation period. The ratio of loss modulus to storage

modulus gives the tangent of the phase angle §

s

tand = oa (7)
which is called loss factor. It characterizes the damping behaviour of the material
[3,24,40,41].

If the sinusoidally varying stress/force is plotted over strain/elongation, then the
resulting hysteresis curve for linear viscoelastic materials is an ellipse. Adding carbon
black to the rubber compound introduces a dependence of the dynamic mechanical
properties on strain. Therefore, carbon black filled rubbers are considered as nonlinear
viscoelastic material [41]. For these materials the resulting hysteresis curve deviates
form a perfect ellipse (Fig. 2.3). The area of the hysteresis curve represents the
dissipated energy per cycle Ey;ss and leads to heat build-up in the material. The
area between hysteresis curve and x-axis is the stored energy Eg and is the energy
recovered after deformation. Both quantities are shown in Figure 2.4. In course of
this thesis the dissipated and stored energy are always divided by the initial volume V'
of the samples to minimize the influence of small geometrical deviations between the

samples. The stored and dissipated energy per unit volume are related to the storage
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and loss modulus, respectively [3,42]. This is given by

Eg 1
and "
%}“ — nE"e2. 9)

These expression are only valid for linear viscoelastic materials. The ratio of dissipated

energy to stored energy is named tan ¢’

Ey
tand = =252, 10
B, (10)

It is also a measure for the damping behaviour of the material like the loss factor but

its absolute values deviate from those given by Equation (7).
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Figure 2.4: Analysis of hysteresis curve

elongation / mm
Figure 2.3: Hysteresis curve of a carbon black
filled rubber blend

The dynamic viscoelastic properties of carbon black filled elastomers shows a strong
dependency on strain. At very low strains the storage modulus is nearly constant. Then
it shows a steady decrease with increasing strain, finally reaching a nearly constant
value at high strain (Fig. 2.5). This dependency of the storage modulus on strain is
called Payne effect (or Fletcher-Gent effect). The effect only occurs in filled rubbers.
It is most pronounced in the strain range between 0.1 % and 50 % and for highly filled
rubbers. The extent of the effect also depends on the type of carbon black [22,23,41].
The loss modulus is also dependent on strain. For low strain the loss modulus increases
with increasing strain amplitude showing a maximum and subsequently decreases with
increasing strain amplitude at higher strain levels (Fig. 2.6).

The Payne effect is widely explained by the progressive destruction of the filler network
under strain and it is a measure for the filler networking which comes from filler—filler
and polymer—filler interaction [25,43]. In a filler network, an increasing strain leads to
a breakdown of the filler network. This releases the trapped rubber which can again

act as a part of the elastic matrix. Therefore, the storage modulus decreases [25].
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Figure 2.5: Storage modulus plotted over Figure 2.6: Loss modulus plotted over
double strain amplitude of three different double strain amplitude of three different

SBR compounds filled with 0 phr, 40 phr, and SBR compounds filled with 0 phr, 40 phr, and
70 phr carbon black N234 at 10Hz and 70°C 70 phr carbon black N234 at 10Hz and 70°C
(reproduced from [25, p. 529]) (reproduced from [25, p. 531])

The molecular slippage model [23] adds further explanation for the Payne effect. At
equilibrium, polymer chains are adsorbed onto the filler surface. For short distances
between filler aggregates it is possible that the same polymer chain is adsorbed onto
two nearby aggregates. When strain increases, the polymer chain between two filler
particles is stretched. For low strain, the deformation energy is stored in the elongated
chains as elastic energy and is recovered when the strain is released. Thus, the storage
modulus is high and the dissipated energy is low. When the strain is further increased,
the stored energy in the polymer chains exceeds the adsorption energy and the chains
progressively desorb from the filler surface. The desorption also lengthens the polymer
chains. Consequently, the storage modulus decreases and the loss modulus increases
due to the conversion of initially elastic stored energy into molecular mobility. When
the strain is released, it is very likely that the same polymer segment is not adsorbed
to the same active site on the filler surface. Thus, during dynamic deformation cycles,
the polymer chains undergo adsorption—-desorption cycles between pseudo equilibrium
states. The elastomeric desorption is a gradually process with strain, due to the broad
distribution of distances between agglomerates. This explains the further decrease of
the storage modulus with increasing strain [23, 27].

The dependency of the loss modulus on strain (Fig. 2.6) is explained by filler—filler
interaction. As mentioned before, the filler network breaks down under strain. At
low strains, the network can reagglomerate in the time between two maxima of the
cyclic load. With increasing strain, the breakdown of the filler network increases.
Thus, at low strains the loss modulus shows an increase and reaches a maxima.
After that point, less and less network is reagglomerated since the network cannot
be reconstructed within the time scale of the dynamic strain. Thus, the effect of the

filler network on the loss modulus disappears and the loss modulus decreases [25,41,44].

Under dynamic loading, filled rubbers and pure rubber with the ability of strain
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induced crystallization show the so-called Mullins effect and the effect of cyclic
softening. The Mullins effect describes the behaviour that after a loading and
unloading cycle, rubber exhibits a material properties change when reloaded again.
Rubber is then softer than during the first loading which means that the stress is lower
for the same applied strain. This effect lasts for the reloading curve as long as the
maximum strain of the first cycle is not reached. When it is reached, the stress—strain
behaviour changes to the behaviour of the “virgin” curve (first loading) [45-47]. Figure
2.7 shows the ideal Mullins mechanical behaviour where the unloading and reloading
curve are the same. In real materials it is most probably, that the unloading and
reloading curve differ from each other (Fig. 2.8). In Figure 2.8, also a simple uniaxial
tension test is plotted. The first loading curve coincides with the simple tension test
and also the second loading curve approaches this curve when the strain exceeds the

maximum strain of the first loading cycle.
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Figure 2.7: Ideal Mullins effect: Unloading Figure 2.8: Mullins effect in real materials:
and reloading response are the same Unloading and reloading response differ from

each other. The red, dotted line shows an
uniaxial tension test.

Up to now, there is no general theory about the physical source of the Mullins effect.
One of the first theories assumes that rubber contains soft and hard phases whereas
under loading the hard phases starts to transform into soft phases [45,48]. Other models
work with chain breakage between rubber and filler bonds, slipping of rubber molecules
on filler surface, rupture of carbon black structure, chain disentanglement, or formation
of a superordinate structure consisting of filler particles and highly constrained rubber.
Most of the models are only applicable to filled rubber and do not consider the Mullins
effect in crystallizing rubber [46,47,49].

Another effect which is related to the Mullins effect—and which is therefore often also
called Mullins effect—is the phenomenon of cyclic softening. Under strain-controlled
cyclic loading, the maximum stress per cycle is less than in the previous cycle. Figure
2.9 shows this effect for a NR/SBR-blend which is subjected to six consecutive cycles.
In Figure 2.10, the maximum stress for every cycle is plotted over the number of cycles.

The largest amount of softening appears between the first and second cycle. After that
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the softening gets less for every successive cycle. After a few cycles (about ten to thirty

according to [46,50,51]) the material response is the same for the following cycles.
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Figure 2.9: Cyclic softening of a carbon black Figure 2.10: Cyclic softening (data from Fig.
filled NR/SBR-blend 2.9): Maximum stress per cycle plotted over

number of cycles

In filled rubber, there is an additional effect accompanying the Mullins effect and cyclic
softening which is the permanent set. This is the residual extension after a material is
stretched and released. The permanent set is the lowest after the first cycle, then rises
and reaches a constant value after a few cycles. It is higher for higher carbon black
loading (Fig. 2.11) [46,50].

25 — , , . | |
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Figure 2.11: Permanent set plotted over numbe(;y(():llecsycles of three different NR compounds filled

with 1 phr, 20 phr, and 60 phr carbon black for periodic loading—unloading uniaxial extension test

with maximum strain of 200 % (reproduced from [50, p. 1861])
The permanent set is explained by the different behaviour of the rubber chains near
and far away from filler particles. When rubber is elongated, rubber chains near
filler particles are stretched more and some chains max desorb from the filler surface.
Subsequently, new bonds are formed and the network is restructured near the filler
particles. For this new structure the deformed state of the material is the unloaded
state. Chains further away from filler particles experience lower re-arrangement of the
network. Under reloading, these chains tend to retract to their original state. This
retraction is hindered by the chains near the filler particles which prefer the extended

state. Therefore, the material shows a set [52].
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The Mullins effect and the accompanying permanent set is at least partially reversible
when the material is exposed to high temperature or a solvent. At room temperature
the healing is negligible [23,46].

2.3 Fracture mechanics

The aim of fracture mechanics is to derive parameters that describes the failure
of materials independent of geometry or loading. = An underlying concept of
fracture mechanics is that all materials have intrinsic imperfections like flaws, local
heterogeneities and micro cracks. These are possible sources for cracks which may
grow and lead to failure of the component [3,38,53]. Fracture mechanics does not

consider the question how such cracks or crack-like defects can occur in a material.

2.3.1 Griffith’s criterion and tearing energy

The Griffith’s criterion is one of the basic concept of the linear elastic fracture
mechanics. Although rubber is a highly nonlinear material, this criterion is presented
since it is the basis for the concept of the tearing energy which is used to describe the
crack growth behaviour of rubber materials.

Griffith [54] investigated the brittle fracture of glass and the discrepancy between the
theoretical and actual strength of materials. The criterion is based on an energy
balance. The principle of energy conservation during crack extension of dc states that
the work done by external forces dW, must be equal the increment of surface energy
dWg and the increment of elastic strain energy dU: dW, = dWg+dU [55]. The release
of energy during crack extension can be calculated by dW = dW, —dU.

Griffith postulated that a crack in glass would grow if the elastic energy release dW
for a crack extension of dc were greater than the incremental increase of surface energy

dWg of the newly created surface
—dW > dWsg. (11)

This means that a crack can grow if the supply of energy from the cracked specimen is
greater than the energy required to create a new crack surface. The increase of surface
energy can also expressed in terms of the material’s surface free-energy per unit area

Ao. Equation (11) then becomes
—— >N (12)

where dA is the area of the new crack surface formed by an increase of crack length

de.
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For Griffith’s criterion the basic strength property of glass appears to be the surface
energy. From a thermodynamic point of view, Griffith’s original theory implies that the
quasi-static propagation of a crack is a reversible process. For rubber and most other
materials this is not true due to irreversible processes in the vicinity of the moving crack
tip [3]. Rivlin and Thomas [56] further developed Griffith’s criterion for elastomers.
They considered that the reduction of elastically stored energy due to the increasing
cut length is balanced by changes in energy other than the surface free-energy. Their
concept can be explained with a sheet of rubber with thickness ¢ containing a cut of
length c. This sheet is deformed by applying an elongation. Assuming that for a growth
of the cut by dc the work Gt must be done, the decrease of the elastically stored energy

- <3W>l =Gt. (13)

is given by

e

This is formulated for quasi-static crack growth, during which no work is done by
external forces. The index [ indicates constant elongation. Equation (13) looks
familiar to Griffith’s criterion (Eq. (12)). However, the characteristic energy for
tearing G is no longer the surface free-energy \g. The parameter G is called the energy
release rate or tearing energy. It can be shown that the tearing energy is independent
of the shape of the test piece and of the disposition of the crack, but it depends on
the shape of the tip of the crack and on the elastomer [56]. Originally developed
and applied for quasi-static crack growth [32,57], the concept of tearing energy was
then used under dynamic loading [58]. After an initial phase of rapid cut growth, the
dynamic cut growth was found to be constant if the load was low enough to avoid
time-dependent catastrophic tearing. Thus, the dynamic cut growth was evaluated
after the initial phase of rapid cut growth was finished. The approach of the tearing
energy is useful, when the crack growth rate is uniquely defined by G which is the
case for many elastomers [59]. However, under non-proportional multiaxial loading
the calculation of the tearing energy is unreasonable [60]. Another challenge is that
the evaluation of G in components is difficult.

The tearing energy is a fracture mechanical parameter describing the energetic process
during crack growth. It is considered to include whatever energies are expended to
create a crack. This implies that polymer chain rupture and hysteresis energy losses
are part of the critical value of tearing energy [4]. The tearing energy is closely related
to the strain energy distribution and therefore also to the stress concentration at the
crack tip although it is calculated using global parameters [59,61].

In course of discussing the tearing energy, also the concept of the J-integral should
be mentioned which is considered to be equivalent to the tearing energy G. Small
differences between the J-integral and G are due to the different equations for
calculation [31, 62]. For linear elastic deformation they are identical [40]. The

J-integral is an energy-based approach to the fracture process and was developed
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by Cherepanov [63] and Rice [64]. It is a path-independent contour integral which
encloses the plastically deformed range at the crack tip and circles in the elastically
deformed region around the crack tip in a closed path [40]. The independence of path
is given when the integral path is in a region where there is no energy dissipation
due to hysteresis or dissipative material behaviour [62,64]. In two dimensions, the
J-integral represents the difference of potential energy in two identically loaded

specimens with different crack lengths by the amount of de [64,65].

In this thesis, all crack growth measurements are carried out under dynamic
loading conditions with pure shear specimens (Fig. 2.12). This specimens—also called
planar stress specimens—show a very high width to length ratio, in general in the
order of 10:1 or larger [4]. If a cut is introduced at the side of the specimen (in Figure
2.12 at the left side of the specimen), four different regions of strain behaviour can be
distinguished. In region A the test piece is undeformed. The region B is in a state of
pure shear and the region C is characterized by a complicated state of strain due to

the crack tip. In region D the influence of the sample’s edge leads to a deviation of

T load
S S S S
IV clamps

SIHNNTIEEN N
Figure 2.12: Pure shear specimen with a laterally cut of size ¢ and length hg and four regions
of strain behaviour A, B, C, D (modelled after [56])

the pure shear condition [56,66].

vs]
wj

=}
=

If the cut grows by the amount of de, the state of strain in region C is not altered
but the region is shifted parallel to the direction of the cut growth. Thus, the region
A grows and the region B decreases by the same amount of volume. This transferred

volume V' can be expressed by
V' = hotde, (14)

where hg is the length of the specimen and ¢ denotes its thickness. Both quantities are
measured in the undeformed state. The change in the elastically stored energy dW is

then given by
dW = —Wyhgptdc. (15)

Wy is the elastically stored energy per unit volume of a material in a pure shear
state for a given extension. In general, Wy can be obtained by integration of the
load-deformation curve. Equation (15) can also be written

<6W

| = . 1
e )l Wohot (16)
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Comparing Equation (16) with Equation (13), the expression for the tearing energy G

for pure shear specimens
G = Wyhg (17)

is obtained which is independent of the cut or crack length c.
This is valid for a sufficient long cut compared to the width. If the crack in the pure
shear sample is very short or the simple tension specimen is used then the tearing
energy is

G =2kWyc (18)

which is now dependent on the crack size ¢ [62,67]. The parameter k is a numerical

factor
b 2.95—0.08¢

VTie (19)

and is dependent on strain ¢ [68].

The method to determine the elastically stored energy per unit volume Wy and further
the tearing energy G (Eq. (17)) under dynamic load is not consistent throughout
literature. For crack growth under static condition, Wy is determined by integration
of the stress—strain curve respectively the force—elongation curve with the result being
divided by the volume. For dynamic load, rubber shows hysteresis and there is a loading
and unloading stress—strain curve. In the earliest work about the tearing energy under
dynamic load, e.g. [58,69,70], the integration path of Wy is not further specified, but
these studies used unfilled rubber blends where the effect of hysteresis was low. In the
standard ISO 27727 [71], it is described that the elastically stored energy Wy results
from the work done in deforming the test piece. The calculation of W is carried out
with the retractive force—extension curve. This method is also used in [65,72] and in [3],
it is recommended that W} should be obtained from the retractive force—extension
curve because this is the elastic energy which is released during crack growth. On
the other hand, in [7,51,73,74] the elastically stored energy Wy is defined as the area
under the loading force-extension curve. Due to the definition that W is linked to the
deformation of the specimen, in this thesis the loading force-extension curve is used
to determine Wy. For tests where the load oscillates between tension and compression

only the area of tensile forces are used for calculation.

2.4 Fatigue

Due to their properties, rubber are often used under cyclic loads. Under this dynamic
loading the rubber shows a progressive weakening of its physical properties which is
called fatigue. If the cyclic deformation continues, the material fails at stresses or
strain which are considerably smaller than the material tear strength under static
conditions [3,40]. Many factors contribute to the durability of rubbers. Due to the

typically large strains applied, the mechanical fatigue is primarily considered but also
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thermal and chemical damage can contribute to failure [75]. The fatigue failure process
is typically divided into two phases. The first one is the crack nucleation or initiation
process. In the subsequent second phase, the cracks grow until the failure of the
material [76]. The first phase is driven by microscopic features (inclusions, defects) in

the rubber while the second phase is driven by the rubber matrix [77].

2.4.1 Fatigue crack initiation

It has been established that microscopic features, which are present in the material
before any applied load, are responsible for the crack initiation and the fatigue failure
process [60,78,79]. These features lead to a magnification and localization of the stress
under applied load. A definition of the crack initiation under cyclic loads is given
in [78]: The flaws or defects serve as the precursor to the development of cracks. When
the material is oscillated, each precursor develops as a crack and the cracks grow
at different rates reflecting material properties, loading conditions, and the scaling
relationship between the size of the crack and its energy release rate. At some point,
the fastest growing crack reaches the size of its host’s boundaries and the forces which
drive the growth cannot be estimated by a simple scaling law any more. This is when
a crack is initiated. However, not every crack which reaches the size of the precursor
propagates further to macroscopic scale [77].

To detect the point of crack initiation in experiments is not trivial. Therefore, the
usual definitions of fatigue life include the crack initiation phase and also times of
crack growth. With a considered definition and choice of specimen, the amount of time
of crack growth can be less than 10 % of the total measured fatigue life, e.g. [51,80]. In
many experimental studies, the fatigue life is defined as the number of cycles until a
crack of a certain size is detected [51,60,81]. This approach has been used for rubber
since the 1940s, e.g. [82]. For some specimen geometries, the fatigue life is reached
when the specimen is completely ruptured. Another definition of the fatigue life is the
drop of the apparent stiffness to a certain amount [83,84] or a change of the stiffness
loss rate—the first derivation of the apparent stiffness with respect to the number of
cycles [85].

The fatigue life is usually displayed in a “Wohler-curve” or S-Ny-curve where the
fatigue life parameter S is plotted against the fatigue life Ny. The Wohler-curve consists
typically of two segments. The first segment is the range of low cycle fatigue where
there is a linear dependence of the parameter S on the fatigue life Ny in a logarithmic
plot. This behaviour continues until a fatigue strength—also called fatigue limit—is
reached below which the cycles to failure increase expeditiously. There are two different
types of material depending on the behaviour at fatigue strength. The first type can
sustain the fatigue strength for any number of cycles whereas the second type still

shows a linear dependence in logarithmic display but with a much lower slope [40, 86].
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The fatigue life parameter is very often the maximum strain or an energy criteria
like dissipated, respectively stored energy. Stress as fatigue life parameter sometimes
produces misleading predictions [74,76,87].

There are different specimen geometries to investigate fatigue life. Tensile strips or
dumbbell specimens which are cut out from sheets have been used since the first works
about fatigue and also up to now [69,70,88]. This specimens show low heat build-up
but they are limited to tensile loads. Cylindrical specimens are are also possible
geometries [60,82]. They give an uniaxial stress state under tension and compression.
Due to their bulky form they show distinctive heat build-up. Also for alternating
tension—compression and multiaxial loads the rotationally symmetric hourglass shaped
specimen is common, e.g. [75,89]. The advantage of the geometry is that the crack
initiation is located in the thinner section but it also shows a triaxial stress state.
The test specimen and the fatigue life criterion used in this work are specified in
3.3.2. Fatigue life investigations are in general time consuming and material intensive.
The use of models for fatigue life prediction can help to save both. Therefore,
different analytical models are considered and selected regarding their applicability
to tension—compression loads. Details about the models and their evaluation can be

found in chapter 8.

2.4.2 Fatigue crack growth (FCG)

The crack growth phase considers pre-existing cracks or flaws and describes the
propagation of a crack in the material to the point of failure. For rubbers, the
FCG rate is plotted over the tearing energy, typically with logarithmic axes, which
gives the FCG curves. Depending on the tearing energy, the crack growth curves
can be divided into four regimes. Below the minimum tearing energy Gy the crack
growth rate is independent of mechanical load and only due to environmental attack.
This results in a constant crack growth rate. Above the minimum tearing energy,
the mechanical induced crack growth starts and the crack growth curve shows a
linear dependence on the tearing energy until the transition tearing energy Gy is
reached. This range is also called transition range. At the transition tearing energy,
the behaviour changes from a linear to a power law. The power law characteristics
continues until the catastrophic tearing energy G., where the crack growth happens
almost instantaneously. In Table 2.2, the different regimes are summarized. In Figure
2.13 the crack growth characteristics of NR and SBR are shown. For different rubber
types, the values of G, G¢, and G, are not the same [76, 86].

Most of the experiments regarding crack growth of rubber are executed in the range
of regime 3 (Fig. 2.2). The value of the exponent F' is between 2 and 6 for most

vulcanized rubbers and depends strongly on the elastomer type [90].
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Table 2.2: Different regimes of crack growth characteristics

Regime Name equation range
Regime 1 Ozone cracks g—; =r G < Gy
Regime 2 Transition range 3—5 =A(G-Go)+r Go<G<Gy
Regime 3 Power law range g—g = BGY Gi<G<GE,
Regime 4 Catastrophic tearing g—; — 00 G > G,

material constants: r, A, B, I’
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Figure 2.13: Crack growth characteristics of NR and SBR (reproduced from [76, p. 954], [86, p.
351])

In general, the total crack growth rate de/dn consists of two parts

de 1 (dc) ( de )
— == +— (20)
dn f dt static dn dynamic

which are the time-dependent crack growth rate (first summand) and the dynamic
crack growth rate (second summand) [91]. The time-dependent crack growth occurs
also under static load. For dynamic tests, its contribution per cycle to the total crack
growth depends on the duration of a cycle (1/f) and the tearing energy at each time of
the cycle. The time-dependent crack growth behaviour is reduced for filled amorphous
rubbers and inhibited in NR by strain crystallization [70,76,90,91]. The dynamic crack
growth rate only occurs under dynamic loading conditions. This term is assumed to

be independent of the length of time of a cycle [90].
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2.4.3 Influences on the fatigue behaviour

In this section, the main influencing factors on the fatigue with regard to the product
handrail are analysed. The fatigue behaviour depends on various parameters, for
example loading conditions, environmental factors, composition, and processing of the
rubber compounds. For complete analysis of the whole fatigue process it is important
to investigate the fatigue life as well as the crack growth behaviour. In literature,
the fatigue crack growth is rather investigated than the fatigue life but the systematic
research on the fatigue life and the behaviour of materials until a crack occurs becomes
more and more important.

The load of the handrail can be simplified to an uniaxial tension—compression load.
Uniaxial loads are typically characterized by maximum, minimum, and alternating
load, and/or load ratio R (minimum load by maximum load). A material experiencing
the same maximum load but differing load ratios has different fatigue life and FCG
rates. For crystallizing rubbers, it is very crucial if the applied cyclic load ranges
exclusively in the tension area (R>0). In this load range, crystallizing rubbers show
increasing fatigue life and decreasing crack growth rates. This is because the crystalline
structures are always present although they vary in size during a cycle [92]. When the
load is fully released or oscillates between tension and compression (R <0), the fatigue
life significantly decreases and the crack growth rates increase [1,3]. At this load,
the crystalline structures are destroyed for every cycle at minimum strain. The effect
was seen when the fatigue life was compared over maximum strain and over strain
amplitude for moderate maximum strains. For non-crystallizing rubbers, the effect of
the load ratio R > 0 depends on the polymerfiller system [75,93].

Most of the fatigue life investigations use sinusoidal load curves with frequencies
typically between 1Hz and 5Hz. Altering the frequency means a change in the strain
rate. For the strain-crystallizing natural rubber (NR), no significant influence of the
frequency on fatigue life in a range from 0.001 to 50 Hz has been observed [3,94]. For
non-crystallizing (amorphous) rubbers like styrene-butadiene rubber (SBR), an effect
of frequency has been found especially at frequencies below 0.2 Hz. For these rubbers
the time-dependent steady crack growth term is held responsible for the dependence
on the frequency. The steady crack growth behaviour is reduced for filled amorphous
rubbers and inhibited in NR by strain crystallization [1,91].

Furthermore, different frequencies have a strong influence on the self-heating of
samples. Under cyclic loading, the hysteresis behaviour of rubber leads to heat
build-up. When the oscillation is started the temperature of the sample rises until
it reaches a plateau when the heat build-up is balanced by the heat transfer to the
surroundings [95-97]. The plateau temperature depends on the curve parameters
and also on the elastomer type, amount and type of the filler, and on the specimen

geometry [98]. In laboratory measurements the samples are sometimes cooled to
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diminish the influence of the temperature but in many applications this cooling of the
rubber products cannot be accomplished. The consequence is that additionally to the
mechanical load, the thermal load can also contribute to fatigue. A higher temperature
shortens the fatigue life, increases FCG rates, and also has chemical effects [98,99]. It
was found that the fatigue life of strain-crystallizing rubbers are less influenced than
that of non-crystallizing types [3,70]. The thermal load can also influence the effect of
the frequency on the fatigue behaviour which then differs from the effect described in
the paragraph above. In [81], it was shown that for an increase of the frequency from
3Hz to 5Hz, the plateau sample temperature increased and the fatigue life decreased.
This trend continued for higher frequencies. The material was SBR filled with 34 phr
of carbon black.

While there is a considerable amount of investigations using different frequencies,
most of the studies do not consider other load curves than sine waves [3]. Rubber
is used in many different products under greatly varying load curves which makes the
reproduction of those conditions in the laboratory difficult. In general, it is expected
that a different wave form shows more effect for synthetic rubbers than for NR since
the strain rate is changed and the strength of synthetic rubbers highly depends on
viscoelasticity [3]. One of the few product load curves investigated in literature is the
pulse wave form which is more realistic to the real load of tyres [1,5]. In [100], the pulse
wave led to a shorter fatigue life compared to the results under a sine wave. In [73],
the effect of dwell periods during sinusoidal deformation on the FCG rates of filled
SBR and NR were investigated. In general, a dwell period at a strain which produced
zero stress increased the FCG rates. The effect was more pronounced for SBR than
NR. The FCG rate increased as the dwell time increased and decreased as the number
of cycles between dwell periods increased. For dwell levels which produced positive
stress the increase of the FCG diminished as dwell level strain rose. The effect of the
dwell periods was related to a time-dependent recovery in the rubber microstructure.
In [101], the FCG rates of SBR under “square”-curves—which were sine curves extended
by dwell periods at the extreme values—were higher than under a sine wave. This was
attributed to the influence of dwell periods during the square-curves.

It was already mentioned in section 2.1, that the fatigue life depends on the polymer
type. The used carbon black is also important. For example, the fatigue life increases
with structure level and decreases with specific surface area of the carbon black and
the heat build-up is higher for more active carbon black [3,8]. Furthermore, the effect
of different wave forms can depend not only on polymer type but also on compound
ingredients like fillers [1].

When measuring high cycle fatigue, also chemical durability is essential. For products
like handrails for escalators used under normal atmosphere, the resistance to ozone
is of great importance. Ozone increases FCG rate and decreases fatigue life. The

ozone reacts with the carbon—carbon double bonds in the elastomer and leads to chain
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scission. When the rubber is exposed to ozone and strain, surface cracks appear. There
are effective antiozonants available which reduces ozone cracking by directly reacting
with the ozone [1,3].

When the rubber is exposed to oxygen so that it can dissolve or diffuse into the rubber
and cause chemical changes in the bulk elastomer, this process is called oxidative ageing.
Oxidative ageing also decrease FCG rates and shortens fatigue life. Oxygen reacts with
the elastomers causing chain scission and cross linking. If chain scission dominates, the
rubber becomes soft and subsequently sticky. This behaviour occurs mainly for unfilled
NR vulcanizates. If cross linking is the dominate process, the elastomer hardens and
becomes brittle. This is the main behaviour for technical rubber blends. For some
blends, in the early stages of oxidation the effects of chain scission and cross linking may
balance each other out so that the modulus does not change but tensile strength and
elongation are reduced. The oxidation rate increases with increasing sulphur content
and stress accelerates the oxidation. The presence of oxygen increases the FCG rates
even for new specimens without prior exposure. In vacuum, the FCG rates are higher,

especially at lower loads. Antioxidants are able to slow down oxidation [1,3].

2.4.4 Fatigue of rubber—textile composites

In many products, rubber is reinforced e.g. with textile plies or with metal cords which
then carry most of the load applied to the composite [102-104]. For these composites,
the adhesion between rubber and reinforcement is a great issue and several methods
have been developed to ensure a good adhesion. One of the standard methods for
synthetic fibres is to dip the fibres or textiles with Resorcinol Formaldehyde Latex
(RFL). In sulphur-curing systems, it has been suggested that the latex phase of RFL
co-crosslinks with the rubber while the resorcinol formaldehyde resin phase bonds to
the textile due to hydroxyl groups [102,105,106].

In literature, often the static adhesion is investigated, but also the dynamic adhesion is
considered recently. These investigations are done with so-called H-test or T-test with
one single cord embedded in the rubber [107,108]. There are also studies with samples
where an array of cords are embedded [102,109].

In [102], several RFL coated polyamide (PA) cords were embedded parallel between two
rubber layers and tested under tension—compression conditions. Two fatigue damages
were identified which were microcracks at the RFL-rubber interface and adhesive
debonding between RFL and PA microfibres. In [110-112], the fatigue damages
were fibre-matrix debonding and matrix cracking and in [111] additionally cord break
occurred. In [113], the crack growth in rubber—cord laminates were investigated. Two
plies of multi-stranded steel cords were embedded in the rubber. Two types of cracks
were found for this type of specimen: Inter-ply cracks which ran longitudinally between

the two plies and cracks which developed around the cords and caused the cords to
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move in and out of the rubber. This process was called socketing. In [104], the tensile
strengths of cords made of PA 6, PA 6.6, and polyester were tested after a specified
period of tension—compression fatigue testing of rubber—cord samples. The polyester
showed the highest decrease of tensile strength due to the fatigue testing which was
attributed to thermal degradation and molecular scission.

Since the geometry, the used materials, and the form of the load curve are often
unique for one rubber product, in literature often these products or specimens cut from
the products are tested and then analysed due to their failure behaviour increasingly
using X-ray microtomography measurements [114-117]|. Furthermore, Finite Element
Methods are used to investigate those products [118,119].
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28 Materials and Methods

3 Materials and Methods

3.1 Materials

The focus of this thesis was on the investigation of rubber blends which are used for
a specific technical application. Beside this kind of blends also model materials were
investigated. All of the rubber blends were products of Semperit AG and since they are
partially used in products the whole compound composition and vulcanization process
are protected information. Therefore, only the basic information about the blends
consisting of type and amount of the rubbers respectively carbon blacks is given (Table
3.1, Table 3.2).

The rubber blends in Table 3.1 were mainly used for displacement-controlled tests.
The rubber blends 1616 and 1620 were application-relevant blends used in handrails
for escalators: Most of the investigations were done with these two blends. The blend
1616B was the same as 1616 but with a different carbon black type (N330). The
blends 1620Y and 16207 were variations of 1620 with lower and higher carbon black
amount, respectively. Two carbon black types (N550, N330) were used in 1620V, 1620,
and 1620Z and the ratio of the carbon black types in phr was kept the same for all
three blends, i.e. (phr N550)/(phr N330)=const. The materials NR80 and SBR80
were model materials which had the same carbon black amount as 1616 and 1620 but

consisted of only one type of polymer.
Table 3.1: Rubber blends I

Polymers / phr  Carbon blacks / phr

Name SBR BR NR Nb550 N330
1616 50 30 20 79 —
16168 50 30 20 — 79
1620 50 30 20 18 61
1620Y 50 30 20 14 46
1620Z 50 30 20 23 7
NR80 — — 100 &0 —
SBR80 00 —  — 80 —

The materials in Table 3.2 are used for hydraulic hoses which are subjected to

force-controlled loads.
Table 3.2: Rubber blends II

Polymers / phr Carbon blacks / phr

Name NBR SBR CR N550 N990
3105 100 — — 70 —
3107 13 18 69 — 139

All of the test specimen were produced by Semperit. At Semperit, both the

unvulcanized compound and the vulcanized rubber have to fulfil defined quality
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features. Due to this and Semperit’s years of expertise in production, it is fairly
unlikely that the results were influenced by production errors.

The fabrics used for the rubber—textile composites were all woven mats. The materials
used for the warp and the weft cords, their surface weight, and their names are given

in Table 3.3.
Table 3.3: Used fabrics for the rubber—textile composites

Name Warp cord Weft cord  Weight

PE270 polyamide polyester 270g/m?
EP100 polyester polyamide 370g/m?
EE100 polyester  polyester 365g/m?

3.2 Mechanical-technological testing

The hardness was tested in Shore A according standard ISO 7619-1 [120]. The
measurement was done with a durometer handheld device. The thickness of the

samples for measurement was never smaller than the minimal thickness of 6 mm.

Tensile tests to measure the tensile stress-strain properties of the rubber and
rubber—textile samples were done. The used specimen geometry was the same
as for the fatigue life testing (section 3.3.2). Since the properties of rubber are
highly determined by the used specimen geometry, the same geometry for tensile
tests and fatigue life test was used. Thus, the influence of a different specimen
geometry was excluded. The nominal rate of extension was maximal 300mm /min.
For the rubber—textile samples a lower rate of 60mm /min was used. Whenever a
tensile test is shown, the rate of extension of the moving clamp is given. The tensile

strength and the elongation at break were evaluated according to standard ISO 37 [121].

The compression set was determined according to standard ISO 815-1 [122].
The specimen geometry type B in the standard was adapted in order to directly cut
the compression set samples from the fatigue life samples (section 3.3.2). The diameter
was 13 mm as required but the thickness was 4 mm which is set by the thickness of the
fatigue life samples. The applied compression was 25 % and duration of loading was
24 hours. After that, the unloaded samples were put on a wooden board and after

30 minutes the thickness was measured and the compression set was calculated.

3.3 Fatigue testing

The fatigue testing included the measurement of crack growth rates and of fatigue
life. The specimen geometries for FCG and fatigue life measurements were very similar

and only differed in the width of the samples. For both specimens, the length was


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

30 Materials and Methods

ho =16 mm and the thickness t =4 mm. In Figure 3.1, the side view of the specimens

is shown and the form-fitting clamps holding the specimens are indicated.

clamp I

clamp

Figure 3.1: Side view of the specimens for FCG and fatigue life measurements

Two testing machines were used which had similar clamps allowing form-fit gripping of
the samples for crack growth and fatigue life measurements. One testing machine was
a hydraulic testing system MTS MiniBionix 858 (Fig. 3.2) which was equipped with a
25 kN load cell, a position sensor, and an optical measurement and evaluation system
CV5001 from Keyence. The optical system was equipped with two cameras with a
resolution of 5 Megapixels and the system could take and save pictures at particular
points throughout the testing procedure. It was able to automatically evaluate the
crack length during crack growth measurements. The MTS was provided with a
temperature chamber to do experiments under higher ambient temperature. The other
testing system was an electrodynamic driven machine (Fig. 3.3) which was equipped
with a 5 kN load cell (HBM U10M), a position sensor, and also an optical measurement
system programmable to automatically take pictures. The electrodynamic testing
machine and its optical system were developed and built at the Institute of Materials
Science and Technology of TU Wien. The optical system could also evaluate the crack
length of an existing crack, which was seldom used since the field of application of this
machine was mainly high cycle fatigue life measurements. The resolution of the camera

of the optical measurement system was 5 Megapixels.

3.3.1 Measurement of FCG rates

The crack growth measurements with pure-shear specimens are in principle described in
the standard ISO 27727 [71]. In [7], the procedure was further developed and adapted
to measurements in the tension-compression range.

For crack growth measurements, the MTS testing machine with the Keyence optical
system was used. Crack growth rates were measured with pure shear specimens
(Fig. 2.12) of a width w = 200 mm which gave a length to width ratio of 1:12.5.
The length and thickness are given in Figure 3.1. The sample was mounted in the
clamps, preloaded to 20 N, and notched on one side with a specially designed notching

equipment. The equipment was guided in dovetail guides where a limit stop was
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Figure 3.2: MTS MiniBionix 858 while Figure 3.3: Electrodynamic testing machine
temperature chamber is in use (developed and built at the Institute of
Materials Science and Technology, TU Wien)

mounted to adjust the length of the notch. These measures provided well-defined
notching for every experiment which is very crucial for reproducible and successful
crack growth measurements as it was shown in different studies e.g. [123]. After the
notching, the sample was again loaded to 20 N and the FCG measurement was started.

Further explanations about the measurement procedure can be found in [7,12].

3.3.2 Determination of fatigue life

The length and thickness of the specimen geometry for fatigue life measurements are
given in Figure 3.1. The width of the sample was w = 66 mm which gave a length
to width ratio of 1:4. The width was chosen in order to perform fatigue life tests
simultaneously on two samples to reduce the overall measurement time for fatigue
life. Nevertheless, the volume of the sample was still quite large which ensured a
good statistical distribution of the sizes of possible flaws and defects in the material.
Due to the volume of the used specimens, the temperature rise under cyclic loading
was pronounced. This had an additional influence on the fatigue of the samples
but is also application-relevant since products which are subjected to oscillating
tension—compression loads are also bulkier.

Specimens normally used for fatigue life experiments are e.g. tensile strips, cylindrical
specimens, or hourglass specimens. The standards covering the determination of
fatigue also use flat dumbbell specimens [9] and cylindrical specimens [11]. The
choice of the sample geometry in this thesis was unusual and based on the following
considerations: The samples had a considerable volume to include a good statistical
distribution of flaw sizes in the material [79]. The geometry provided approximately

the same load for an area as big as possible which of course would be also fulfilled


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

32 Materials and Methods

by cylindrical specimens. The strain distribution could be well determined by using
image correlation software. The detection of a crack was much easier done than
with rotationally symmetric specimens since only two sides of the sample had to be
observed. Last but not least, also rubber—textile samples were investigated where a
woven textile was embedded in the sample. The chosen fatigue life specimen allowed
that as less geometric parameters as possible were changed between the investigations
of the rubber and rubber—textile samples. In principle, the rubber—textile samples
had the overall dimensions as described above with a symmetrically embedded ply of
textile. Small alterations were conducted to ensure a good gripping of the samples.

The rubber—textile samples are further explained in section 7.

The procedure of the fatigue life tests was kept as simple as possible. The specimens
were mounted into the clamp to which the load cell was connected and the force was
zeroed. This defined the unloaded condition. Then the specimens were fixed to the
other clamp. If the force was not zero any more, than the elongation was changed so
that the samples were again in a stress-free condition. This defined the zero point of the
elongation. After this, the cyclic loading was started. The measurement procedure of
the rubber—textile samples mainly followed the procedure given above but additionally
contained pre-conditioning cycles. More information is given in section 7.3.

The shorter width (66 mm) of the fatigue life samples compared to the width of the
FCG samples (200 mm) narrowed the area where pure shear (or plane stress) behaviour
was present. According to [66] and regarding the actual numbers of the specimen
dimensions, the area of pure shear was then approximately 10 % of the total area. This
means that only if the crack occurred in the middle area of ~7mm length, than the
plane stress behaviour was given. On the one hand, this had no significant impact on
the Wohler curve since the fatigue life parameter was the maximum strain measured
with a digital image correlation software (3.4). However, it was important when results
of different materials were compared and the locations, where the cracks occurred,
differed. In the course of this work, two crack locations were identified. One was in the
middle of the sample (Fig. 3.4), where the plane stress behaviour was most likely. The
other possibility was that the crack occurred at the edge near the grip (Fig. 3.5). In
this case, the stress state was not known and was likely to be higher than in the middle
of sample since the clamps could have an influence although they were designed to be

form-fitting.

Figure 3.4: Crack location in the middle of Figure 3.5: Crack location at the clamps, the
the sample, the red lines indicate the clamps. red lines indicate the clamps.
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The rubber blends used in this work showed the behaviour, that for each material
one crack location was predominant. The typical crack location of the used materials
are given in section 5. It is important to mention that materials with different crack
locations cannot be quantitatively compared since it is not sure that they fail due to
the same load. Therefore, if two materials are shown in the same figure they show the
same behaviour regarding crack location. The only exception is the fatigue life of 1616
and 1616B (section 5.2) and of 1616 and 1620 in chapter 4.

The fatigue life is a very crucial parameter of the fatigue behaviour of materials and
depends on the used sample geometry. Therefore, its definition must be carefully
chosen. Different definitions are possible: the complete rupture of the sample, the
occurrence of a crack with a certain size, or change of gradient in force or stiffness [3,76].
The first method is usually adopted for small sample volumes, e.g. in [9,83], which
was not the case in the present study. For this study, the second approach and two

methods using the third approach were considered which are specified below.

e The first fatigue life definition was the number of cycles until a crack was apparent
through the whole thickness of the sample. To detect the cracks, the oscillations
were stopped periodically (e.g. every 1000 cycles) and pictures of the surface of
the strained samples were taken. This means, that the appearance of the crack
and the end of fatigue life were not detected instantaneously since the crack could
occur at an arbitrarily cycle between the picture where the crack was detected
and the previous picture. However, the number of cycles between two pictures
was chosen for every load case so that the error was < 10% of the measured

fatigue life.

e The second fatigue life definition was adopted from [124]. The original criterion
defines the fatigue life as the number of cycles until the maximum force during a
cycle dropped by 15 % of its value at the 128th cycle. This criterion was modified
by using a 15% drop of the apparent stiffness K per cycle defined as maximal
force by maximal elongation K = F,44/dmae. The reference value was evaluated
after a few thousand cycles to exclude the influences of the Mullins effect or cyclic

softening.

e The third fatigue life definition was based on [85] and utilized the first derivation
of the apparent stiffness K to the number of cycle (stiffness loss rate). As in [85],
it was observed that the first derivation was constant until a macroscopic crack
occurred. In contrast to the second criterion, no reference value had to be defined

since the deviation from the constant value was clearly visible.

The optical criterion and the stiffness criteria were evaluated for the fatigue life
measurements and their results for the same tests differed mostly in a 5% range.

Therefore, considering the typical scattering of fatigue life measurements, the criteria
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lead to the same fatigue life results. This means also that regardless which criterion was
used, the observed fatigue life contained crack nucleation and crack growth whereas
the distinction between the two fatigue processes was not possible.

The criterion based on the stiffness loss rate [85] provided the simplest and most reliable
evaluation. Like the optical criterion, it had also the benefit that it was applicable to
both displacement- and force-controlled experiments without adjustments. However,
this criterion alone could not distinguish between the different crack formation
behaviours (Fig. 3.4, Fig. 3.5). Therefore, the fatigue life was defined as the number
of cycles until a crack was apparent through the whole thickness of the sample and
additionally the stiffness loss rate was evaluated.

The criterion of the stiffness loss rate was used to determine the life time of the
rubber—textile composites, since the samples showed a decrease of the stiffness loss

rate but no damage on the surface.

3.3.3 Testing under higher ambient temperatures

FCG measurements and fatigue life tests were also done under higher ambient
temperature using a temperature chamber at the MTS testing machine (Fig. 3.2).
The FCG specimens were preloaded to 20 N and notched at room temperature. Then
the upper clamp was removed and the lower clamp—which was connected to the
load cell—was loosened. The temperature chamber was heated up to the required
temperature and the sample was kept at this temperature for one hour for temperatures
up to 80°C. When doing experiments at 100°C, the heating time was increased
to two hours. After that, the lower clamp was fastened and the force was zeroed.
Subsequently, the upper clamp was closed and the sample was strained to 10 N. In the
original procedure at room temperature, the samples were strained to 20 N. Since the
rubbers were less stiff at higher temperatures, 10 N was found to be sufficient to ensure
reproducible crack growth measurements.

Since the fastening of the clamps required to open the temperature chamber, the
temperature fell during this time. Therefore, before the measurement was started
it was waited until the temperature in the chamber stabilized again. This took usually
some minutes.

The approach for fatigue life measurements under higher ambient temperatures was
similar, but without notching at room temperature and pre-loading to 10N before

starting the measurement.

3.4 Strain measurement

The strain ¢ was determined by use of the digital image correlation software GOM
Aramis. Before the measurement, a white dot pattern was sprayed on the surface

of the specimens. Then pictures of the unstrained and strained surface were made
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and evaluated with the software using 2D digital image correlation. The pictures of
the samples in strained state could be taken during the measurements of FCG rate
and fatigue life. During FCG measurements, the pictures were taken according to the
procedure specified in [7]. The evaluation of the strain was done in sufficient distance
to the crack in order to exclude influence of the highly strained crack tip. As mentioned
before, during the fatigue life measurements, pictures were always taken after a specific
number of cycles to evaluate the location of the cracks. These pictures were taken at
maximum elongation and therefore could also be used to evaluate the maximum strain

and strain distribution.

3.5 Determination of hysteresis properties and temperature
measurement

For all measurements, the hysteresis curve was recorded with the load cell and position
sensor on both machines during the tests. The cycles were then analysed regarding
maximum force and stiffness loss rate. Furthermore, for the measurements using
sinusoidal curve forms, the dissipated energy, stored energy, and tand’ were evaluated
(Fig. 2.4). The evaluation was done at approximately 25% of the fatigue life—to
exclude the influences of the Mullins effect or cyclic softening—and for the last five
cycles during a FCG measurement. In order to diminish influence of small geometry
variations of the samples, the dissipated and stored energy were always divided by the
initial specimen volume V and expressed in kJ/m?.

Due to its hysteresis, rubber shows distinctive heat build-up. The thermal conductivity
of rubber is low and therefore the temperature of the samples increases under cyclic
loading [89]. The heat generated per cycle is given by the dissipated energy Ey;ss (Fig.
2.4). When a rubber specimen is subjected to cyclic loading with constant elongation,
the sample temperature starts to rise. Eventually the temperature reaches a plateau
when the energy dissipated is in equilibrium with the heat loss to the surrounding
by conduction, convection, and heat radiation [89]. This plateau temperature is also
sometimes called stabilized temperature. Subsequently, in this thesis it is called sample
temperature. The sample temperature was measured with a infrared thermography
camera (InfraTec VarioCAM hr head 680) with a non-cooled microbolometer focal
plane array with 640x480 pixels. It had a measurement accuracy of 1.5K for 0 to
100°C. For this measurement method, the emissivity of the material is important
which is the measure of how much heat radiation is emitted by the material compared
to an ideal black body [125]. For rubbers the value is near to one and according
to [126] the emissivity was chosen to be 0.92. A typical temperature measurement
and thermography picture during cyclic loading is shown in Figure 3.6. The maximum
temperature was evaluated over the whole area of the sample. After the temperature
increase at the beginning of the cycling, the maximum temperature was approximately

constant and distributed over a wide area of the sample. Near the borders of the
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sample, the temperature was lower due to heat exchange processes to the environment.
The sample temperature was the mean value of the maximal temperature over at least
2000 cycles when it reached the plateau (Fig. 3.6). The sample temperature for the

measurement in Figure 3.6 was 51 °C.
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Figure 3.6: Maximum temperature of sample over number of cycles and thermography picture
at cycle 364 500 (sine wave 5 Hz, R = —0.2, dpax=5mm)

When the loading is increased, the temperature starts to climb again to reach the
sample (plateau) temperature according to the new load (Fig. 3.7). Also an increase
of the frequency leads to higher sample temperature. At sufficiently high strains
respectively frequencies, the heat build-up causes a failure mechanism called thermal
runaway. Then the internal energy dissipation is greater than the heat transfer to

the surrounding which leads to a rapid temperature increase and this causes serious
degradation of the rubber [1].
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Figure 3.7: Development of sample temperature over loading cycles for different maximum
strains (sine wave 5Hz, R = —0.2)

According to [3], the sample temperature and the dissipated energy FEy;ss are related
by
f-Ey +2
Tsample = Tambient + TZSS : 8_K (21)

in dependence on the ambient temperature Tymbient, the frequency f, the specimen
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volume V', the thickness ¢, and the thermal conductivity K. The thermal conductivity
K is nearly the same for all elastomers and in the range of 0.2 to 0.3 W/(m°C) [3].
Also the thickness t was about the same for all specimens. Therefore, the dependence of
the sample temperature on the term fFEy;55/V is evaluated and summarized in section

9.1.

3.6 Dynamic mechanical analysis DMA

The dynamic mechanical analysis (DMA) is useful to study the viscoelastic behaviour
under different frequencies and temperatures. The sample is subjected to a strain or
stress amplitude and the viscoelastic properties like loss modulus, storage modulus, and
tand are determined (section 2.2). A wide range of procedures are available for DMA
measurements. The various methods of DMA are standardized in ISO 6721-1 [127]. In
this work, the DMA was done with a tensile strip under forced vibrations and the load
was displacement-controlled. The viscoelastic properties were determined for different
frequencies, temperatures, and amplitudes. The test parameters are specified in the

respective sections and figures.

3.7 Thermogravimetric Analysis TGA

With the thermogravimetric analysis (TGA) the mass change of a sample in dependence
on temperature and time can be determined. In the present work, this analysis tool
was used to determine the carbon black amount of the different blends. In typical
rubber blend recipes, the amount of the ingredients is given in relation to the rubber
which is expressed by the unit phr. Especially, in application-relevant blends besides
carbon black many other ingredients are used. Thus, if a sample contains 80 phr carbon
black, it does not follow that the proportion of the carbon black is (80 phr carbon
black)/(100 phr rubber + 80 phr carbon black)=44.4%. Due to the other additives,
the proportion of the carbon black of the total mass is certainly lower and not directly
given by the amount in phr.

The mass of the samples in this work was typically 20mg. The measurement was
started at room temperature and the sample was heated up to 800 °C with a heating
rate of 10 K/min. Up to 600°C, the sample was heated under nitrogen atmosphere
and at 600 °C the gas was switched to air. The different gas atmosphere were used
in order to separate the decomposition of polymer matrix and carbon black. Under
the inert nitrogen atmosphere most polymers decompose in a temperature range from
400°C to 600°C, while carbon black is resistant under these conditions. When the
atmosphere is switched from nitrogen to air at 600 °C, the carbon black burns away.
When 800°C are reached, not all of the sample is decomposed but an ash (inorganic
deposit) remains [40]. The amount of carbon black was determined as the difference

of the mass of the remaining ash to the mass at 600 °C.
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4 Basic Characterisation

The first test done with every rubber blend was a tensile test to get a preliminary
overview of the material behaviour. The results for all rubber blends can be found in
Figure B.1 in Appendix B.1. The stress—strain behaviour in the relevant strain range

for the dynamic tests—which is from 10 % to 60 %—is shown in Figure 4.1.
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Figure 4.1: Tensile tests of all rubber blends used in course of this thesis shown in the strain
range relevant for the dynamic tests

According to [3], the stiffest materials should have a significant lower fatigue life in
displacement-controlled tests than the more elastic rubber blends, since the strain
energy density is higher for stiffer materials. Under force-controlled tests the opposite
should occur. Also the hysteresis properties should be dependent on the control mode
of the measurements. For verification, the fatigue behaviour of the two stiffest materials
in the relevant strain range (3105 and 3107) were compared to the two elastic materials
1616 and 1620 in displacement- and force-controlled tests. The tensile tests of these

four rubber blends are shown in Figure 4.2.
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Figure 4.2: Tensile test of 1616, 1620, 3105, and 3107

The selection of the materials was not completely random. All rubber blends are

application-relevant compounds developed for different requirements. The blends 1616


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Basic Characterisation 39

and 1620 are developed for displacement-controlled loads, while 3105 and 3107 are used
in force-controlled applications.

For the dynamic tests, the load curve was a sine wave with 5 Hz. For
the displacement-controlled tests, the load ratio R = —0.2 was used. For the
force-controlled tests, the load ratio was Ry = —0.6 which was chosen from the ratio of
the forces in the displacement-controlled tests of 1616. The fatigue life is plotted over
the maximum strain (section 3.4) for the displacement-controlled measurements. In
the force-controlled experiments, the fatigue life is plotted over the maximal nominal

stress 7
Omax = Z;X (22)

which is the maximal force divided by the initial cross section of the undeformed sample.
The fatigue life of 1616, 1620, 3105, and 3107 are shown in Figure 4.3
(displacement-controlled mode) and in Figure 4.4 (force-controlled mode). The mean

values of the fatigue life are given in Table A.1 in Appendix A.1.
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Figure 4.3: Fatigue life of 1616, 1620, 3105, Figure 4.4: Fatigue life of 1616, 1620, 3105,

and 3107 for displacement-controlled tests at and 3107 for force-controlled tests at different

different maximum strains (sine 5Hz, R = maximum stresses (sine 5Hz, Ry = —0.6)

—0.2)
In displacement-controlled mode, the fatigue life values of 1616 and 1620 are
distinctively longer than of 3105 and 3107. The latter one shows very short fatigue life
even for a maximum strain of 15 %. This material also shows the stiffest behaviour in
the relevant strain range up to 60 % in the tensile tests. The fatigue life of 1620 and
1616 are comparable in numbers but the different crack formation behaviours must be
considered. Blend 1616 showed crack formation at the clamps, while for 1620 the cracks
occurred mainly in the middle of the specimen’s surface. A more detailed discussion
of the crack formation behaviour can be found in section 5.2.
For force-controlled tests, the order of the fatigue life values is changed. The material
3107 has the longest fatigue life followed by 3105. The fatigue life of 1616 is a little
bit lower than of 3105. The main difference is at a stress of about 2.7 N/mm? where
the fatigue life of 1616 is significantly shorter. At this load, the failure of 1616 occurs

in the compression range which means that the sample buckles under the compressive
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force and the test is stopped. For 1620, the fatigue life is very short compared to the
other three materials. Also, buckling occurs for 1620 at much lower compressive forces
than for 1616.

The dissipated energy and stored energy for displacement- and force-controlled tests
are shown in the Figures 4.5-4.8. For easier comparison, the y-axis scaling of all plots is
the same. The evaluation of the hysteresis curve could not be done for 1620 at stresses
above 1.5 N/mm? and also for 3107 at strains above 30 %, because of the very short

fatigue life at the respective load cases.
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Figure 4.5: Dissipated energy per unit Figure 4.6: Stored energy per unit volume of
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Due to the very stiff behaviour of 3107, its dissipated and stored energy increase
strongly over maximum strain under displacement-controlled tests. The material 3105
shows a little higher dissipated and stored energy than 1616. The ratio tand’ (Fig. B.2
in Appendix B.1) is the same for these two materials and higher for 1620 because of
its lower stored energy.

Under force-controlled tests, the dissipated and stored energy of 3107 is the lowest,
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since due to the stiff behaviour the applied force results in a much smaller elongation
than for the other materials. The stored energies of 1616 and 1620 are the highest
because these materials are more elastic. The behaviour of 3105 is in-between the
other three materials. The ratio tand’ in force-controlled tests is the highest for 3107
(Fig. B.3 in Appendix B.1). The great increase of the stored energy of 1616 leads to a
lower tand’ than for 3105. For 1620, the tand’ seems to be a little bit higher than for
1616 and 3105.

The sample temperatures for the respective control modes are shown in Figure 4.9 and
Figure 4.10.

o 10 - x 1616 1 o 10 -

~ 100 1620 1 — 100 .

® 99 F * 3105 /‘ X 1 & o0t i

S - S

5 £ 80t ]
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2) S 40 | x 3105 :

g g 30 ¢ |3107 1 1 1 R‘fI:-O6—
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maximum strain / % maximum stress / N/mm?

Figure 4.9: Sample temperature of 1616, Figure 4.10: Sample temperature of 1616,
1620, 3105, and 3107 versus maximum strain 1620, 3105, and 3107 versus maximum stress
for displacement-controlled tests (sine 5Hz, for force-controlled tests (sine 5Hz, Ry =
R=—-0.2). The lines connect the mean values. —0.6). The lines connect the mean values.

The relation of the sample temperature of the different materials reflects the relation of
the dissipated energies which correlates to Equation (21). The exception is the sample
temperature of 1616 compared to 1620. The dissipated energies of these two materials
are approximately the same but the sample temperatures are different. This can be due
to a slightly different thermal conductivity. It was found that the thermal conductivity
depends on the type of carbon black [128] which is the main difference between the
blends 1616 and 1620 (Tab. 3.1).

4.1 Summary

For the used rubber blends, simple tensile tests can give first indications of the
materials’ behaviour in dynamic fatigue tests. In particular, the course of the
stress—strain curve in the relevant strain range is a good indicator for the fatigue
behaviour. The tensile strength and elongation at break obtained in the tensile
test are less important. Furthermore, the evaluation shows that also in laboratory
measurements the product-related control mode must be used, especially when
materials are compared. For the used blends, the material with the longest fatigue
life under displacement-control shows the shortest fatigue life in force-controlled

experiments and vice versa. The importance of the control mode is especially in
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evidence for the materials 3107 and 1620.

The first one was developed for force-controlled applications and tested under this
control mode in the laboratory, it shows the longest fatigue life. Also the damping
ability in terms of tan ¢’ is the highest. Under displacement-controlled tests, the fatigue
life is significantly shorter than the fatigue life of the other materials.

The blend 1620 is normally used in displacement-controlled applications. Under
force-controlled tests the fatigue life is tremendously lower and also the sample
temperature is distinctively higher than for the other materials. Furthermore, even

low compressive forces lead to high deformation and buckling occurs.
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5 Influence of Material Parameters on the Fatigue
Life and Hysteresis Properties

The most important rubber blends for this work were the industrial composites 1616
and 1620. They are used in products (handrail for escalators) and also tested in
product test rigs. In the first part of this chapter, the behaviour of the industrial
rubber blend 1616 is compared to model materials NR80 and SBR80. Based on the
compositions of 1616 and 1620, the influence of carbon black type and amount is
investigated, respectively.

The fatigue life measurements were done with a sinusoidal load curve with a frequency
of 5Hz. The load ratio R was chosen to be —0.2. The handrails tested at the product
test rig are also subjected to oscillating tension—compression load but with a lower
frequency and a load ratio about —0.8 [7]. In this work, the frequency and the maximum
elongations were chosen to be higher to avoid exceeding measurement times. A higher
load ratio R = —0.2 was applied since for lower load ratios the used specimens showed

buckling even for moderate compression.

5.1 Comparison of model materials and industrial rubber
blend

The rubber blend 1616 was an application-relevant compound actually used in
products. The blends NR80 and SBR80 were model materials and the compounds were
kept as simple as possible. In summary, seven different ingredients were processed in
NRS8O and SBRS&0, while in 1616 the number was quite higher. The carbon black type
in all materials was N550. The amount of carbon black in phr and in percent of the

mass determined by TGA and the hardness of all blends are given in Table 5.1.

Table 5.1: Hardness and amount of carbon black in phr and in relation to the total mass of
1616, NR80, and SBR&0

Carbon black N550 amount  Hardness

Name in phr relative mass

1616 79 39.4% 70 ShA
NRSO0 80 39.7% 69 ShA
SBR80 80 39.8% 78 ShA

5.1.1 Results and discussion

The fatigue life of 1616, NR80, and SBR80 are shown in Figure 5.1. The mean values
of the fatigue life at different loads and the scattering of the measurements given by
the ratio of maximum and minimum measured fatigue life are given in Table 5.2. The

scattering of the measurements with SBR80 is significant higher than of the other two
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materials which is apparent by the ratio of maximum to minimum measured fatigue

life per load case.
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Figure 5.1: Fatigue life of 1616, NR80, and SBR80 (sine 5Hz, R = —0.2)

Table 5.2: Fatigue life measurement results of NR80 and SBR80: maximum elongation dmax,
maximum measured strain emax, arithmetic mean of measured fatigue life Ny, ratio between

maximum and minimum measured fatigue life ]]\\,,J; — (sine 5Hz R=—-0.2)
- Nt max Ny max
dmax Emax N f N]{,main €max N f ijcc’min
1616
4.0 mm 22.0% 3660000 1.2
5.0 mm 26.6% 1321133 3.2
7.5 mm 39.4 % 410794 5.1
10.0 mm 54.6 % 74333 1.7
NR&80 SBR80
50mm  24.9% 125000 1.4 23.7% 552922 10.4
7.5mm 41.2% 12500 2.4 39.5% 13600 8.1
10.0mm 52.8% 6 648 1.9 51.6% 4833 41.3

All three rubber blends showed mainly crack formation at the clamps (Fig. 3.5).
The fatigue life of 1616 is longer than of NR80 and SBR80. The blend 1616 also
contains BR which was not tested here. In literature, BR has shown higher FCG rates,
shorter fatigue life in the used strain range, and lower elongation at break than NR and
SBR [100,129-131]. However, the behaviour of blends like 1616 depends not only on the
properties of the single rubber types. For a certain blend composition and load range,
rubber blends can show better properties—e.g. tensile strength, elongation at break,
fatigue life—than each single polymer [15,132,133]. Furthermore, it must be considered
that 1616 is an industrial rubber compound with a higher amount of additives, e.g. oils,
while the recipes of NR80O and SBR&0 are kept as simple as possible. The additional
ingredients in 1616 can have a substantial influence on the fatigue life [1,134].

The mean value of the fatigue life of SBR80 is longer than of NR8O for strains below
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30 % and a little shorter for higher strains but the high scattering of SBR80 complicates
the evaluation. In [132], the fatigue life of unfilled SBR was shorter than of unfilled
NR. This was also determined in [133] for NR and SBR both filled with 40 phr N330.
In contrast to [132,133], here the applied load is in the tension—compression range
which negates the positive effect of SIC for NR. Furthermore, the filler loading is very
high. In general, the fatigue life increases with increasing carbon black amount up to
a threshold. Above this threshold the fatigue life decreases again [135]. The threshold
value depends on polymer, carbon black type, and on the applied load. In [8], the
value for SBR filled with N330 was about 50 phr and for NR it was 35 phr. It is most
likely, that for the used NR and SBR blends the carbon black amount (80 phr N550)
is above these thresholds and the fatigue life is decreased compared to blends with
optimal carbon black amount. Therefore, the applied load and the filler amount can
be the reasons for the similar fatigue life of NR80 and SBRS&0.

The sample temperature of 1616, NR80, and SBR80 are shown in Figure 5.2. The
NR blend shows a significantly lower sample temperature than SBR80 and 1616
(SBR/BR/NR blend). The sample temperature of SBR80 is the highest but the
difference to 1616 is not pronounced. Also the dissipated energy is the lowest for
NR8&0 and the highest for SBR80 (Fig. 5.3). The dissipated energy of 1616 is between
the values of NR80 and SBR80. Thus, the direct proportion of the sample temperature
to the dissipated energy given by Equation (21) is qualitatively reproduced.

100 F x 1616 ' ' ]
o x NR80
. 9r SBRS0 5 I
© g0 | % 1
E
S 70 ¢ x< 7
: =
= 60 f ]
5
T 50} ]
o
§ 40 - R=-0.2 |
30 sine 5 Hz -
10 20 30 40 50 60

maximum strain / %

Figure 5.2: Sample temperature of 1616, NR80, and SBR80 versus maximum strain (sine 5Hz,
R = —0.2). The lines connect the mean values of the temperature.

The descending order regarding the stored energy is SBR80, NR80, and 1616 (Fig.
5.4). This leads to the highest tand’ for 1616, followed by SBR80 and NR80 (Fig. B.4
in Appendix B.2).

The blend 1616 has the lowest stored energy although it consists of NR and SBR
which both show higher values. Again, it must be considered that 1616 is an industrial
rubber compound with a higher amount of additives, e.g. oils, while the recipes of

NRS8O and SBR80 are kept as simple as possible. These additional ingredients could
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Figure 5.3: Dissipated energy per unit
volume of 1616, NR80, and SBR80 versus
maximum strain (sine 5 Hz, R = —0.2)
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Figure 5.4: Stored energy per unit volume
of 1616, NR80, and SBR80 versus maximum
strain (sine 5Hz, R = —0.2)

be the reason for the different stored energy. Also in the tensile test, the less stiff
behaviour of 1616 is apparent (Fig. 5.5). The elongation at break of 1616 (276 %) is
significantly higher than of NR80 (175 %) and SBR80 (107 %) while the tensile strength
of 1616 (8.8 N/mm?) is in the range of the model materials (NR80 8.3 N/mm?, SBR80
8.5N/mm?). In [131], the elongation at break and tensile strength of BR—which is
also used in 1616—were lower than of SBR both filled with 40 phr N234.

In literature, the elongation at break and the tensile strength are higher for NR than
for SBR [133] (40 phr N330). For the present NR and SBR compounds (80 phr N550,
Fig. 5.5), the elongation at break of NR80 is also higher than of SBR80. However, the
tensile strengths of NR80 and SBR80 are approximately the same. The high amount
of filler seems to diminish the differences between NR80 and SBR80 so that the better

behaviour of pure NR according tensile strength and fatigue life is reduced.
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Figure 5.5: Tensile test of 1616, NR80, and SBR80
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5.1.2 Summary

In industrial rubber blends like 1616, many different ingredients are used to ensure
a good performance of the product. In model materials like NR80O and SBRS0, the
recipe is kept as simple as possible to reduce influence factors for an easier analysis.
Therefore, their behaviour is very different in comparison to the industrial rubber blend
1616. First, the fatigue life of 1616 (SBR/BR/NR blend) is distinctively longer than
of NR80 and SBR80. For the latter, a pronounced scattering of the measurements is
recognized which is typical for SBR [9]. However, the variation of fatigue life at strains
above 50 % (Table 5.2) suggests that the material is unsuitable for this load.

The results indicate that the additional ingredients in the industrial rubber blend
influence the fatigue life and also elongation at break and the stored energy. The blend
1616 shows the lowest stored energy at same strain and also the least stiff behaviour
in the tensile tests.

On the other hand, the sample temperature and the dissipated energy are mainly
determined by the used polymer. The sample temperature and dissipated energy are
the highest for SBR80, slightly lower for 1616 (SBR/BR/NR blend) and the lowest by
a significant amount for NR80. This qualitatively confirms the direct correlation of
dissipated energy and sample temperature as given in Equation (21).

The fatigue life values of NR80O and SBR80 do not differ much and at strains below
30 %, the fatigue life of SBRR0 is even longer than of NR80. This is in contrast to
different literature results [100, 132, 133] where the fatigue life of NR is significantly
longer. The reason for this behaviour could be the applied tension—compression load
which prevents SIC in NR and the high amount of carbon black compared to the
literature. Also the tensile tests with these materials indicate that the amount of

carbon black has a relevant influence on the material properties.
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5.2 Influence of carbon black type

The mainly used carbon black types for the different rubber blends were N330 and N550
(Table 3.1). The carbon black N550 is considered as moderately active carbon black
and N330 belongs to the group of active carbon black types. The aim of this section is
to investigate the influence of those carbon black types on the fatigue behaviour. The
blend 1616 and 1616B were the same rubber blends, with the only difference that 1616
was filled with N550, while the blend 1616B was filled with N330. The total amount
of carbon black of both rubber blends was 79phr. To determine the amount of carbon
black in relation to the total mass, TGA measurements were carried out. In Table 5.3,
the results are shown and also the hardness is given.

Table 5.3: Amount of carbon black in phr and in relation to the total mass and hardness of 1616
and 1616B

Carbon blacks / phr Total amount Hardness
Name Nb550 N330 in phr relative mass
1616 79 — 79 39.4% 70 ShA
1616B  — 79 79 38.6 % 65 ShA

5.2.1 Results and discussion

The fatigue life of the rubber blend 1616 and 1616B are shown in Figure 5.6. Table
5.4 gives the maximum strain and the average measured fatigue life Vf per load case.
Also the ratio between maximum measured fatigue life and minimum fatigue life per
load case is given. The scattering of the fatigue life measurements is in the typical

range compared to other works e.g. [83,136].
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Figure 5.6: Fatigue life of 1616 and 1616B (sine 5Hz, R = —0.2)

Considering only the naked numbers, the fatigue life of 1616B for a maximum strain of
about 30 % is a little bit higher. At higher maximum strains, the blends 1616 and 1616B

show the same fatigue life behaviour regarding the scattering of the measurements.
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Table 5.4: Fatigue life measurement results of 1616 and 1616B given by the maximum measured
strain emax, the average measured fatigue life Ny and the ratio between maximum measured

fatigue life and minimum measured fatigue life % (sine 5Hz, R=—0.2)

N max N max

dmax €max N f m €max N f m
1616 1616B

4.0 mm 22.0% 3660000 1.2
5.0 mm 26.6% 1321133 3.2 29.7% 2343668 3.1
7.5mm 39.4 % 410794 5.1 44.9% 257287 3.1
10.0 mm 54.6 % 74333 1.7 60.1 % 74 300 3.2

However, it is important to consider also the crack formation behaviour (section 3.3.2).
For the blend 1616B, the cracks occurred mainly in the middle of the specimen’s surface
(Fig. 3.4), whereas for 1616 the cracks formed at the clamps (Fig. 3.5). This means
that 1616B failed solely due to the influence of the mechanical load, but the fatigue
life of 1616 was additionally influenced by the clamps. If the interference by the clamp
design did not exist, the fatigue life of 1616 would probably be longer.

In general, fatigue life at constant strain increases for carbon black types with lower
specific surface area and higher structure [8,137]. For 1616 and 1616B the carbon
black types N550 and N330 are used, respectively. The carbon black N550 has a lower
CTAB surface area and also the higher DBP number which means a higher structure
(Table 2.1). In [3], it is mentioned that for displacement-controlled tests, the material
with the higher modulus should be less durable. This is because the stiffer material
has a higher level of strain energy density (area of the stress—strain curve) at the same
strain. Looking at the hysteresis properties, the stored energy of 1616 is higher than
for 1616B (Fig. 5.8) while the dissipated energy is in the same range for both blends
(Fig. 5.7). This means that 1616 is stiffer at the same maximum strains. The stiffer
behaviour of 1616 can also be seen in the tensile tests (Fig. B.5 in Appendix B.3). The
tensile strength of 1616B is higher which is due to the more active filler particles. This

leads to enhanced polymerfiller and fillerfiller interactions [138].
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Figure 5.7: Dissipated energy per unit Figure 5.8: Stored energy per unit volume of
volume of 1616 and 1616B versus maximum 1616 and 1616B versus maximum strain (sine
strain (sine 5Hz, R = —0.2) 5Hz, R=-0.2)
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The blend 1616 showed indications for a longer fatigue life although the grip design
constrained its durability. These results suggest that for the used rubber blends, the
fatigue life is stronger influenced by the carbon black type than by the stiffness.

The equal dissipated energy for both rubber blends and the lower stored energy for
1616B leads to a higher tand’ for 1616B than for 1616 (Fig. B.6 in Appendix B.3).
Also the sample temperature is higher for 1616B which is due to the more active N330
(Fig. 5.9). At a maximum strain of 60 % the temperature is about 100 °C which is the

maximum service temperature of the used rubber types [3].
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Figure 5.9: Sample temperature of 1616 and 1616B (sine 5Hz, R = —0.2). The lines connect

the mean values of the temperature.
The sample temperatures of 1616 and 1616B differ although the dissipated energies
per unit volume are roughly equal. Regarding Equation (21) and considering that
the frequency was the same as well as the approximate sample dimensions, the only
difference between 1616 and 1616B explaining the different sample temperatures would
be the thermal conductivity. A rough calculation showed that an increase of the thermal
conductivity from 0.2 to 0.3 W/ (m - K) leads to a decrease of about 25 °C at maximum
strain of 60 %. In [139], a more active carbon black also lead to higher heat build-up and
lower dissipated energy which was connected to the change of thermal conductivity and
specific heat. It was found that the thermal conductivity depends on the type of carbon
black and that smaller filler particles in general showed lower thermal conductivity
(140, 141].

5.2.2 Summary

The influence of the carbon black types N330 and N550 was investigated using the
rubber blends 1616B and 1616 with the same amount of carbon black (79phr).
According to the properties of the carbon blacks, the fatigue life of 1616 (N550) should
be longer than the fatigue life of 1616B (N330) [8,137]. However, the material 1616 also
shows a stiffer behaviour under cyclic loading which can lead to shorter fatigue lifer

according to [3]. In the experiments, the rubber blends show approximately the same
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fatigue life but the crack formation behaviour indicates that 1616 has a better fatigue
durability. Therefore, the carbon black types seem to have a stronger influence than
the stiffness of the materials. In [21], it is also stated that agglomeration of particles
often prevents the full realization of the filler capability. This could further reduce the
difference between the fatigue life of 1616 and 1616B.

The sample temperature is higher for the blend with the more active carbon black
(1616B) while the dissipated energy of both blends is approximately the same. This
can be due to a change of thermal conductivity and specific heat [139]. It was found
that for 1616 and 1616B, the tand’ is directly proportional to the sample temperature
and therefore indicates which blend reaches the higher temperature under the same

cyclic loading due to heat build-up.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
ledge

b

now!

i
r

52 Influence of Material Parameters

5.3 Influence of the amount of carbon black

Variations of rubber blend 1620 were used to investigate the influence of the carbon
black amount. The blend 1620Y had a total amount of 60 phr and the blend 16207
of 100 phr carbon black (Table 3.1). The ratio of carbon black N550 to carbon black
N330 was the same for all three rubber blends. To determine the amount of carbon
black in relation to the total mass, TGA measurements were carried out. In Table 5.5,
the TGA results and the hardness of the blends are given.

Table 5.5: Amount of carbon black in phr and in relation to the total mass of 1620, 1620Y, and
16207

Carbon blacks / phr Total amount Hardness
Name  NbH50 N330 in phr relative mass
1620 14 46 60 33.1% 51 ShA
1620 18 61 79 39.4% 67 ShA
1620Z 23 7 100 44.9 % 70 ShA

5.3.1 Results and discussion

The addition of carbon black to rubber compounds has a pronounced strengthening
effect as can be seen in the stress—strain curve of the tensile tests (Fig. 5.10). Blend
1620Y with the lowest filler amount shows the lowest stiffness. Furthermore, 1620Y
has the highest compression set at room temperature (Fig. 5.11). In the dynamic tests
under tension—compression load (R = —0.2), the behaviour of 1620Y in compressive
range is also worse. This blend shows the lowest resistance to compressive forces and
buckling occurred at compression of —2mm. This should be kept in mind when the

fatigue life at a maximum strain of about 60 % —which corresponds to dpax = 10 mm

and therefore to dyin = —2 mm-—is compared.

10 | T T T T T 20 T T T
s v=300 mm,/min 25°C
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= =
E 1620Y — = 5t 1
E 2 1620 — 1 &
g 1620Z —

0 1 1 1 1 1 0

0 100 200 300 400 500 600 1620Y 1620 16207

nominal strain / %
Figure 5.10: Tensile test of 1620, 1620Y, and Figure 5.11: Compression set of 1620, 16207,
1620Z (for 1620Y, the elongation at break was and 1620Z at room temperature (= 25°C)
not reached and the samples remained intact
within a elongation of 100mm = nominal
strain of 625%)
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The fatigue life of 1620, 1620Y, and 16207 are depicted in Figure 5.12. For 1620Y at a
maximum strain of 28%, the fatigue life was not determined within 5-10° cycles which
is indicated by the arrow. The mean values of the measurements are given in Table
A.2 in Appendix A.2. For all three blends, cracks occurred mainly in the middle of the

specimen’s surface (Fig. 3.4)

70 T T T T T T T T T T
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o 60 | x X %X x sine 5 Hz ]|
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~ b0 F B
=
i= M X xx
< X X x
£ 40t X ]
g
= X
g 30 F - XX X E
z x 1620Y X o
x 1620
x 16207
20 M M M | M M M | M M P | M M M
10% 10% 10° 109 107

fatigue life / cycles
Figure 5.12: Fatigue life of 1620, 1620Y, and 1620Z (sine 5Hz, R = —0.2)

The fatigue life is longer the lower the carbon black amount is. From the literature it
is known, that the fatigue life increases with increasing carbon black amount up to a
threshold. Above this threshold the fatigue life decreases again [135,138]. The results
show that at least the blends 1620 and 1620Z are above the threshold and the fatigue
life decreases with increasing amount of carbon black.

The sample temperature increases with increasing carbon black amount (Fig. 5.13).
According to [139], this is due to more breakage of the carbon black structure and

viscoelastic losses.

10 F x 1620y ' DX x
OC) 100 | X 1620 ’/.)S"'/ >$( _
~ x 16207 .7 X
o 90 f 2 -
I R X
2 80F KT T X
é 70 .
g 60r : , I
) -5
E% 50 ’gx#””. :
g 401 x” R=-02
30 | sine 5 Hz -

10 20 30 40 50 60

maximum strain / %

Figure 5.13: Sample temperature of 1620, 1620Y, and 16207 (sine 5Hz, R = —0.2). The lines
connect the mean values of the temperature.

The increase of breakdown of the filler network is also connected to a higher dissipated

energy with higher carbon black amount [13,139]. This is also observed for the rubber
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blends (Fig. 5.14). Furthermore, the stored energy increases with higher carbon black
loading but the effect is less pronounced (Fig. 5.15). This results in the highest tan ¢’
for 16207 and the lowest for 1620Y. The according plot of tand’ can be found in Figure
B.7 in Appendix B.3.
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Figure 5.14: Dissipated energy per unit Figure 5.15: Stored energy per unit volume of

volume of 1620, 1620Y, and 1620Z (sine 5Hz,
R=-0.2)

1620, 1620Y, and 1620Z (sine 5Hz, R = —0.2)

Figure 5.15 shows that the area under the force—elongation curve of the blends increases
with increasing carbon black amount. This can also be seen in the tensile tests (Fig.
5.10).

5.3.2 Summary

The influence of the carbon black amount is often studied by using one single type
of carbon black. In general, a higher amount of carbon black has a reinforcing effect,
increases fatigue life, and decreases the FCG rates [76]. This is valid up to a certain
level of loading. If the carbon black amount exceeds this threshold the fatigue life
decreases and FCG rates increase again. The threshold value depends on polymer,
carbon black type, and on the applied load. In [8], the value for SBR filled with N330
was about 50 phr and for NR it was 35 phr.

In this section, the used blends were filled with two types of carbon black: N330 and
N550. The carbon black amount was varied from 60 phr to 79 phr to 100 phr, whereas
the ratio of the amount of N330 to that of N550 was kept constant. The variation
of the filler loading has the same effect as predicted in the literature for one type of
carbon black. The sample temperature increases significantly with higher filler amount
and also the dissipated energy rises. Furthermore, the stiffness and the stored energy
increase with increasing amount of carbon black.

When comparing the fatigue life it must be considered that blend 1620Y—which has
the lowest loading with 60 phr—shows the lowest resistance to compression. Although
the fatigue life increases with decreasing filler loading, the worse behaviour in the

compressive range limits the use of 1620Y to moderate tension—compression loads.
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Hence, the fatigue life of 1620 in a certain strain range may be shorter than of 1620Y
and the stiffness of 1620 may be lower than of 1620Z. However, taking fatigue life,
stiffness, and behaviour in the compressive range together, the filler loading of the
application-relevant blend 1620 leads to better fatigue behaviour in the used load range
compared to those of 1620Y and 1620Z.
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6 Influence of Different Load Parameters on the
Fatigue Life and Hysteresis Properties

To investigate different curve parameters, the loading case of the product handrail was
considered. This product experiences a curve form which differs from the preferred
laboratory curve (sine wave with 5Hz). More information about the wave form can be
found in section 6.5. The product is subjected to a load oscillating between tension
and compression giving a load ratio R<(0. Tension—compression loads are not so often
discussed in literature; usually a pure tensile load R > 0 is used. Therefore the first
section of this chapter concerns the influence of the load ratio. Then, the material
behaviour under sine waves with 5Hz and 1Hz is examined because the frequency of
the product wave form is also 1 Hz. Since it turned out to that the sample temperature
changes considerably between the frequencies, the influence of the thermal load and
additionally the influence of the strain rate are examined. To gain further insights
about the influence of the temperature, the fatigue behaviour under elevated ambient
temperatures is analysed. Then the fatigue behaviour under different wave forms is
discussed. The investigations of the influence of frequency, strain rate, and wave form
are also published in [142].

6.1 Influence of load ratio

The influence of the load ratio was investigated for the application-relevant materials
1616 and 1620. These two blends had the same polymer matrix and were both
reinforced with 79 phr carbon black: 1616 was filled with N550 and blend 1620
was filled with the carbon blacks N550 and N330 (Table 3.1). The fatigue life, the
sample temperature, and the hysteresis properties were measured using the load ratios
R=—-0.2 and R =0. The wave form was sinusoidal with 5 Hz.

6.1.1 Results and discussion

The fatigue life under tension—compression load (R = —0.2) and dynamic tensile load
(R=0) are presented in Figure 6.1 for rubber blend 1616 and in Figure 6.2 for blend
1620. The mean values of the fatigue life measurements at different load ratios are
given in Table A.3 in Appendix A.3. For both rubber blends, the fatigue life decreases
for the oscillating tension—compression load. The decrease of the fatigue life is not
pronounced regarding the scattering of the results. For 1616, the mean values of the
fatigue life under R=0 are about 1.5 times the mean values under R = —0.2. For 1620,
the factor is about 3. It seems that 1620 is slightly more sensitive to compression loads
and therefore the fatigue life increases more when the load ratio is zero. Also in other
compression-related effects, the behaviour of 1616 and 1620 differ. Firstly, the blend

1620 under oscillating loads shows buckling at smaller compression values than blend
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Figure 6.1: Fatigue life of 1616 at different Figure 6.2: Fatigue life of 1620 at different
maximum strains for load ratios R = —0.2 and maximum strains for load ratios R = —0.2 and
R=0 (sine 5Hz) R=0 (sine 5Hz)

1616. Furthermore, the static compression set is higher for 1620 than for 1616.

It was observed that for R=0, the force at zero elongation was already in the
compression range. This can be due to imperfect elasticity which causes residual
strains [1]. For comparison, some test measurements were carried out with a positive
load ratio R=0.4. At this load ratio even for a maximum strain of 40 %, the specimens
made of 1616 and 1620 did not fail within of 4-10% cycles. Therefore, a quantitative
comparison of the results for R=0.4 to the load ratios R = —0.2 and R =0 cannot be
made but the beneficial effect of a positive load ratio is apparent.

It has to be considered, that when the maximum strain is kept constant and the load
ratio is increased, the amplitude of the oscillation decreases. Therefore, the small
increase of the fatigue life at R=0 could be also due to the lower amplitude. One point
supporting this assumption is that the load ratio is only changed in a small range from
R=—-0.2 to R=0. To examine the influence of the amplitude, the fatigue life is plotted
with regard to this parameter (Fig. 6.3, Fig. 6.4). For the plots, the amplitude of the
elongation curve dg = (dmax — dmin)/ 2 (in mm) is used instead of the strain amplitude.
The reason for this is that the force at zero elongation at R =0 was already in the
compression range. Therefore, it is possible that the minimum strain was also in the
compression range and since the minimum strain was not measured for R = 0, the
elongation amplitude is used.

It can be seen that the fatigue life values for R = —0.2 and R=0 are approximately
unified with regard to the elongation amplitude. The blend 1620 shows a stronger
decrease of the fatigue life for increasing amplitude than 1616. This is the reason why
the difference of the fatigue life values between R = —0.2 and R = 0 is stronger for 1620

when plotted with regard to the maximum strain.
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Figure 6.3: Fatigue life of 1616 at different Figure 6.4: Fatigue life of 1620 at different
elongation amplitudes for load ratios R = —0.2 elongation amplitudes for load ratios R = —0.2
and R=0 (sine 5 Hz) and R=0 (sine 5Hz)

The sample temperature during the fatigue life measurements for the different load
ratios are shown in Figure 6.5 and Figure 6.6. The sample temperature decreases with
increasing load ratio. Again, the effect of different load ratios on 1620 is stronger than
on 1616. For 1616, the sample temperature changes by 2-5°C between R = —0.2 and
R=0. For 1620, the difference is 7-12°C.

o 100f x k=02 T ] o0} x k=02 T %
~ 90} & R=0 % 1 — 990} 4 R=0 A
5 80 : £ 80 A
E 70 | : E 70 F )% o :
60 . - R .
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= 50 F 1 % 50 F T i
RS < -
g 40 ¢ . g 40 & .
g 030 . . . . 1616 4 & 30 | . . . . 1620 A
10 20 30 40 50 60 10 20 30 40 50 60
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Figure 6.5: Sample temperature of 1616 Figure 6.6: Sample temperature of 1620
versus maximum strain for load ratios R = versus maximum strain for load ratios R =
—0.2 and R =0 (sine 5 Hz). The lines connect —0.2 and R =0 (sine 5 Hz). The lines connect
the mean values. the mean values.

The dissipated energy and stored energy for different load ratios show an overall trend
when compared over the maximum strain. When the maximum strain is kept constant
and the load ratio is increased, the minimum strain also increases. Then, the dissipated
and stored energy both decrease due to the smaller hysteresis curve. Their ratio tand’
also decreases slightly. This is exemplarily shown by the dissipated energy (Fig. 6.7)
and tand’ (Fig. 6.8) of 1616. The results of 1620 can be found in Appendix B.5 (Fig.
B.8, Fig. B.9).
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Figure 6.7: Dissipated energy per unit Figure 6.8: tand’ of 1616 versus maximum
volume of 1616 versus maximum strain for load strain for load ratios R=—0.2 and R =0 (sine
ratios R = —0.2 and R =0 (sine 5 Hz) 5Hz)

6.1.2 Summary

The enhanced fatigue life of NR under load ratios R > 0 compared to R=0 is well
reported in the literature [1,3]. For non-crystallizing rubbers, the effect of the load
ratio R > 0 depends on the polymer—filler system [75,93]. Fewer studies have been made
about the influence of negative load ratios. In [136], there was no significant difference
between the fatigue life under different strain ratios from R =0 to R = —0.34 for NR
with 20 phr carbon black.

The results of 1616 and 1620 show a marginal increase of the fatigue life between
load ratio R = —0.2 and R =0 when compared over maximum strain. The results
suggest that mainly the smaller amplitude is accountable for this effect. However, the
unification with regard to the elongation amplitude is only valid in the used load range
for the small variation of the load ratio. It should not be taken as a common property
of these blends.

The sample temperature as well as dissipated energy and tand’ decrease for R=0.
Therefore, the relation between the sample temperature and the dissipated energy
(Eq. (21)) is reproduced. The extent of the influence of the load ratio is different
for 1616 compared to 1620. The blend 1620 shows a stronger decrease of the sample
temperature at R=0. However, at both load ratios the sample temperature of 1620 is
higher than of 1616 which is due to more active carbon black N330 in 1620.

The two blends consist mainly of non-crystallizing rubbers (SBR, BR) and to a small
amount of NR (20 phr) (Table 3.1). Since the forces at minimum elongation for R =0
are already in the compression range, NR cannot crystallize. Thus, it is concluded
that the behaviour is dominated by the polymer—filler system [1,3]. The blends are
filled with different types of carbon black and show a different behaviour regarding all
investigated parameters which support the conclusion.

The investigations show that a load ratio of R = —0.2 influences the fatigue behaviour of

the industrial blends but the effect is not severe. Nevertheless, when a material is used
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in a product under tension—compression load, this load regime should be also applied in
the laboratory measurements especially when different materials are compared. It may
not be assumed that a material with better fatigue behaviour in the pulsating tensile

range (R > 0) is also better under oscillating tension—compression loads (R < 0).
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6.2 Influence of frequency

In this section, the influence of a frequency change between 5 Hz and 1 Hz on the fatigue
life and hysteresis properties of the blends 1616 and 1620 is investigated. The wave
form was sinusoidal with a load ratio of R = —0.2. The sine wave with 5Hz is the
preferred load curve in the laboratory since it delivers fast results. A frequency of 1 Hz
corresponds to the real loading conditions of 1616 and 1620. The questions are, if a
higher frequency can be used in the laboratory and what has to be considered when

the frequency is increased.

6.2.1 Results and discussion

The fatigue life under a sine wave with 5Hz and 1Hz is shown in Figure 6.9 for
rubber blend 1616 and in Figure 6.10 for 1620. The mean values of the fatigue life

measurements at different load ratios are given in Table A.4 in Appendix A.4.
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Figure 6.9: Fatigue life of 1616 at different Figure 6.10: Fatigue life of 1620 at different
maximum strains for sine wave with 5 Hz and maximum strains for sine wave with 5 Hz and
sine wave with 1 Hz sine wave with 1 Hz

The fatigue life for both materials is approximately the same under sine waves with
frequencies 5 Hz and 1 Hz. Only at maximum strain of about 60 % the fatigue life of
1620 for 1 Hz seems to be a little bit higher than for 5Hz but the difference is not
pronounced. The low influence of the frequency seems to be in accordance with the
literature. The used rubber compounds consist of SBR, BR, and NR. In literature, no
influence of the frequency was found for these rubber types in the investigated frequency
range [3]. However, it is important to consider the sample temperature for the different
frequencies. In [81], it was shown that for SBR filled with 34 phr of carbon black an
increase of the frequency from 3Hz to 5Hz leads to increasing sample temperature and
decreasing fatigue life. This trend continued for higher frequencies.

Also in this work, the heat build-up for both rubber compounds under the used
frequencies 5 Hz and 1 Hz differs significantly. The higher the frequency and the higher
the maximum strain, the higher is the temperature of the samples due to the hysteresis

of the materials (Fig. 6.11). For both materials, the temperature at 1 Hz is similar and
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below 50 °C for all strains. At 5Hz, the temperature of rubber compound 1616 rises
to about 90°C for a maximum strain of 55%. The temperature of the samples made
of rubber compound 1620 is higher for all maximum strains than for 1616 which is due
the amount of more active carbon black (N330). For a maximum strain of 60 %, the

sample temperature at 5Hz rises up to nearly 100 °C.
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s 80t 1620 1 Hz ]
g 70k 1
2
= 60 L 1
g
T 50 1
&
= w0 1
30 | 1

10 20 30 40 50 60
maximum strain / %

Figure 6.11: Sample temperature of 1616 and 1620 versus maximum strain for sine wave with
5 Hz and sine wave with 1 Hz. The lines connect the mean values.

The level of the sample temperature and therefore its influence on the fatigue life
values at different frequencies are dependent on the maximum strain. At strains below
50 %, the higher sample temperature at 5Hz seems to diminish the influence of the
frequency and therefore the fatigue life results under the different load curves are
similar. At strains above 55 %, the sample temperature at 5 Hz is near the maximum
service temperature whereas it is still below 50 °C at 1 Hz. This can be the reason that
at strains above 55 % the fatigue life at 5 Hz is a little bit shorter than at 1Hz. This
is particularly noticeable for rubber blend 1620 which shows distinctive heat build-up
up to 100°C at 5Hz (Figure 6.11). Due to these findings it might be expected that
with a similar sample temperature, the fatigue life at 1 Hz is lower since the sample is
subjected to a range near the maximum loads for a longer period than at 5Hz.

The dissipated and stored energy for the different frequencies are shown in Figures 6.12
and 6.13 exemplarily for rubber blend 1616. The stored energy is approximately the
same at the same maximum strain. The dissipated energy (area of the hysteresis curve)
for the experiments with sine wave of 5 Hz is lower than for 1 Hz. The difference is more
pronounced for higher maximum strains. At maximum strain of 55% the difference
is about 20 %. Although, the dissipated energy decreases with increasing frequency,
the sample temperature increases due to its linear dependence on the frequency (Eq.
(21)).

The loss modulus and the dissipated energy per unit volume are directly related (Eq.
(9)). Although this equation is valid for linear-viscoelastic behaviour which is not

given for highly filled rubbers, still the course of the loss modulus and the dissipated
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Figure 6.12: Dissipated energy per unit Figure 6.13: Stored energy per unit volume

of 1616 versus maximum strain for sine wave
with 5 Hz and sine wave with 1 Hz

volume of 1616 versus maximum strain for sine
wave with 5 Hz and sine wave with 1 Hz

However, DMA

measurements show that the loss modulus increases with increasing frequency (Fig.

energy for different frequencies should be qualitatively the same.

6.14) while the dissipated energy decreases (Fig. 6.12). This indicates that there must
be also other factors influencing the dissipated energy. Figure 6.11 shows that for the
same maximum strain, the thermal load at 5Hz is higher than for 1Hz. An increasing
temperature decreases the loss modulus (Fig. 6.15) and therefore acts contrarily to the
increase of frequency. Furthermore, the temperature influence on the loss modulus of

1620 is more pronounced.
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Figure 6.14: Loss modulus of 1616 and 1620
versus frequency at 25°C and sine wave with
amplitude 200 um

Figure 6.15: Loss modulus of 1616 and 1620
versus temperature for sine wave with 5 Hz and
1Hz (amplitude 200 pm)
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section.

6.2.2 Influence of additional thermal load by heat build-up

Figure 6.11 shows that for the same maximum strain, the thermal load at 5Hz is higher

than for 1 Hz. In order to investigate only the influence of the frequency i.e. the change

of the mechanical load, the sample temperature must be in the same range for both
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64 Influence of Different Load Parameters

frequencies.

One possibility to achieve this is to cool the samples during the tests with 5Hz with
a fan [136]. With this method the uncertainty remains if the bulk material has the
same temperature which is measured at the surface. There is the possibility to apply
a thermocouple to the inside of the sample to measure the bulk temperature [143],
although there are also remarks that these method alters the geometry and an influence
on the measurement result cannot be excluded [144]. The other possibility is to adjust
the ambient temperature during the tests with 1Hz, so that the sample temperature
is comparable to the sample temperature at 5Hz.

The latter approach was chosen and the 1Hz tests were performed by using a
temperature chamber. The result of the experiments under a sine wave with 1Hz
and adjusted sample temperature for rubber compound 1616 shows that the lower
frequency leads to a shorter fatigue life (Fig. 6.16). This can be due to the fact that at
1Hz, the sample is subjected to a range near the maximum loads for a longer period
than at 5Hz.
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fatigue life / cycles

Figure 6.16: Fatigue life of 1616 for sine wave with 5 Hz and 1 Hz, and for sine wave with 1 Hz at
elevated temperature so that the sample temperature is comparable to the sample temperature
at 5 Hz (“1Hz, T adjusted”; encircled rhombuses)

When the dissipated energies for 5Hz and for 1Hz with adjusted temperature are
compared, no significant difference can be seen for 1616 (Fig. 6.17). For 1620, the
dissipated energy for 1 Hz with adjusted temperature is lower than for 5 Hz (Fig. 6.19).
This blend also shows a stronger dependence of the loss modulus on the temperature.
Without adjusted temperature, the dissipated energy of 1620 for 1 Hz is higher than
for 5 Hz just like it is for blend 1616. Nonetheless, results for both materials indicate
that the reason for the difference between the dissipated energy at 5Hz and at 1 Hz
(without adjusted temperature) is mainly the different sample temperature. Due to
the higher sample temperature at 5 Hz the free volume of the material increases and
the chain segments can easier move [145]. This in turn reduces the inner friction which

is indicated by the decrease of the dissipated energy.
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Influence of Different Load Parameters 65

The stored energy (area between hysteresis curve and x-axis) of 1616 and 1620 is rather
unchanged comparing different frequencies or temperatures (Fig. 6.18, Fig. 6.20). This
indicates that the number of active physical entanglements and cross links is consistent

for the same maximum strain.
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Figure 6.17: Dissipated energy per unit Figure 6.18: Stored energy per unit volume
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volume of 1616 versus maximum strain using a
sine wave with 5 Hz and 1 Hz, and a sine wave
with 1 Hz but sample temperature comparable
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Figure 6.19: Dissipated energy per unit

volume of 1620 versus maximum strain using a
sine wave with 5 Hz and 1 Hz, and a sine wave
with 1 Hz but sample temperature comparable
to sine wave with 5 Hz

.2.3 Summary
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Figure 6.20: Stored energy per unit volume
of 1620 versus maximum strain using a sine
wave with 5 Hz and 1 Hz, and a sine wave with
1Hz but sample temperature comparable to
sine wave with 5 Hz

It is stated that a change of the frequency has no significant effect on strain crystallizing
rubbers like NR under isothermal conditions at least in the range of 0.001 Hz to 50 Hz
[3,94]. For non-crystallizing rubbers, the time-dependent continuous crack growth leads
to a more pronounced dependency on the frequency but mainly for unfilled rubbers at
frequencies below 0.2Hz [3,91].

Increasing the frequency has the obvious benefit that the measurement time is reduced.

In the present case between a frequency of 1 Hz and 5Hz, time saving is of factor 5.
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66 Influence of Different Load Parameters

Furthermore, when product relevant strains below 30 % are tested, the fatigue life is
above 2-10° cycles. Using a frequency of 5 Hz, this results in an overall measurement
time of 4.6 days, while at 1 Hz it is at least 23 days. However, increasing the frequency
over this range, increases the sample temperature significantly.

The higher sample temperature at 5 Hz has an influence on the material behaviour
regarding dissipated energy and therefore tand’. At strains below 30 % the influence is
not as pronounced as at strains about 60 %. Nevertheless, this change of the hysteresis
behaviour due to different frequencies has to be kept in mind. The influence of the
frequency on the fatigue life in tension—compression mode is not significant for both
materials especially when product relevant strains below 30 % are considered.

In conclusion, for the used materials, the chosen specimens, and the investigated load
conditions it is acceptable to use the sine curve with 5Hz for fast evaluation but
measurements should be also repeated with 1 Hz at some selected maximum strains to

find significant differences in the material behaviour.
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Influence of Different Load Parameters 67

6.3 Influence of strain rate

If the frequency is kept constant and the amplitude is increased, two parameters change:
the maximum strain increases and also the strain rate since the higher maximum strain
must be reached within the same cycle time. In order to identify solely the influence
of the maximum strain, the strain rate must be kept constant for different maximum

strains by adjusting the frequency (Figure 6.21) [146].

elongation

time

Figure 6.21: Sine waves with different amplitudes but same strain rate by adjusting the frequency

— the load ratio R is the same for all curves
Two strain rates were used for the measurements whereas strain rate 2 was 1.5 times
of strain rate 1. In Table 6.1, the according frequencies per maximum elongation are
given for the two strain rates. The load ratio was always R = —0.2.

Table 6.1: Frequencies at different maximum elongations for constant strain rates

strain rate 1 strain rate 2

dmax f f
5.0mm 5.00 Hz 7.50 Hz
7.5 mm 3.33Hz 5.00 Hz
10.0 mm 2.50Hz 3.75Hz

6.3.1 Results and discussion

In Figures 6.22 and 6.23, the sample temperatures of 1616 and 1620 for strain rate 1
and strain rate 2 are given. The difference in sample temperature between maximum
strain of 28 % and 55 % is below 10°C for each strain rate. This is in contrast to the
5 Hz experiments (Figure 6.11) where the temperature at a strain of 55 % is more than
30°C higher than at a strain of 28 %. Therefore, the fatigue life results were compared
in terms of the strain rate to investigate the influence of the thermal load provided by
the intrinsic temperature of the sample (Fig. 6.24, Fig. 6.25). According to the results,

there is no distinctive difference between the fatigue life values at different strain rates.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

68 Influence of Different Load Parameters
OO 100 + = étrain rézte 1 I I o OO 100 F % étrain ri‘ite 1 I I ]
~ 90 | © strain rate 2 > strain rate 1 4 — 90 | © strainrate2 > stéain rate 1 i
o) o e
= 80t w0 4 2 8ot o 3 -
= o8 P o =
= 70 | o) o 1 = 70 F 3& ____________ I SR %x
g 60 | f/ﬁ/w i g 60 I i
] [«]
~ 50 4 *© 50 .
< <
2 L 1 =& L i
g 40 g 40
g 30 F . . . 1616 1 & 30 . . . 1620 -
10 20 30 40 50 60 10 20 30 40 50 60
maximum strain / % maximum strain / %
Figure 6.22: Sample temperature of 1616 Figure 6.23: Sample temperature of 1620
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versus maximum strain for two different strain
rates (sine wave R = —0.2). The lines connect
the mean values.
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Figure 6.24: Fatigue life of rubber compound
1616 for two different strain rates (sine wave
R=-02)

6.3.2 Summary
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versus maximum strain for two different strain
rates (sine wave R = —0.2). The lines connect
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Figure 6.25: Fatigue life of rubber compound
1620 for two different strain rates (sine wave
R=-02)

The difference between the strain rates is too small to have an influence on the fatigue

life (strain rate 2 was 1.5 times of strain rate 1). This was to be expected since there

is no significant difference between the fatigue life for 1616 and 1620 under sine wave
with 5 Hz and sine wave with 1 Hz (Fig. 6.9, Fig. 6.10) where the strain rate differs by

factor 5 at the same maximum strain. However, in contrast to the measurements with

constant frequency, the thermal load for different strains under constant strain rate is

comparable. Therefore, the Wohler curve for a constant strain rate shows solely the

influence of the mechanical load. Thus, testing at the same strain rate by adjusting the

frequency is important for materials which are more sensitive to temperature changes.
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6.4 Influence of ambient temperature

In section 6.2.2, it is shown that a higher temperature decreases the fatigue life and
influences the material properties by decreasing the dissipated energy. In that section,
the higher ambient temperature is used to adjust the sample temperature under a sine
wave with 1 Hz to a level which is comparable to the sample temperature under 5 Hz.
This means that for every maximum strain the ambient temperature was different.

In the following, the influence of the ambient temperature is further studied by keeping
the ambient temperature constant for every load case. Additionally to the fatigue life
measurements and hysteresis analysis, in this section also the FCG rates are considered.
The used material was 1616. The hysteresis properties were also investigated for 1620.

The wave form was a sine wave with 5 Hz and the load ratio was R = —0.2.

6.4.1 Results and discussion

The fatigue life was measured under 60°C, 80°C, and 100°C and compared to the
fatigue life determined under room temperature (25°C) (Fig. 6.26). The mean values

of the measurements are given in Table A.5 in Appendix A.5.
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Figure 6.26: Fatigue life of 1616 at different ambient temperatures (sine 5 Hz, R = —0.2)

The fatigue life decreases with increasing temperature for every investigated maximum
strain. The difference between the fatigue life at 60 °C and at room temperature (25 °C)
is greater the higher the maximum strain is. At 80°C and 100 °C, the difference to the
fatigue life at room temperature is in principle independent from the maximum strain
considering the scattering of the measurements. The fatigue life values at these two
temperatures are approximately 3-9 % of the value at room temperature. The decrease
of the fatigue life between 60 °C and 80 °C is stronger than between 80°C and 100°C
although there is the same temperature difference. The reason can be that 80°C
and 100°C are very close to the maximum service temperature of the used rubber
types [3,6]. However, despite the fact that 100°C is approximately the maximum

service temperature of the used rubber types, the fatigue life at this temperature still
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70 Influence of Different Load Parameters

varies over maximum strain by roughly two orders of magnitude.

The FCG rates of 1616 were determined at room temperature (25°C), 60°C, and
80°C and plotted over tearing energy G (Fig. 6.27). To highlight the differences, the
parameters of the power law for crack growth (Eq. (23)) were fitted for the different
temperatures (Table 6.2).
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Figure 6.27: Crack growth rates of 1616 versus tearing energy at different ambient temperatures
(sine 5Hz, R = —0.2)

Table 6.2: Parameters of power law dc/dn = B-G¥ (Eq. (23)) for FCG rates of 1616 at different
ambient temperatures

Temperature B F

25°C 4.23e-12  2.17
60°C 9.18e-14 3.02
80°C 2.02e-13  3.15

The FCG rates of 1616 increase with increasing temperature at the same mechanical
load. The increment between the crack growth rates of 25°C and 60 °C, respectively
25°C and 80°C is greater the higher the tearing energy is. This is also indicated by
the higher exponents F' for 60°C and 80 °C, respectively. Thus, the mechanical load
has a greater effect under a higher temperature compared to the room temperature.
The difference between the crack growth rates at 60°C and 80°C depends only little
on the mechanical load in the investigated range and therefore the values of exponent
F at 60°C and 80°C are similar.

The hysteresis properties also depend on the thermal load. For rubber blends 1616
and 1620, the dissipated energy decreases with increasing temperature (Fig. 6.28, Fig.
6.30). The stored energy is approximately the same for different ambient temperatures
at the same maximum strain (Fig. 6.29, Fig. 6.31).

In general, a decrease of the dissipated energy indicate decreasing polymer-filler
interaction and a decrease of the internal friction due to the higher temperature since

the free volume increases and the chain segments can easier move alongside each
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Figure 6.28: Dissipated energy per unit Figure 6.29: Stored energy per unit volume
volume of 1616 versus maximum strain at of 1616 versus maximum strain at different
different ambient temperatures (sine 5Hz, ambient temperatures (sine 5 Hz, R = —0.2)
R=-0.2)
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Figure 6.30: Dissipated energy per unit Figure 6.31: Stored energy per unit volume
volume of 1620 versus maximum strain at of 1620 versus maximum strain at different
different ambient temperatures (sine 5 Hz, ambient temperatures (sine 5 Hz, R = —0.2)
R=-0.2)

“25°C” indicates the measurements at room temperature. The results from crack growth and fatigue
life measurements are shown in one plot.

other [145]. An unchanging value of the stored energy indicates that the number
of active physical entanglements and cross links is consistent for the same maximum
strain.

In the range of the maximum strain from 5% to 25 %, the dissipated energy at higher
ambient temperature decreases stronger the higher the maximum strain is. The change
between the values at 25°C and 60°C is greater than between 60°C and 80°C. At
maximum strains above 30 %, the difference of the dissipated energy between 25°C
and 60 °C does not seem to depend on the mechanical load any more. The dissipated
energy at 80 °C and 100 °C for 1616 is approximately the same but still shows differences
for 1620.

The decreasing dissipated energy at higher temperatures together with the unchanging
stored energy result in a decrease of tand’ which means that the damping behaviour

changes. In technical applications, the dissipated energy is hardly quantifiable and
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72 Influence of Different Load Parameters

therefore a parameter which reflects the influences of thermal and mechanical load
is important. One possibility, is the heat build-up since it depends on the ambient
temperature, the dissipated energy, and the heat exchange to the surrounding (Eq.
(21)). Thus, when the dissipated energy decreases, the sample temperature with regard
to the ambient temperature should be lower.

The issue is how to measure the sample temperature at higher ambient temperatures.
The IR thermography camera could not be used inside the temperature chamber
where the experiments at higher ambient temperatures were done. Therefore test
measurements with a thermoelement applied to the surface of the material were
conducted. They showed that also at an ambient temperature of 60 °C, there is a nearly
linear relation between sample temperature and maximum strain. Compared to the
measurements at room temperature (25 °C), the gradient is lower (Fig. 6.32). It seems
that the change of dissipated energy respectively tand’ is qualitatively reproduced
by the measurement of the sample temperature. However, the results of the sample
temperatures at 60 °C must be treated with caution since due to the large elongation of
the samples a sufficient attachment of the thermoelement to the surface is challenging

and the number of results was too low to thoroughly determine the reproducibility.
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Figure 6.32: Sample temperature of 1616 versus maximum strain at room temperature (25 °C)
and 60 °C (sine 5Hz, R = —0.2). The lines connect the mean values.

6.4.2 Summary

The influence of the ambient temperature comes into effect for all investigated
properties of the used blends. The measurements show that the manner of the influence
of thermal load together with a varying mechanical load is rather complex.

In the investigated range of maximum strain, the change of fatigue life and FCG rates
at 60°C compared to room temperature depends on the maximum strain, while the
change at 80°C and 100°C (only fatigue life) depends mainly on the thermal load.
Therefore, the effect of the ambient temperature can only be determined with regard
to the applied mechanical load.

The dissipated energy of 1616 and 1620 behave differently at higher temperatures
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Influence of Different Load Parameters 73

which can be also seen in the DMA measurements (Fig. 6.15). The difference to room
temperature depends on the temperature and on the maximum strain. In general, the
hysteresis properties of filled rubbers are dominated either by the elastomer matrix
or the filler network depending on which temperature and strain are applied [26,147].
In the case of 1616 and 1620, the blends show different dependency of the dissipated
energy on the temperature for all strains. Since the polymer matrices of 1616 and 1620
are the same (Table 3.1), the behaviour of the rubber blends suggest that at higher
temperature the behaviour is dominated by the filler—filler or polymer—filler interaction

which is in accordance with [26].
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74 Influence of Different Load Parameters

6.5 Influence of wave form

As mentioned previously, a sine wave with 5Hz is the preferred load curve in the
laboratory. It gives fast results and the hysteresis curve is easy to analyse. The
question is if this simplified procedure is valid to draw conclusions for the more
complex loading case of the product handrail. A handrail for escalators is subjected
to concave and convex bending at the drive rolls, which leads to durations of constant
tension and compression (Fig. 1.1). The wave form “squarel” (Fig. 6.33) was
modelled after this load. In [7], more information is given about the loading condition
of escalator handrails, the measurement of the loading, and the assessment of this

application-related wave form. The last point is also summarised in Appendix C.

elongation

—_ squarei -- sine 5 Hz

0 0.2 0.4 0.6 0.8 1.0
time /s
Figure 6.33: Application-related load curve “squarel” compared to a sine wave with 5Hz

The basis of the curve “squarel” is a sine curve with a frequency of 5 Hz and load ratio
R =—-0.2 (Fig. 6.33). Dwell times of 0.3s at the maximum elongation, 0.2s at zero,
and 0.3s at the minimum elongation extend this curve, so that curve “squarel” has an
oscillation period of 1s and a frequency of 1 Hz. The results obtained with “squarel”
are compared to the sine waves with 5 Hz and 1 Hz. The sine wave with 1 Hz is used
because it has the same frequency as the application-related wave form “squarel” and
allows easy analysis of the hysteresis curve.

The dwell periods of “squarel” (max. 0.3s) are longer than the cycle time under 5 Hz
but are short in absolute terms. To further study the influence of the compression
range, the wave form “square2” was defined (Fig. 6.34). Compared to “squarel”, it
has a longer dwell time at maximum compression (1s) and thus a cycle time of 1.7s.
It should be noted that a third square-wave form was considered, which compared to
“squarel” has a longer dwell time at maximum tension (1s) and a cycle time of 1.7s.
Since the first results under the latter wave form showed no differences to “square2”,

no further measurements were carried out.
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elongation

— square2
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Figure 6.34: Wave form “square2”

6.5.1 Results and discussion for “squarel” using 1616 and 1620

Fatigue life measurements were carried out for rubber blend 1616 and 1620 with the
load curve squarel for different maximum strains and with a load ratio of R = —0.2.
The results are compared with the fatigue life data for a sinusoidal load with 5 Hz and
1Hz (Fig. 6.35, Fig. 6.36). The mean values of the measurements are given in Table
A .4 and Table A.6 in Appendix A.

The influence of the curve squarel is not very pronounced. For 1616, the fatigue life is
approximately the same for the different frequencies and wave forms. At a maximum
strain of about 40 %, the fatigue life for squarel seems to be a little bit lower, but it
is still in the range of scattering. The behaviour of 1620 under different load curves
differs slightly from 1616. At a maximum strain of about 30 % the fatigue life of 1620
under all three wave forms is approximately the same according the scattering range
of the measurements. At higher strains the fatigue life for a sine wave with 1 Hz and
squarel is a little bit longer than for the sine wave with 5 Hz whereas the fatigue life

for squarel seems to be the longest.

70 o " 1616 70 1620
x 60 F 1 x 607} oWz o T
~ A B ~
g 0 r | g 0T AAEEA o i
s =
£ a0t Y X 1 2 w0} -
2 2
ERE T 18 b GgE,
7 X sine 5 Hz X o % " sine 5 Hz
= A sine 1 Hz R4 g A sine 1Hz
O squarel ¥ O squarel
20 1 1 1 20 1 1 1
103 10% 10° 106 107 103 10* 10° 109 107
fatigue life / cycles fatigue life / cycles
Figure 6.35: Fatigue life of rubber compound Figure 6.36: Fatigue life of rubber compound
1616 for different maximum strains using a 1620 for different maximum strains using a
sine wave with 5 Hz, a sine wave with 1 Hz, and sine wave with 5 Hz, a sine wave with 1 Hz, and
the application-related wave form “squarel” the application-related wave form “squarel”
(R=-0.2) (R=-0.2)

For both rubber blends, the difference in the sample temperature between a sine wave
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with 5 Hz and wave form squarel is substantially (Figs. 6.37, 6.38). As in section 6.2
for the frequencies 5 Hz and 1 Hz, the high thermal load at sinusoidal load with 5 Hz
can be the reason for the slightly lower fatigue life of 1620 at higher strains for sine
wave with 5 Hz. Compared to a sine wave with 1 Hz, the sample temperature under
squarel is in the same range. It shows slightly higher temperature by 3-6°C for 1616
and 5-10°C for 1620.

© 100 F x sine 5Hz 1 © 100 - x sine 5Hz | -
~ 90 F 4 sinelHz x 1 < 990} 4 sinelHz J
jgé g0 | O squarel 13 1 % g0 | O squarel X’ |
] @
g 70 | . g 70 )g .
g 60 1 2 60 1
5 g R —— ]
© 50 1 = S0F o & A\ T
a, L ] = . a 4
g 40 g 40 B
g 30t . . . . 1616 4 & 30 | . . . . 1620 A
10 20 30 40 50 60 10 20 30 40 50 60

maximum strain / %
Figure 6.38: Sample temperature of 1620
versus maximum strain under sine wave with
5Hz, 1 Hz, and the wave form squarel
(R = —-0.2). The lines connect the mean
values.

maximum strain / %
Figure 6.37: Sample temperature of 1616
versus maximum strain under sine wave with
5Hz, 1 Hz, and the wave form squarel
(R = —-0.2). The lines connect the mean
values.

An example for the hysteresis curve under the wave form squarel is depicted in Figure
6.39 together with the hysteresis curve under a sine wave with 5 Hz. During the dwell
times of squarel, the force drops which increases the area of the hysteresis curve. Thus,
the calculated dissipated energy is distinctively higher than for the sine waves. This is
a mathematical result which does not lead to a higher sample temperature compared
to a sine wave with 5 Hz. Therefore, the dissipated energy under squarel is not further

evaluated.

sine bHz —
squarel — -

-10 1 2 3 4 5 6 7

elongation / mm

Figure 6.39: Hysteresis curve for a sine wave with 5Hz (sine 5 Hz) and the wave form squarel
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6.5.2 Results and discussion for other wave forms using 1616 and NRS80

For rubber blend 1616 and the model material NR80, fatigue life measurements were
also carried out using the wave forms of the previous section and additionally “square2”.
The mean values of the measurements are to be found in Tables A.4, A.6, and A.7
in Appendix A. A comparison of the application-relevant blend 1616 and the model

material NR80 using a sine wave with 5 Hz is given in section 5.1.

70 T — T T T T T 70 T T T T T T
- 1616 | g | NR80|
= 50 F 1 & 50} .
z %
£ 40} ¢ 'ﬁ&f‘& X 1 £ 40 | aogox .
g g
5 30 | X% sine 5Hz i § 30 | sine 5Hz x
'% A sine 1Hz X % '% c sine 1Hz A
g O squarel &l g A6 %< squarel
¢ square2 ¥ square2 ¢
20 " " il " " Pl | " " Pl | " " " 20 " " il " " Pl | " " il " " "
103 10* 10° 106 107 103 10* 10° 106 107
fatigue life / cycles fatigue life / cycles
Figure 6.40: Fatigue life of 1616 for different Figure 6.41: Fatigue life of NR8O for different
wave forms (R = —0.2) wave forms (R = —0.2)

In general, the fatigue life of 1616 does not change distinctively for different wave
forms. The fatigue life of NR80 shows a different behaviour. For this model material,
the fatigue life decreases for the wave form squarel and square2 compared to a sine
wave with 5 Hz. There is no significant difference between the fatigue life under squarel
and square2 and also the fatigue life for a sine wave with 1Hz is in the range of the
fatigue life for the square-curves. The shorter fatigue life compared to a sine wave with
5Hz is especially pronounced at lower strains below 30 %. At this strain, the fatigue
life under squarel and square2 is only 45 % of the value under the sine wave with 5 Hz.
At higher strains, the fatigue life is 80-90 % of the value under a sine wave with 5 Hz.
In this load range, the fatigue life is already very low. A possible explanation can be,
that the maximum strain alone is responsible for the short fatigue life so that it is less
relevant how this maximum strain is reached. A maximum strain of 55 % is about one
third of the elongation at break of NR80 (175 %) but a much smaller fraction of this
parameter of 1616 (276 %) and 1620 (467 %).

It was found in [73] for NR filled with 60 phr N650, that the FCG rates increased
when dwell times were applied. In contrast to the here presented findings, the FCG
rates in [73] got higher the longer the dwell times were. In that study the dwell level
was only in the positive strain area. The increase of the FCG rates was related to a
time-dependent recovery in the rubber micro-structure at the crack tip. However, for
NRSO there is no significant difference between the fatigue life under a sine wave with
1 Hz, squarel, and square2. The frequencies of these three curves are similar (1 Hz and

0.6 Hz). This indicates that the frequency has a stronger influence than the wave form.
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The sample temperatures of 1616 under all curves are shown in Figure 6.42. The
sample temperature under square2 is lower than for all other curves. This can be due
to the longer dwell time which gives the specimen more time to cool down. For NR80,
the sample temperature was not measured for all loading conditions used in the fatigue
experiments (Fig. 6.43). However, the depicted results show the same relation as the

sample temperatures under different wave forms of 1616.

o 100 + x éine 5le 19 100 F x éine 5le 7
~ 90 | 4 sine 1Hz X 4 — o990} 4 sinelHz i
® | squarel 1 & | squarel i
Z 80 square2 Z 80 ¢ square2
=70 1§ 7} X 1
= 60 { & 60} :?f X ]
38 L | T . i
2 50 1 2 50 %
= 40 15 40¢ x-*’)* 3 1
g 30 1 & 30 pgo---m @ UNRR0,
10 20 30 40 50 60
maximum strain / % maximum strain / %
Figure 6.42: Sample temperature of 1616 Figure 6.43: Sample temperature of NR0
versus maximum strain for different wave versus maximum strain for different wave
forms (R =—0.2). The lines connect the mean forms (R =—0.2). The lines connect the mean
values. values.

6.5.3 Summary

The wave forms “squarel” and “square2” used in the experiments have dwell periods
in every cycle at maximum tension, zero elongation, and maximum compression. The
results in this section show that the influence of the wave form depends greatly on the
used rubber blends.

For the blends 1616 and 1620, the fatigue life under the wave forms squarel and
square2 (only 1616) is in the same range as the fatigue life under sine waves with
5Hz and 1Hz. Only at maximum strains about 60 % the fatigue life for 1620 under
a sine wave with 5 Hz is a little bit lower than under squarel. Regarding the typical
scattering range of fatigue life measurements the difference is not pronounced and is
likely due to the higher sample temperature at 5Hz. The products made of rubber
compounds 1616 and 1620 are typically subjected to maximum strains below 30 %
and a frequency of 1 Hz. In this strain range, the sample temperature under the sine
wave 5 Hz is moderately high and the fatigue life values for the different wave forms
are similar. Thus, for these two blends it is acceptable to use the sine curve with
5 Hz for fast evaluation but measurements should be also repeated with 1 Hz at some
selected maximum strains to find significant differences in material behaviour. The
application-related wave form showed similar fatigue life and sample temperature as
the sine wave with 1 Hz. Therefore, the investigation with sine wave with 1 Hz and
5 Hz should be sufficient.
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However, these results are only valid for the industrial rubber blends 1616 and 1620
which were designed for the application under wave forms like squarel. The fatigue
life of NR8O decreases for the square-curves especially at lower maximum strains. Both
square-curves lead to the same fatigue life results for all investigated strains and also a
sine wave with 1 Hz gives the same fatigue life. Therefore, the shape of the wave form
seems to have less influence than the frequency.

Consequently, fatigue life measurements with a sine wave with 5 Hz cannot be used to
evaluate the behaviour under the square-curves for NR8O, especially at lower strains.
However, a sine wave with 1 Hz—about the same frequency as the square-curves—is
suitable. At some load conditions the number of results is relatively low and further
investigations are necessary to thoroughly investigate the effect. Also, the influence of
the dwell level and dwell time should be investigated in more detail for NR80 since the

results in the literature suggest that there should be a dependence on both parameters.


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

80 Rubber—Textile Composites

7 Rubber—Textile Composites

The rubber—textile samples were based on the rubber sample geometry with one ply of
symmetrically embedded textile (Fig. 7.1). The overall geometry was like the sample
used for the rubber specimens with additionally small beads at the upper and lower end.
New clamps for the testing machine were designed to hold these beads in a force-type
connection, so that both the textile and the rubber followed the elongation applied by
the testing machine. The bigger beads allowed form-fit gripping of the samples with
the clamps (Fig. 3.1). For the samples, the rubber blends 1616 and 1620 and the
textiles specified in Table 3.3 were used. The textiles were coated with RFL. For all
samples, the warp cord was in direction of the load and the weft cord perpendicular to
it.

Figure 7.1: Specimen geometry for rubber—textile samples

The first displacement-controlled tests showed that the samples could not be tested
under cyclic tension—compression loads since it tended to buckle at even low
compressive forces. Therefore, the load ratio was R=40.4 leading to an oscillating
tensile load. Since the specimen geometry and the clamps were newly designed and
built, not only FCG and fatigue life measurements were done but also tensile tests to

investigate the specimens’ behaviour.

7.1 Tensile tests

The rubber-textile samples were used for tensile tests, in order to investigate if
the reinforcement worked in principle and whether there were detectable differences
between the textiles. The velocity was 1 mm/s (60 mm/min). For every rubber—textile
combination, two samples were tested. The nominal stress—strain curves are shown
in Figure 7.2 for 1616 with different textiles and in Figure 7.3 for 1620 with different
textiles. The sudden drop in the stress—marked with a red cross—was due to the
rupture of the textile. At this point, the samples were not completely torn apart but
the rubber was at least partially intact. Further stretching was necessary to completely
rupture the sample which could happen at elongations comparable to the elongation at

break of the pure rubber which is shown in Appendix B.6. In Table 7.1, the nominal
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Figure 7.2: Tensile tests of blend 1616 Figure 7.3: Tensile tests of blend 1620
and rubber-textile composites 1616_PE270, and rubber-textile composites 1620 _PE270,
1616__EP100, and 1616__EE100 1620__EP100, and 1620__EE100

tensile strength opmax and nominal elongation at break eppear (wWhen the textile was
ruptured) of the rubber—textile samples are given. Also the elongation at break and
strength at break given as maximal force per width Fihax/w (in kN/m) of the textiles
EP100, EE100, and PE270 determined by standard ISO 13934-1 [148] are listed.

Table 7.1: Maximum nominal stress omax and nominal elongation at break eppearx of
rubber—textile composites, pure rubbers, and textiles

1616__PE270 1616_EP100 1616_EE100 1616

Ebreak 63 % 82 % 79% 276 %

Omax / N/mm? 17.9 41.8 36.5 8.8
1620 PE270 1620 EP100 1620 EE100 1620

Ebreak 59 % 110% 88 % 467 %

Omax / N/mm? 17.7 37.2 33.0 10.1

PE270 EP100 EE100
Ebreak 29 % 30 % 23 %
Finax/w 62.1kN/m  153.9kN/m  154.4kN/m

The measured elongation at break and strength at break of the textiles were compared
with data sheets of Semperit. The accordance of the values was good except for the
elongations at break of EP100 and EE100 for which considerably lower values were
given in the data sheets.

As expected, the rubber—textile composites show higher elongations at break than
the pure textiles but lower elongations at break than the pure rubber blends. The
textiles EP100 and EE100 have significantly higher strengths than PE270 and also
the rubber—textile samples with the first two textiles show higher tensile strengths.
However, the “strongest” textile EE100 does not show the highest strength in the
rubber—textile composite but EP100. Furthermore, the elongations at break of the
rubber—textile composites with PE270 are the shortest compared to the other two
materials although for the pure textiles it is the opposite. It must be considered,

that the elongations at break given in Table 7.1 are nominal values which means the
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82 Rubber—Textile Composites

elongation measured at the clamps divided by the original length of the samples. The
real strain of the samples is likely to deviate from this numbers. Therefore, pictures of
the strained sample during the tensile tests were taken and the strain distribution
was evaluated (section 3.4). The results are exemplarily shown in Figure 7.4 for
1616 EE100 and 1616 PE270 at a nominal strain of ~62% which corresponds to

an elongation of 10 mm.

60%

48%
40%
32%
24%
16 %
- 8%

1616 PE270 0%

Figure 7.4: Strain distribution at nominal strain of 62 % (10mm elongation) for one sample of
1616 EE100 (left) and of 1616 PE270 (right)

1616 EE100

Although a determination of the strain directly below or above the clamps is not
possible, it can be seen that for both samples the strain increases significantly the
closer to the clamps. For 1616__EE100, the strain is nearly zero in the middle of the
sample over the whole width. This strain distribution is also found for 1616__EP100.
For 1616_PE270, there is also an area of nearly zero strain, but it is much smaller
than for 1616 EE100. It seems that for 1616 EE100, the textile cannot follow the
displacement of the clamps but the rubber is able to. Therefore, at the clamps the
rubber elongates greatly taking up the load while the strain of the textile is probably
lower. The more elastic PE270 is able to elongate more. This indicates, that the
real strain experienced by 1616 _PE270 is higher than for 1616 _EE100 at the same
displacement of the clamps which would explain why the nominal elongation at break
is higher for the latter one.

A quantitative evaluation of the real strain at the incidence of textile rupture was not
possible because the rate at which the pictures were made was too slow. Thus, it was

rarely the case that a picture was taken just before the textile ruptured.

7.2 FCG tests

FCG rates were measured under load ratio R=40.4 with pure rubber samples
and rubber—textile composites using the same specimen geometry and measurement
procedure (section 3.3.1). In Figure 7.5, the results for rubber blend 1616 reinforced
with different textiles are shown. The FCG rates of the rubber-textile samples are
very low and there is no distinctive difference between the different textiles. Only
textile EE100 seems to have a little bit lower FCG rates than EP100 and PE270. In
Figure 7.6, the FCG rates of the two different rubber blends without reinforcement
and reinforced with textile PE270 are depicted. The FCG rates of all rubber—textile

samples are lower than the rates of the pure rubber blends.
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Figure 7.5: Crack growth rates dc/dN Figure 7.6: Crack growth rates dec/dN
of blend 1616 and rubber—textile composites of blends 1616 and 1620 and rubber-textile
1616_PE270, 1616_ EP100, and 1616__EE100 composites 1616 PE270 and 1620_ PE270 for
for R =+0.4 versus tearing energy G in double R = +0.4 versus tearing energy G in double
logarithmic plot logarithmic plot

The analysis is complicated due to the strong scattering of the crack growth curves.
For every point in the crack growth curve, the sample was cycled at least more than
20000 cycles (for small loads 60000 cycles). The length of the crack changed little
with the consequence that a small inaccuracy in the determination of the length can
lead to strong scattering. Compared to the pure rubber blends, the rubber composites
show smaller FCG rates at the same tearing energy. In general, this is a positive
finding since it hinders a crack to propagate in the product. However, when the FCG
rates are compared in relation to the maximum elongation, the difference between
pure rubber and rubber—textile composites is not as apparent as in Figure 7.5 and
Figure 7.6. Therefore, further tests were done with significant longer cycling time
per load, in order to gain more information on the FCG behaviour. For a maximum
elongation of 2mm 300000 cycles were executed and for 5mm 200000 cycles were
done. Every 10000 cycles the crack length was measured. This tests were also done
for pure rubber samples. The change of the crack length dc during the applied load is
plotted over the number of cycles. The results are exemplarily shown for 1616 PE270
and 1620 PE270 in Figure 7.7 and Figure 7.8. In Figure 7.9, the results for different
tests with 1616 PE270 and 1620 _PE270 at maximum elongation of 5 mm are shown
to study the reproducibility. The change of crack length under the same load for the
rubber blend 1620 without reinforcement is plotted in Figure 7.10.

The change of the crack length is not very pronounced—mneither in the rubber nor
in the rubber—textile samples—but the crack develops in a different manner. In the
rubber—textile composites, the crack grows at the beginning within the first 50000
cycles (Fig. 7.7-7.9). After this, the crack growth ceases. This behaviour occurs at
maximum elongation of 2mm and 5mm and is also repeatable whereas the amount of
crack growth at the beginning is different. In the pure rubber samples, the crack growth
is continuously (Fig. 7.10). Thus, the textile reinforcement hinders the crack to develop

in the sample. The crack growth at the beginning is probably due to adjustments to the
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Figure 7.7: Crack growth de of rubber—textile Figure 7.8: Crack growth de of rubber—textile
composite 1616_PE270 versus number of composite 1620__PE270 versus number of
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Figure 7.9: Crack growth de of rubber—textile Figure 7.10: Crack growth de of rubber blend
samples 1616_ PE270 and 1620_ PE270 versus 1620 versus number of cycles for R = +0.4 and
number of cycles for R = 40.4 and maximum maximum elongation dyax = 2mm and dyax =
elongation dpyax = 5mm 5mm

applied load: At the beginning of the tests with a new maximum elongation, there is
an artificial crack tip produced by notching with a razor blade. Therefore, one reason
for the crack growth in the first cycles is likely the development of a natural crack
tip. During notching it could also happen that a warp cord is cut but not completely
dissected. So in the first cycles, the weakened cord ruptures completely and after this
the other intact cords hinder further crack growth. This would also explain the different
amounts of crack growth in the different samples since the severity to which the cord
is damaged differs from sample to sample. Therefore, also the change of crack length

until the intact cords are reached is different.

7.3 Fatigue life measurements
7.3.1 Procedure

The experiment procedure for the fatigue life tests (displacement-controlled) included

500 pre-cycles after which the sample was stopped at the elongation of 0 mm. The
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force at 0mm was in the compression range which was due to settling processes.
The samples were then tensioned so that the force was ON. This was the new zero
for the elongation and subsequently the fatigue experiments were started according
to this level. In this study, the adjusting of the zero position was only done for
fatigue tests with unnotched specimens. This measurement process was established to
counteract the set of the rubber but there are also other procedures possible. In [109],
the set was compensated by adjusting the zero point periodically during the test.
In [111], it is stated that the sample was unlikely to fail in displacement-controlled test
and they executed force-controlled tests. Since the load of the real products is also

displacement-controlled, this control mode was used in the present study.

7.3.2 Results and discussion

During the displacement-controlled fatigue life tests, the maximum force evolves in
a typical course (Fig. B.12, Appendix B.6). In the first cycles the maximum force
drops sharply. Then, the deflection changes and the maximum force decreases only
moderately with a constant gradient. After this, the deflection of the curve again
changes significantly and the maximum force strongly decreases. The first change of
the deflection is regarded to be caused by settling processes of the rubber. The second
change can be related to damage accumulation and the failure of the rubber—textile
samples [108,109]. It is defined as the end of life of the samples and is evaluated by
the stiffness loss criterion [85] (section 3.3.2).

The life time of rubber-textile samples with blend 1616 are shown in Figure 7.11.
The samples of 1616_PE270 did not reach the end of life within 3024000 cycles
(=7 days) which is indicated by the arrow. The sample 1616 _EP100 reaches the
life time criterion after averagely 240000 cycles and 1616_EE100 after 88000 cycles
(Table A.9, Appendix A.8). The maximum forces during fatigue tests of different
rubber—textile composites are shown in Figure 7.12. It can be seen that 1616__EE100
which has the shortest life time shows also the stiffest behaviour under dynamic
loading. The behaviour of rubber composites under dynamic load is similar to the
behaviour under tensile tests with constant elongation rate (Figure 7.2). Under both
tests, 1616 EP100 and 1616 _EE100 show higher forces at the same elongation than
1616_ PE270.

A similar behaviour is shown by the rubber—textile composites with 1620. Again the
composites with the textile PE270 did not reach the end of life within 3024 000 cycles
(indicated by arrow in Figure 7.13). The sample 1620_EP100 has an average life time
of 350000 cycles and 1620 EE100 of 240 000 cycles, but the difference between these
two rubber—textile samples is not pronounced (Table A.9, Appendix A.8). Also their
maximum forces under dynamic loading are in the same range, while the maximum
force for 1620_PE270 is distinctively lower (Fig. 7.14). Again, the stiffer samples


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

w Sibliothek,
Your knowledge hub

86 Rubber—Textile Composites
T T T 3500 T T T T T
g 307 1 3000 NI ]
& 251 173 2500 P— ' .
T 207 1.3 2000 + -
.y —
TS5 1 E 1500 f -
E 10} | E
S 7 1000 F — 1616_PE270 1
= 05 f 18 500l — 1616 EP100 Ret0.41
0 - — 0 - |1616*|EE100| Sinle 5Hz
.10° .105 105
1616_PE270 "1 0FP100 1616 pR100 0 1-10 2-10 3-10
cycles
Figure 7.11: Life time of rubber—textile Figure 7.12: Maximum force during life time

composites 1616_PE270, 1616_EP100, and

1616__EE100
(sine 5Hz, R=+40.4, dpax = 5mm)

of rubber—textile composites 1616_PE270,

1616__EP100, and 1616_ EE100
(sine 5Hz, R =404, dpax = 5mm)

under dynamic load are also the stiffer samples in tensile tests (Fig. 7.3).

composites 1620__PE270, 1620__EP100, and
1620 EE100
(sine 5Hz, R=40.4, dmax = 5mm)
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Figure 7.13: Life time of rubber—textile Figure 7.14: Maximum force during life time

of rubber—textile composites 1620 _PE270,
1620 __EP100, and 1620_EE100
(sine 5Hz, R =40.4, dmnax = 5mm)

The materials of the warp cords in load direction are polyester for EE100 and EP100
and polyamide for PE270. In [104], the polyamides PA6 and PAG6.6 showed better
fatigue resistance than polyester which was attributed to thermal degradation and
molecular scission of polyester. A better fatigue resistance was defined by a smaller
decrease of tensile strength after tension—compression fatigue loading.

When the life time criterion is reached, no sample shows superficial damage of the
rubber layer. Therefore, an incident inside the samples must be the reason for change
of maximum force. It was noticed that a significant change in the gradient of the
maximum force coincides with a change in the gradient of the temperature curve.
Examples are shown in Figure B.12 and Figure B.13 in Appendix B.6. Therefore,
the thermography measurements were examined. At different points during the test,
thermography pictures were made. The evaluation of one test is exemplarily shown
in Figure 7.15. The life time of this sample was 192800 cycles. At the beginning of

the tests, the temperature distribution is quite symmetrical. The sample temperature
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gradually decreases. Until the life time is reached (192800 cycles), the distribution
does not change. At this point, the decrease of the temperature gets faster and the
temperature distribution changes to an asymmetrical distribution. The reason for the
change of the temperature at the life time could be a delamination process between
rubber and textile or rupture of the textile. In any case, the process seems to slow
down at 210000 cycles where the gradient of the temperature curve changes again to

a more moderate one.
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Figure 7.15: Thermography measurements of 1616_EP100 during different points of the life
time (sine 5 Hz, R = 40.4, dpax = 5mm)

For further investigation of the failure type of the rubber—textile samples, X-ray
microtomography measurements were done by the Research Group Computed
Tomography, University of Applied Sciences Upper Austria. The adjustments of the
measurement can be found in Table A.10 in Appendix A.9. In Figure 7.16, the sample
1620 EP100 after the fatigue life test is depicted in three different views (called picture
1, 2, and 3). Figure 7.17 shows the magnified pictures 2 and 3—called 2a and 3a—of
Figure 7.16. The load was applied in z-direction. In picture 1, the rubber sample
and the symmetrically embedded textile is well presented. The textile seems to have
widen during the fatigue life tests which can also be seen in picture 3. Furthermore,
the textile is wider in the middle of the sample (in z-direction in picture 1) than at the
upper and lower end. The pictures show no visible delamination of the textile from the
rubber. It seems that the inner structure of the textile failed but not the bond to the
rubber. In picture 2 and 2a, it looks like the single threads of the cords are damaged
but this black area in the cords could also be due to the cutaway view. In the 3D view

(Fig. B.14, Appendix B.6), damaged cords are not recognisable.
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Figure 7.16: X-ray microtomography measurements Figure 7.17: Picture 2a and

of 1620_EP100 after end of life is reached (sine 5Hz, 3a are magnified views of picture
R =404, dynax = 5mm). 2 and 3, respectively, shown in
Figure 7.16

Figures 7.16 and 7.17 by courtesy of Research Group Computed Tomography, University of Applied
Sciences Upper Austria - Campus Wels

Own measurements were also done at a X-ray computed microtomography scanner of
Scanco Medical AG (LCT100). The adjustments for the measurement are given in
Table A.10 in Appendix A.9. A sample of 1616 EP100 was scanned before (Fig. 7.18)
and after the fatigue test (Fig. 7.19). Again a change of the textile is recognisable
after the fatigue test. A delamination as well as a rupture of the textile cords are not
detectable.
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Figure 7.18: X-ray microtomography Figure 7.19: X-ray microtomography
measurements of 1616__EP100 before fatigue measurements of 1616 __EP100 after end of life
testing is reached (sine 5Hz, R = +0.4, dyax = 5mm)
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7.4 Summary

First investigations using rubber—textile samples with three different fabrics were
conducted. The procedure of the displacement-controlled fatigue tests was defined
to counteract the set of the rubber. Tensile tests and fatigue tests were executed.
The FCG rates of the rubber-textile samples are very low and also smaller than
the FCG rates of pure rubber samples at the same tearing energy. Thus, the
reinforcement with textiles results in a stiffening effect and reduces crack growth. For
the measurements, this means an enhanced scattering since only small differences in
the crack length were obtained even for long cycle times which increased the influence
of small measurement inaccuracies. The FCG rates of different textiles and the same
rubber blend do not differ greatly from each other; neither do the FCG rates for different
rubber blends and the same textile. The scattering can be one reason why there was no
distinctive difference between the FCG rates of the different rubber—textile samples.
Measurements with long cycle times show that in rubber-textile samples the crack
grows only within the first 50 000 cycles while the crack growth in the rubber samples
is continuous.

In fatigue life measurements, differences between the used rubber—textile combinations
are detectable. The rubber composites with the stiffest behaviour also show the shortest
life time. Thermography measurements give indications about the fatigue processes
during the life time of the rubber-textile samples. Reaching the life time criterion,
the temperature drops sharply and the temperature distribution gets asymmetric. The
asymmetric temperature distribution could be due to delamination or rupture of the
textile. Therefore, X-ray microtomography measurements were done which indicate
no delamination of the textile from the rubber but a damage to the structure of the
textile. Further measurements are necessary to evaluate the fatigue damage and to

investigate if there are ruptured threads after the end of life is reached.
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8 Fatigue Life Prediction Models

Since fatigue life investigations are time consuming and every change of the load
parameters requires new measurements, models have been developed to predict the
fatigue life of rubbers. The approaches can be classified in two types [76]: The crack
growth approach considers pre-existing cracks or flaws and predicts the growth of a
particular crack. For its use it is necessary to know the initial geometry and energy
release rate history of the crack. Second, the crack nucleation approach determines the
fatigue life by using the history of stresses and strains of the material and does not
consider features such as initial defect size, orientation, or distribution [83].

For both approaches, there is a considerably amount of models to estimate the fatigue
life often using Finite Element Method [76]. For this work, the focus was on analytical
models. The aim was to review different analytical models for fatigue life prediction
and check their applicability on industrial rubber blends under cyclic loading in
tension—compression range. It was not a complete review about all models available
(much more information can be found e.g. in [76]), but considered the models which
seemed most promising for the specific application. During the FCG and fatigue life
measurements, the samples were not cooled to laboratory temperature since in many
industrial applications the materials are also not cooled.

Different models were considered and three models were applied. From the crack
growth approach, the fatigue life model based on the works of Gent et al. [69] and Lake
et al. [70] was used. This crack growth model was selected, since it has often been
successfully used to predict uniaxial fatigue life. From the crack nucleation approach,
the models of Bauman [4] (herein named crack nucleation model I) and of Wang et
al. [136] (called crack nucleation model II) were applied which were chosen because
they consider different load ratios especially in the tension—compression range. Both
models specify an equivalent strain term dependent on the load ratio. It translates the
strain of a load case with ratio R # 0 to an equivalent strain at ratio R = 0. Therefore,
the equivalent strain term considers that for the same strain at different load ratios the
fatigue life is different. In the further discussion, the measured fatigue life is symbolised
by N; while the predicted fatigue life gets an additional subscript dependent on the
used model, e.g. Ny .

For every model, a short summary of the theory is given. Then, the reliability of
the fatigue life prediction with the models is examined. Also their capability to give
prediction results in a shorter time than the measurement time of all fatigue life data
is regarded. The evaluation of the models were done for load ratios R = —0.2 and R=0
and the rubber blends 1616 and 1620 were used. The measured fatigue life under these
load ratios are shown in section 6.1 in Figure 6.1 and Figure 6.2. Parts of the following
results are published in [149,150].
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8.1 Crack growth model
8.1.1 Derivation of the model

The crack growth model considers the growth of crack from the size of a natural flaw to
a final size which marks the end of the service life of the rubber. Thus, it predicts the
fatigue life using the FCG rates. Depending on the load defined by the tearing energy,
there are four different regimes of crack growth behaviour of rubber (Fig. 2.13). For
the purpose of simplification and since it covers the load range typically experienced by
rubber products, only regime 3 is considered. For this regime, the dependence between
the crack growth rate and the tearing energy is described with the Paris—Erdogan
equation [151]

de_ pgr , (23)

dn

whereas B and F' are material parameters. It is assumed that the crack growth starts
from an initial flaw or defect with the size c¢y. This initial flaw is very small compared to
width of the sample. Therefore, the tearing energy is dependent on the crack size and
is calculated with Equation (18). Transforming Equation (23) and inserting Equation

(18) gives

1
7F0_ch = dn. (24)
B (2kW))
This equation can now be integrated
1 Cf Nf,CG
7F/C_chz / dn (25)
B (2kW)) & >
1 L v rr1 —Fh1
C — C =N G 26

whereas the integration boundaries for the crack size are the initial flaw size ¢y and
the final crack size cy. The according integration boundaries of the cycle number n is
0 and the predicted fatigue life Ny cq. The result of Equation (26)

1 1 1 1
N cG = — 27
4 B(2kWy)" F -1 (c{f_l c§—1> @)

is the prediction of the fatigue life with the crack growth model. The model is valid
only for small cracks which typically covers the range of the fatigue life experiments.

To evaluate this model, the crack growth rate has to be measured and Equation (23)
is fitted. The strain and the strain energy density are determined and Equation (27)
can be calculated. The model was originally formulated for load ratio R =0 and first
used for unfilled NR and SBR. Furthermore, in the original work the crack growth

measurements were done with pure shear specimens and the fatigue life measurements
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with tensile strips with negligible heat build-up [69, 70].

The crack growth approach is also used in another model [92]. In this phenomenological
model, the factor F' (Eq. (23)) is dependent on the load ratio R, thus including
different loading regimes (R =0, R # 0). The model was used for different filled
rubbers [51, 92, 152], constant and variable amplitude loading [152], and was also
applied to real life products [153]. It is based on two observations. The first one
is that the crack growth rates and the fatigue life data show power law behaviour
in dependence on tearing energy and maximum strain, respectively. The second
observation is that with increasing load the power law curves converge approximately
to a single point. However, the materials in the present study did not show this
convergence behaviour. Therefore, the phenomenological model by [92] was not

applicable to the data.

8.1.2 Evaluation

To evaluate the model, FCG measurements at load ratios R =0 and R = —0.2 were
carried out. The results are shown in Figure 8.1 for rubber blend 1616 and in Figure 8.2
for 1620. Furthermore, in the plots of the FCG rates the results of the fit of the power
law (Eq. (23)) are drawn (solid line R = —0.2, dotted line R =0). The parameters B
and F' for both rubber blends and load ratios are given in Table 8.1.

102 — ——— 10—2 — -
1616 1620
-3 -3

<1073 b i S1073} -
=107 F i 1074} e 1
g g v..v'
~1n-5 L ~1n0-5 L[
p 10 = 10 ¥ R=-0.2
= = + R=-0.2 fit
S 1076k 1 S1w6L . ]
© R4 A4 R=0 w

107 107 , R=0R

102 103 104 102 103 10%
G/ J/m? G/ J/m*

Figure 8.1: Crack growth rates d¢/dn of 1616 Figure 8.2: Crack growth rates de/dn of 1620
for R =0 and R = —0.2 versus tearing energy for R =0 and R = —0.2 versus tearing energy
G in double logarithmic plot G in double logarithmic plot

The dashed and solid lines give the result of the fitting of the power law (Eq. (23)) for R=0 and
R = —0.2, respectively.

The strain energy density was evaluated and the fatigue life prediction with Equation
(27) was performed for both rubber blends using an assumed final crack size cy
of 2mm. The main interest of this study was the applicability of the model to
tension—compression loads. The results of the calculation for this loading regime are
shown in Figure 8.3 and Figure 8.4. The mean values of the results are also compared

to the mean values of the measurements in Table 8.2 at page 104. The evaluation
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Table 8.1: Fit parameters B and F for power law dc/dn = BGF (Eq. (23)) for crack growth
measurements at load ratios R = —0.2 and R = 0 for rubber blends 1616 and 1620

1616 1620
Ratio Parameters Eq. (23) Ratio Parameters Eq. (23)
R B F R B F
—0.2 4.23-10712 217 —0.2 1.19-10712 249
0 2.12-10711  1.87 0 549-10712 22927

for load ratio R =0 was additionally done (Table 8.2), since the model was originally
formulated for this loading regime. Thus, it is examined if the loading regime is a
possible source of deviations.

An important input variable of Equation (27) is the initial flaw size ¢g. In rubbers,
there are multiple sources for flaws and their sizes can range from 20 um to 200 pwm.
The typical size of intrinsic defects is about 40um [76]. Using this initial flaw size
of ¢g = 40 um the calculated fatigue life of blend 1616 is comparable to the measured
fatigue life (Fig. 8.3, Table 8.2). For rubber blend 1620, this size ¢ = 40 pm leads to a
distinctively higher calculated fatigue life than the measured fatigue life. Using a larger
initial flaw size (cp = 140 pum), the calculation gives results which come closest to the
measured values. The results of the calculations for blend 1620 with both flaw sizes ¢g

(40 pm and 140 um) for load ratio R = —0.2 are shown in Figure 8.4. The calculated

fatigue life data with an initial flaw size ¢y =
also be found in Table 8.2.

140 um for the different load cases can

70 ' 1616 70 ' ' 1620
50 60 - 1 50 60 r "\_\\ 1
~ ~ AN i
g 07 12 °0r '\
2 40t 1 £ 40t g
g = N
=] =]
E s0f 1 2 sof X
g e R=-0.2
g X R=-0.2 g - Eq (25) ¢p = 40pum '

— Eq. (25) ¢o =40pum ¥ (2 ) co =140 pm
20 L L a1 L L | L L | L L L 20 L 1 L L 1 L L L
102 104 10° 106 107 103 104 105 106 107

fatigue life / cycles
Figure 8.4: Maximum strain versus fatigue
life (x) and results of Equation (27) for load
ratio R = —0.2 for 1620 and initial flaw
size ¢g = 140pum (solid line) and ¢ = 40 um
(dashed-dotted line).

fatigue life / cycles
Figure 8.3: Maximum strain versus fatigue
life (x) and results of Equation (27) for load
ratio R = —0.2 for 1616 and initial flaw size
co =40pum (solid line).

The difference in the blend composition of 1616 and 1620 is in the type of the used
carbon black. Since it has been found that the initial flaw size is dependent on the type
of carbon black [76] this can be the reason for the different initial flaw sizes for 1616
and 1620. The different initial flaw sizes imply that among all the existing flaws, large
defects—even if they were rarely—could strongly affect the fatigue life measurements.

In this section, in order to get an approximate size of the initial flaws the results of the
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model were fitted to the measurement data by varying cg [78]. It is further possible to
determine sizes of intrinsic flaws with methods like X-ray microtomography or scanning
electron microscopy SEM [146, 154].

Using the initial flaw size which gave the best result for the model, the difference
between the measured fatigue life and the calculated fatigue life is in the range of
the scattering of the measurements. However, even with the best fitting initial flaw
size there is a systematic difference between calculated and measured fatigue life.
The calculated fatigue life is larger than the measured data for higher strains and
smaller for lower strains. This is especially pronounced for rubber blend 1620 at strains
Emaz > 0% and e,4 < 35%. For rubber blend 1616, this systematic deviation is less
distinctive but still apparent for strains €42 > 50% and €4 < 25%. The deviations
occur for both load ratios, although they are a little bit smaller for load ratio R =0
(Table 8.2). Therefore, the different load ratio (R = —0.2) compared to the used ratio
in the original work (R=0) [69,70] is at least not the only reason for the deviation
between calculation and measurement.

These results show the complexity of the problem and suggest that more factors than
the mechanical load are contributing to the fatigue life. As shown before in section 6.1,
the heat build-up of the rubber blend under the used loads is distinctive. The sample
temperature of rubber blend 1620 reaches about 100°C at approximately 58 % with
R =-0.2 (Fig. 6.6). Rubber blend 1616 shows a slightly lower sample temperature
but it is still about 90°C at 55% strain (Fig. 6.5). At load ratio R =0, the sample
temperature is lower than at R = —0.2 for the investigated strain range. It is also
observed that the deviations between calculation and fatigue life is a little bit smaller
for R=0.

In the original work [69, 70], the fatigue life measurements were done with tensile
strips showing negligible heat build-up. In general, a higher temperature shortens the
fatigue life, increases fatigue crack growth rates (section 6.4) and can also have chemical
effects [1,70,98]. The additional thermal load possibly contributes to the fatigue life
and can be the reason why the calculated fatigue life and the measured fatigue life
differ from each other.

The rubber blends also show heat build-up during the FCG measurements. However,
the long crack at the side of the samples has a cooling effect which leads to
lower temperatures during crack growth measurements than during fatigue life
measurements. Also the time period in which the sample is exposed to the thermal
load is considerably shorter. Crack growth measurements for different loads are usually
done in hours, whereas fatigue life measurement of one load can last up to several days.
Hence, the thermal load during the crack growth measurements differs from the thermal
load during fatigue life measurements and therefore cannot include the influence of the

temperature on the fatigue life in the calculation of Equation (27).
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8.1.3 Calculation of the initial flaw size

When the fatigue life is measured and strain energy density and the FCG parameters
B and F are known, Equation (27) can be transformed and used to calculate the
initial flaw size ¢y [78]. This was done for the available fatigue life data for load ratio
R =—0.2 and R=0. Thus, a distribution of the sizes of the initial flaws was estimated.
These sizes are effective flaw sizes reflecting both size and shape of the defect [76].
Considering the scattering range of the fatigue life tests, the number of measurements
are too low to give a truly reliable distribution of the flaw sizes. Thus, the results
shown in this section are a first estimation to give a rough overview.

The results for 1616 and 1620 are shown in Figure 8.5. The calculated flaw sizes were
rounded to the nearest tens um. The number of defects is the sum of the numbers
under load ratio R = —0.2 and R=0. In Figure 8.6 and Figure 8.7, the results of
the distribution are presented in different colours for the different load ratios R. The
results indicate that the distribution does not change distinctively for different load
ratios, but as mentioned before the number of measurements is too low to give a good

statistical distribution.

al © 1616 =
1620

number of defects

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
co / pm
Figure 8.5: Calculated initial flaw sizes ¢g of 1616 and 1620 by using measured fatigue life under
R = —-0.2 and R=0 and transformed Equation (27)

The used initial flaw sizes for the calculation of the model in Figure 8.3 and Figure 8.4
are 40 um for 1616 and 140 um for 1620. The calculated distribution of the initial flaw
sizes of 1616 (Fig. 8.6) is in a range between 20 pm and 80 wm, with the highest count
at 40 um. For 1620, the calculated distribution (Fig. 8.7) spans a wider range. The
number of defects per flaw size is similar at very different flaw sizes. Due to the wide
distribution, the average flaw size giving the best result for the fatigue life estimation
(Fig. 8.4) is 140 pm, although in the calculated distribution (Fig. 8.7) there is no
result for this size.

In Table A.8 in Appendix A.7, the calculated initial flaw sizes ¢y for every measured
fatigue life of 1616 and 1620 are given. For 1620, there are also single flaw sizes greater

than 210 um which are not shown in Figure 8.7 for better legibility of the diagram.
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Figure 8.6: Calculated initial flaw sizes ¢y of Figure 8.7: Calculated initial flaw sizes cg of
1616 by using measured fatigue life under 1620 by using measured fatigue life under
R =—0.2 and R=0 and Equation (27) R =—0.2 and R=0 and Equation (27)

Table A.8, presents the systematic deviation of the model from the real measurements
(Fig. 8.3, Fig. 8.4) in another way: The biggest calculated flaw sizes can be found for
the larger maximum strains especially for 1620. As mentioned before, the additional
thermal load at higher strains can be the reason for shorter fatigue life and therefore

for bigger calculated initial flaw sizes.
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8.2 Crack nucleation model 1
8.2.1 Formulation of the model

The crack nucleation model I is formulated in [4] and was originally used for aluminium
[155]. This model is expressed in terms of the strain ¢, which in this study was
determined by digital image correlation analysis (section 3.4). The strain ratio R
is defined as minimum strain by maximum strain.

When the fatigue life Ny is measured in dependence of strain €, the resulting curve

approximately follows a power law

€a\ X

V= () 2%)

where ¢, is the strain amplitude, and g9 and x are constants. The power law is only

valid for given conditions, including load ratio, frequency etc. Thus, the measurements

and fitting of Equation (28) have to be repeated whenever one of these conditions is

changed. For the analysis of fatigue life under different load conditions, it is often
easier to use the load ratio. The amplitude of the curve ¢, can be calculated by

1
Ea = (gmax - gmin) = 5 €max (1 - RE) <29)

2

N | —

using the maximum strain ep,x and the minimum strain epj, or strain ratio R. =
€min/€max- In [4], an “effective strain amplitude” e, .7y is formulated by raising
(1 — R;) to the power ¢

Eaeff = ;5max (1—R.)". (30)

Equation (30) can also be written in terms of the strain amplitude ¢, using Equation
(29) and becomes
Eaeff :t’fa(l—RE)q_l. (31)

Equation (31) transforms the strain amplitude at a strain ratio R. # 0 to an equivalent
strain amplitude with ratio R. = 0. This effective strain amplitude is then used for the
power law (Eq. (28))

_ %ﬁgx_(% WOX
Nep=(-2¢1) —(Z2(1_R )
f,B ( c 2 ( :) (32)

where Ny p represents the fatigue life predicted with the model adopted from [4].
To evaluate this model, fatigue life Ny has to be measured for load ratios R. =0 and

R. # 0 at several load amplitudes. Equation (32) is linearised

InNj = yIne, +x(¢—1)In(1—R.) — xIngg (33)
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by taking the natural logarithm. Then the concept of the least square method is used
to fit the parameters x, ¢, and &y.

8.2.2 Evaluation

For the evaluation of the crack nucleation model I (section 8.2.1), fatigue life
measurements of 1616 and 1620 with load ratios R =0 and R = —0.2 were used. With
the measured strain and fatigue life (Fig. 6.1, Fig. 6.2) the effective strain amplitude
aeff (Eq. (31)) was evaluated and the fatigue life was predicted with Equation (32).
Figure 8.8 shows the results of the model for 1616 and Figure 8.9 for 1620. The
prediction of the fatigue life and the measured fatigue life data are plotted against the
effective strain amplitude. In Table 8.2 at page 104, the mean values of the measured

fatigue life for every load case are compared to the predicted fatigue life Ny p with this

model.
50 50 T T T
40 40 1620 |
30 | - 30 | NN -
=X xR A
20 1 2 20 f .
S S
Ry Yy
3 E
12 i ] 12 i R=-0.2 ]
A R=0
6 r 8 6 — Eq?,. (31), (3|2) . §
103 104 105 108 107 103 104 105 106 107
fatigue life / cycles fatigue life / cycles

Figure 8.8: Prediction of fatigue life of 1616 Figure 8.9: Prediction of fatigue life of 1620
with crack nucleation model I (Eq. (31), Eq. with crack nucleation model I (Eq. (31), Eq.
(32)) (solid line) (32)) (solid line)

The model is able to unify fatigue life data of different load ratios and strains.
Considering the scatter of the fatigue life measurements, the prediction results agree
well with the measurements since the calculation also reproduces the trend of the

measured fatigue life data.

It must be considered that Figures 8.8 and 8.9 show the prediction of fatigue
life data already used for the calculation of the model parameters. This approach
provides no time saving and does not make much sense. Furthermore, the evaluation
of the models is done with a considerable amount of fatigue life measurements. Single
measurements could last up to more than one week. Thus, in sum the time effort to
obtain the input data for evaluation of the model is high. One of the reason to use
models for fatigue life prediction is to reduce the experimental efforts and to shorten
the measurement time. Therefore, the evaluation of the models was repeated using

only fatigue life data for the two largest values of maximal strain (emax > 35%). This
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restricted evaluation range reduces the measuring effort, but also limits the number of
measurements for the calculation. The results with the smaller evaluation range are
shown in Figure 8.10 for 1616 and in Figure 8.11 for 1620.

50 T — T T — — T T T — 50 T — T T — T T — T T —
40 ?:‘i&é&tlon 1616 | 40 + xevaluation range 1620
L X 4 L _
30 XAxx 30 A *@xx
I3 X RX X 13 A
~ 20 r = 1 <. 20 RIS .
S S
T X R=-0.2, evaluation * A ’A."* Yy x  R=-0.2, evaluation e
S 10 b A R =0, evaluation | & 10 b A R =0, evaluation |
- Egs. (31), (32) 3 - Egs. (31), (32)
| ¢ R=-02 i ¢ R=-02 1
6F o R=0 . 6F a4 R=0 .
103 10* 10° 106 107 103 10* 10° 106 107
fatigue life / cycles fatigue life / cycles

Figure 8.10: Prediction of fatigue life of 1616 Figure 8.11: Prediction of fatigue life of 1620
with crack nucleation model I (Eq. (31), Eq. with crack nucleation model I (Eq. (31), Eq.
(32)) (dashed line) with restricted evaluation (32)) (dashed line) with restricted evaluation
range. range.

The evaluation range is given by the framed unfilled symbols (cross and unfilled triangle). The fatigue
life data depicted with filled symbols are measurement results not used for the evaluation of the model.

The smaller evaluation range leads to a stronger deviation between measurements and
prediction for strains outside the evaluation range. For 1620, the number of data
points inside the evaluation range is higher than for 1616 and also the prediction is
less inaccurate. For 1616, the model overestimates the fatigue life and for 1620 the
model gives an underestimations at lower strains. Thus, the model is not well suited
for extrapolation of data points.

Therefore, another evaluation range was considered. For this, the fatigue life of the
largest and smallest strains (emax > 50 %, emax < 30 %) was used to calculate the fatigue
life of the load cases in-between (emax &~ 40%). The results are better for 1616 (Fig.
8.12) and for 1620 (Fig. 8.13). Thus, the model is more suitable to predict fatigue life

for loading cases which lie within the load range of the known fatigue life data.
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Figure 8.12: Prediction of fatigue life of 1616 Figure 8.13: Prediction of fatigue life of 1620
with crack nucleation model I (Eq. (31), Eq. with crack nucleation model I (Eq. (31), Eq.
(32)) (dashed line) with restricted evaluation (32)) (dashed line) with restricted evaluation
range. range.

The evaluation range is given by the framed unfilled symbols (cross and unfilled triangle). The fatigue
life data depicted with filled symbols are measurement results not used for the evaluation of the model.

8.3 Crack nucleation model I1
8.3.1 Formulation of the model

The influence of the load ratio is also considered in the second crack nucleation model
formulated in [136]. In the original work, fatigue life measurements within the load
regimes R =0 and R < 0 were used to predict fatigue life data for load ratios greater
than zero. This model defines an equivalent strain amplitude which bases on the
logarithmic strain amplitude £;,. In adaptation to this study the logarithmic strain
(indicated by the subscript [) was calculated by ¢; = In(1+¢) using the measured
strain €. Consequently, the load ratio in the model is the logarithmic strain ratio R;
(minimum logarithmic strain by maximum logarithmic strain). With R; and ¢, an

“equivalent logarithmic strain amplitude” El(f)a) is defined

9 ¢
51((2 =€l (/@ el + 1) (34)

with the material constants x and ¢. Equation (34) transforms the strain amplitude ¢ ,
of a load case R; # 0 to an equivalent value 51(?1) of load case R; = 0. The relationship
between equivalent strain amplitude and fatigue life for different ratios is described

with the power law
0
el = ANE. (35)

with the material parameters A and C.

To evaluate this model, fatigue life N; has to be measured for load ratios R; =0
and R; # 0 at different load amplitudes. For load ratio R; =0, the equivalent strain
amplitude 61(,063 is equal the strain amplitude ¢;, (Eq. (34) with R; =0). Therefore,

the measurement results for load ratio R; = 0 are used to determine the fit parameter
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Fatigue Life Prediction Models 101

A and C (Eq. (35)). Then, the fatigue life results N for R; # 0 are used to calculate
the corresponding equivalent strain amplitudes 51(7(2 with Equation (35). Now all El(f)a)
are known and with the corresponding strain amplitudes ¢; , and ratios R; from the
measurements, the parameters « and n (Eq. (34)) are fitted. Thus, all parameters of
the model are determined and the fatigue life Ny 1y can be calculated for any load ratio

and strain amplitude by rearranging Equation (35)

0) 1/C
Npw = | 2 (36)
faW_ A :

Ny w represents the fatigue life predicted with the model adopted from [136]. In
the original work, the model was used for carbon black-filled NR and the fatigue life
measurements were done with dumbbell specimens which were cooled with a fan to
prevent rising temperature.

Also another crack nucleation model was considered [156]. It is formulated in
terms of stress since the related measurements were stress-controlled and defines a
non-dimensional effective stress which is dependent on the load ratio. The dependence
between fatigue life and this effective stress is again described with a power law. For
the present study, the equivalent steps were done to get a non-dimensional effective
strain term and the power law fit to the fatigue life data. To evaluate the model, data
from literature [136] as well as own fatigue life measurements were used. The results
for the fatigue life prediction were good for load ratios R =0 and R > 0, but showed
large deviations compared to the measured data for load ratio R < 0. Since, the main
interest of this study was in the applicability to load ratios R < 0, this model [156] was

not further considered.

8.3.2 Evaluation

The same input data as for model I was used for the the evaluation of the crack
nucleation model 1T (section 8.3.1). As mentioned in section 8.3.1, in the original
work [136] the samples were cooled with a fan to ~ 23°C' which was not done for the
present measurements. Using the fatigue life measurements (Fig. 6.1, Fig. 6.2), the
equivalent strain amplitude (Eq. (34)) of the crack nucleation model II was evaluated
and the fatigue life was predicted with Equation (36). Figure 8.14 shows the results
of the model for 1616 and Figure 8.15 for 1620. In Table 8.2 at page 104, the mean
values of the measured fatigue life for every load case are compared to the predicted
fatigue life Ny with this model.

Like the model I, the crack nucleation model II is also able to unify fatigue life data of
different load ratios and strains. The results of the measurements are well reproduced

and the deviations are even smaller than for crack nucleation model I (Table 8.2). For
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Figure 8.14: Prediction of fatigue life of 1616 Figure 8.15: Prediction of fatigue life of 1620
with crack nucleation model II (Eq. (34), Eq. with crack nucleation model II (Eq. (34), Eq.
(36)) (solid line) (36)) (solid line)

these results, all the measured fatigue life data is used. When the evaluation of the
models is repeated using only fatigue life data for the two largest values of maximal
strain (emax > 35%), the predictions get worse (Fig. 8.16, Fig. 8.17).

40 T T T 40 T T T
e 1616 evaluation 1620
30 | evaluation 4 30 | . range i
. range
RS TKTA A

20 Ap . 20 5% .

S % %(m?( S S
S:3 x R=-0.2, evaluation * ¢ ¢, k! R =-0.2, evaluation Aas
“ 10 4 R=0, evaluation ¢ | O 10 + 4 R =0, evaluation 4
g L -~ Eas. (34), (36) i g L - Eas. (34), (36) _

¢ R=-02 R=-0.2
6 F o R=0 . 6F a R=0 .
103 10* 10° 106 107 103 10 10° 106 107
fatigue life / cycles fatigue life / cycles

Figure 8.16: Prediction of fatigue life of 1616 Figure 8.17: Prediction of fatigue life of 1620
with crack nucleation model IT (Eq. (34), Eq. with crack nucleation model IT (Eq. (34), Eq.
(36)) (dashed line) with restricted evaluation (36)) (dashed line) with restricted evaluation
range. range.

The evaluation range is given by the framed unfilled symbols (cross and unfilled triangle). The fatigue
life data depicted with filled symbols are measurement results not used for the evaluation of the model.

For strains below the evaluation range, the results of crack nucleation model IT with
this restricted evaluation range show deviations which are stronger for 1616 than for
1620. This can be again due to the fact, that for 1620 the number of data points
inside the evaluation range is higher. Furthermore, the model gives an overestimation
of the fatigue life at small strains for both blends. Compared to that, the reduction
of input data for the crack nucleation model I leads to a slightly better prediction for
both rubber blends (section 8.2) which is probably due to the nature of the model.
The formulation of the equivalent strain amplitude of model II uses more iteration
parameters than the crack nucleation model I. This increases the required amount of
measured values to get reliable numbers from the iteration. Also the form of crack

nucleation model I makes it possible to use the Gaussian elimination which is a fast
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and robust algorithm.

As in section 8.2, also fatigue life prediction were done where the evaluation range
enclosed the load range of the unknown fatigue life data. The results for 1616 (Fig.
8.18) and 1620 (Fig. 8.19) show that the model II like the model I is more suitable
for interpolation of data points, which means to predict fatigue life values for loading

cases within the load range of the known fatigue life data.

40 ——— — 40 T T
1616 1620
30 o 8 30 | .
.
20 = 8 20 -2 . .
ISN "“3’ %4 X . 3
~ S ~ } x\90<\\><
ss X R =-0.2, evaluation x\’&fA ss3 % R =-0.2, evaluation
“ 10 F 4 R=0, evaluation "'?" 4 ® 10L A& R=0,evaluation 4
g L -- Eags. (34), (36) T g L - Eas. (34), (36) ]
¢ R=-0.2 ¢+ R=-02
6 F o R=0 . 6 F a4 R=0 .
103 104 105 106 107 103 104 105 106 107
fatigue life / cycles fatigue life / cycles

Figure 8.18: Prediction of fatigue life of 1616 Figure 8.19: Prediction of fatigue life of 1620
with crack nucleation model II (Eq. (34), Eq. with crack nucleation model II (Eq. (34), Eq.
(36)) (dashed line) with restricted evaluation (36)) (dashed line) with restricted evaluation
range. range.

The evaluation range is given by the framed unfilled symbols (cross and unfilled triangle). The fatigue
life data depicted with filled symbols are measurement results not used for the evaluation of the model.
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104 Fatigue Life Prediction Models

8.4 Summary

Fatigue life models should be able to give a fast and accurate prediction in order to save
measurement time in the laboratory. In this section, three different analytical models
were evaluated for the two application-relevant rubber blends 1616 and 1620. In Table
8.2, the mean value of the measured fatigue life N ; of 1616 and 1620 for R = —0.2 and
R=0 and the fatigue life predicted by the three models are given.

Table 8.2: Evaluation of the fatigue life models for rubber blends 1616 and 1620: Calculated

fatigue life Ny o was determined with Eq. (27) using the initial flaw size co specified for rubber
blend 1616 and 1620 in the table, Ny p was determined with Eq. (32), Ny w with Eq. (36)

Measurements Eq. (27) Eq. (32) Eq. (36)
Amax R Emax Ny Nca Nt B Nyw
1616 co =40 um

4.0mm —0.2 22.0% 3660000 2247700 3442200 3542100
50mm —0.2 26.6% 1321133 1198000 1462700 1508700

75mm —0.2 39.4% 410794 341800 308600 309100
10.0mm —0.2 54.6% 74333 122100 98 300 86 100
5.0mm 0 26.2% 1787903 1297100 1999200 2327000
7.5mm 0 39.8% 525500 348600 412900 363000
10.0 mm 0 521% 126000 167100 136500 131400
1620 co = 140 pm

50mm —0.2 30.0% 1116750 292400 915900 1115800
75mm —02 441% 80510 84100 84400 70400
100mm —02 582% 21583 36 400 15600 18 300
5.0 mm 0 29.9% 3340875 795500 2644400 3710500
7.5mm 0 44.1% 266750 216600 257700 231600
10.0 mm 0 57.6% 46333 91000 52500 38000

The model following the crack growth approach (Eq. (27)) needs, in principle, only
crack growth measurements and measurements of the strain energy density for different
loads. Such measurements are significantly shorter than fatigue life measurements.
Since the crack growth behaviour of rubber depends on various factors [1] the crack
growth measurements have to be repeated whenever a factor is changed and the whole
evaluation of the model has to be done anew.

An important input factor of the model is the initial flaw size ¢y. The determination
of the initial flaw size elongates the evaluation time of the crack growth model.
Nevertheless, since the initial flaw size of one material is valid for different load ratios
(Table 8.2) the evaluation time of this model is still shorter than the time to execute
all fatigue life measurements for all loads of interest.

The results of the crack growth model show deviations from the measured fatigue life
but those are in the range of scattering of fatigue life measurements. An important
result is that for the loading cases in this study, the crack growth model does not

predict the same trend between fatigue life and maximum strain as the measurements
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indicate. A possible reason can be the significantly higher sample temperatures at
higher loads which seems not to be considered by the calculation. Nevertheless, for the
used load range the model gives an acceptable estimation in which order of magnitude
the fatigue life of a certain load can be expected.

Contrary to the presented crack growth model, the selected models of the crack
nucleation approach [4,136] considers different load ratios. The drawback of the
crack nucleation models is that many fatigue life measurements with different load
ratios and loads are necessary to provide the data for the evaluation. Considering
the data scatter of fatigue life measurements, the amount of measurements per load
case should be chosen accordingly. This further increases the number of experiments.
The evaluations show that the models need a certain amount of input data to give
satisfying results whereas the crack nucleation model I can handle a lower amount
of input data better than model II. Both models are less suited to extrapolate the
fatigue life for loads outside the evaluation range (Figs. 8.10, 8.16). However, they are
better suited to predict fatigue life for load cases which lie within the load range used
for evaluation. The load range is defined by the respective equivalent strain terms
of each model (Eq. (31), Eq. (34)). Thus, with the sufficient amount of input data
and adequate wide range of load cases for the measurements both models are able
to calculate the fatigue life data with good accuracy although the samples were not

cooled like in the original study for crack nucleation model II [136]. .

In principle, all three models are applicable to the used load range in
tension—compression mode. The crack growth model is able to give a fast estimation
of fatigue life within a certain load range. The prediction of the fatigue life is not as
good as for the crack nucleation models but the time to collect the input data (crack
growth rates, strain energy density, initial flaw size) is considerably shorter. Thus, the
strengths of this model are the time saving compared to the fatigue life measurements
and that it is therefore suited for comparing different materials.

If the crack nucleation models I and II are used to compare different materials there
will be not much time saving. If there are already many fatigue life measurements
available and the load case changes (e.g. load ratio or maximum strain) within the
range of the measured load cases, the crack nucleations models give a good and fast

prediction of the fatigue life for the new load case.
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9 Summary and Outlook

9.1 Summary

In this work, a measurement set-up for the fatigue life and FCG measurements of
rubbers and rubber—textile composites in the tension—compression range was defined.
The focus was on the load conditions of the product handrail and how they could
be investigated in the laboratory. The same sample geometry was successfully used
for pure rubber and rubber—textile samples. The sample geometries of the fatigue
life and FCG measurements only differed by their widths. A further objective was to
establish relationships between hysteresis properties and fatigue behaviour, and rubber
composition and fatigue behaviour.

The measurements showed a scattering which was typical for the investigations of
elastomers. A key consideration in fatigue analysis of rubbers is that many parameters
influence the fatigue behaviour. It is therefore generally advised, that the conditions in
the laboratory should be always as close as possible to the conditions of the real product.
However, the real loading conditions of the handrail lead to exceeding measurement
times also in the laboratory. Therefore, the influences of different curve parameters
were investigated to determine if the product loading case could be simplified.

Most of the investigations regarding the influence of the load parameters were done
with the industrial rubber blends 1616 and 1620. Other rubber blends were used to
study the influence of the main material ingredients. For every influence factor, the
fatigue life, the sample temperature, and the hysteresis properties were considered.
First, the fatigue behaviour in dependence on different material parameters was
investigated. The different carbon black types N330 and N550 lead to a different
crack formation behaviour using the blends 1616B and 1616, respectively. The values
of the fatigue life was less influenced but the crack formation behaviour suggested that
a carbon black with lower specific surface area and higher structure had a longer fatigue
life. Similar results were found in [8,137] for single rubber types. Here, these results
are confirmed for industrial rubber blends consisting of SBR, BR, and NR.

A higher stiffness directly correlated with a shorter fatigue life for samples with different
amount of carbon black from 100 phr to 79 phr to 60 phr. The sample with the lowest
filler loading had the lowest stiffness and the longest fatigue life values, but also showed
a weaker performance in the compression range. This included buckling at relatively
small compressions and a higher compression set. For this investigation, a mixture of
N330 and N550 was used. This is in accordance with [3]. There, it is suggested that
a stiffer material has a shorter fatigue life in displacement-controlled tests since it also
has a higher level of strain energy density (area of the stress—strain curve) at the same
strain. However, the stiffness of the samples had no influence when different carbon

black types were compared.
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For the blends 1616 and 1620, the influence of the different curve parameters on the
fatigue life was low. A load ratio of R =0 lead to a slightly higher fatigue life than for
R = —0.2 at the same maximum strain. However, since the minimum forces for R =0
were already in the compression range the difference was mainly due to the reduction
of the load amplitude. Between a oscillation frequency of 5 Hz and 1 Hz, the fatigue life
showed no differences. This could be due to the different sample temperature under
different frequencies. These results and further investigations under higher ambient
temperatures showed that the temperature had a strong influence on the fatigue life.
However, it must be considered that the effect of the ambient temperature depended
also on the applied mechanical load. The square—wave forms—which were derived from
the real loading case of the handrail—did not significantly influence the fatigue life of
the industrial rubber blends 1616 and 1620 compared to a sine wave with 5 Hz. Again
this could be attributed to the lower sample temperature under the square—curves.
Thus, for these two blends the sine curve with 5 Hz can be used instead of squarel for
fast evaluation but measurements should be also repeated under a sine curve with 1 Hz
due to the different sample temperature. This simplification is not admissible for the
model material NR80 whose fatigue life was considerably influenced by the different
wave forms or rather frequencies.

In general, the fatigue life of the model materials NR80 and SBR80 were significantly
lower than the values for the industrial rubber blend 1616 (50 phr SBR, 30 phr BR,
20 phr NR) which was developed for the specific application in the tension—compression
range. In the investigations, the blend NR80 only showed slightly better fatigue life
values than SBR80 in contrast to literature results of NR and SBR [8,132]. This
could be due to the tension—compression load which prevents SIC in the NR and
also due to the relatively high amount of carbon black. Those findings emphasise
that investigations with model materials cannot reflect the real behaviour of industrial
blends.

The sample temperature was considerably lower for NR80 than for SBRSO0.
Furthermore, the sample temperature of 1616 was only a little bit lower than of SBRSO0.
Thus, the influence of the polymer type was obvious. The sample temperature was
also influenced by the type of carbon black. The more active carbon black N330
lead to a higher temperature than the moderately active N550. Furthermore, the
sample temperature rose for a higher amount of carbon black. The sample temperature
decreased for higher load ratio (at the same maximum strain) and for lower frequency.
For the same strain rate, the sample temperature was approximately the same for
different maximum strains in the investigated load range. Therefore, a constant strain
rate instead of a constant frequency ensures the same thermal load for the fatigue life
measurements at different maximum strains.

It is stated that the sample temperature of a rubber blend under sinusoidal loading

is linearly related to the dissipated energy per initial volume and the frequency (Eq.
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(21)) [3]. For 1616 and 1620, the sample temperature is plotted over this term fEy;ss/V
in Figure 9.1 and Figure 9.2, respectively. In both figures, the least square regression
equation is given. The ambient temperature in the laboratory was about 25°C,
therefore all regression equations are forced to 25°C at Egss = 0. The coefficient of
determination of the linear regression in Figure 9.1 for 1616 is R? = 0.91 and R? =0.95
for 1620 in Figure 9.2.

o 100 f1616 { © 100 F1620 -
~ 90 r 1 ~ 90 .
(&) )
5 80f 1 £ 80t 1
g 70t 1 & 7} NI 1
= 60 f x 4 £ 60Ff \ 0.25Hz x A
3 i A | 8 | A R=0 5Hz A |
% 50 © % 50 -0.21Hz ¢
g 40 - ¢ strain rate 1 % 7 £ 40 A strain rate 1 % 7
g 30 1@ strainrate2 © 4 £ 30 | strain rate 2 © 4
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
f-Eaiss/V [ kJ/(s-m?) f-Eaiss/V [ kJ/(s-m?)
Figure 9.1: Sample temperature of 1616 for Figure 9.2: Sample temperature of 1620 for
experiments with sine wave in section 6 versus experiments with sine wave in section 6 versus
fEdiss/V fEdiss/V

Thus, the linear relation between sample temperature and dissipated energy (Eq. (21))
was reproduced well for experiments with different load parameters for the same rubber
blend. Furthermore, for higher amounts of carbon black the dissipated energy and the
sample temperature also increased and the relationship was qualitatively applicable.
Also for different polymer matrices, a higher dissipated energy coincided with a higher
sample temperature. However, two limitations were found for the direct relation

between sample temperature and dissipated energy.

1. For rubber blends with the same polymer matrix but different carbon black types
N330 and N550, the sample temperature was higher for the more active carbon
black N330 while the dissipated energy was the same for both blends. This could
be due to a different thermal conductivity [128]. In this case, tand’ indicated

which rubber blends showed the higher temperature.

2. For the experiments with the square-wave forms, the dissipated energy was not
related to the sample temperature. This is because the dwell times of the curve
increased the dissipated energy but this was only a mathematical expression.
During the dwell periods, the elongation was kept constant but the force decreased
due to relaxation processes giving an apparent enlargement of the hysteresis
curve. The sample temperature under wave form squarel was in the same range
as for a sine wave with the same frequency (1 Hz). The sample temperature under

wave form square2 was a little bit lower which was due to the lower frequency.
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For the used blends, the stored energy under sinusoidal loads was qualitatively related
to the stiffness in the tensile tests. In all measurements, the rubber blends with the
stiffer behaviour in the tensile tests also showed a higher stored energy. For higher load
ratios, the stored energy decreased when compared over maximum strain. Different

frequencies and higher temperatures did not strongly influence the stored energy.

The rubber—textile samples’ behaviour—investigated with the same specimen geometry
as the pure rubber samples—was dominated by the type of the textile regarding
the tensile tests and fatigue tests. The rubber—textile composite with the stiffest
reinforcing textile also showed the shortest life time in the displacement-controlled
tests. The end of life was marked with a significant drop in the maximum force
which also occurred in the sample temperature measured with IR thermography. First
investigations of the two stiffest textiles with X-ray microtomography showed, that
the fatigue failure rather developed in the textile structure than in the rubber—textile
interface.

In the crack growth tests, there was no distinctive difference between the different
textiles. The reason for that can be that due to the already small FCG rates for the
applied load, the differences were in the range of the measurement scattering and not
detectable. The crack growth in rubber—textile samples only occurred at the beginning

of the cycling which was attributed to adjustment of the crack tip to the new load.

Finally, different fatigue life prediction models were discussed in chapter 8. The
capability to reduce the measurement time for the fatigue life measurements and
the quality of the predictions of three different analytical fatigue life models were
evaluated.

The crack growth model needs in general only FCG measurements and the strain
energy density. The prediction for rubber blend 1616 and 1620 showed a systematic
deviation from the measured values which was related to the higher sample temperature
at higher strains. For the crack growth model, the initial flaw size must be known
which can be evaluated from fatigue life measurements (which was done in this work).
When the initial flaw size is known the prediction with this model is the fastest.
However, for every load ratio the crack growth measurements and the evaluation have
to be repeated.

The crack nucleation model I and II both need a considerably amount of fatigue life
measurements to give a reliable fatigue life estimation. The benefit of both models
is that they work with an equivalent strain term which unifies the fatigue life data
of different load ratios. Thus, they can also predict the fatigue life of different load
ratios. The evaluation showed that these two models were less suited for extrapolation
of fatigue life data. However, they are good for interpolation which means to predict

fatigue life values for loading cases within the equivalent strain range of the known
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fatigue life data. For this application, the models gave equally good fatigue life

predictions but the time saving is low.

9.2 Outlook

The measurements with the pure rubber samples showed that different crack formation
behaviour occurred for different blends. An adaptation of the fatigue life specimen
should be considered to keep the location of crack formation in the middle of specimen
(Fig. 3.4) for all blends to simplify the comparison of different blends. During this
work, a first variation of the fatigue life specimen was tested. Compared to the original
specimen (Fig. 9.3 a), the transition from the beads for clamping and the tested
volume has a larger radius to avoid stress concentrations (Fig. 9.3 b). Although the
materials which showed crack formation at the clamps still showed this behaviour with
this version b, the fatigue life was longer. This supports the assumption that if the
influence of the clamps would be eliminated, these blends would have a longer fatigue
life than blends rupturing in the middle of the sample.

Therefore, a new version of the fatigue life specimens is considered but has not been
built up to now. In this version ¢ (Fig. 9.3 c), the transition is thicker to hinder
crack formation at the clamps and all transitions have a relatively large radius. The
drawback of this version c is that it restricts the testing volume but this version could

also avoid buckling of softer blends.

a) b) c)

Figure 9.3: a) Specimen geometry used for the fatigue life measurements b) Variation with a
larger radius at the transition from the beads for clamping and the tested volume ¢) Variation
with thicker transition to hinder crack formation at the clamps

With a unified crack formation behaviour it is still important to investigate the
crack initiation phase. In this work with the used specimen geometry, the definition
of the fatigue life includes crack initiation and crack growth. Although different
fatigue life definitions were considered, they lead to the same time of failure. X-ray
microtomography measurements at different stages throughout the fatigue tests can

bring more information about the initiation phase of the cracks. Furthermore, the
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initial flaw sizes could be determined with this tool and compared to calculated
sizes. X-ray microtomography should also be used for the investigation of the failure
mechanism of the rubber—textile composites.

It was shown for the application-relevant blends 1616 and 1620, that in laboratory
measurements the non-sinusoidal load case of the handrail can be simplified to a
faster sine wave. The next step is to correlate the results from the laboratory to
the performance of the handrails at the test rig also by using the fatigue life prediction
models.

The measurements with the rubber—textile samples should be continued to get more
insight in the behaviour of this new sample type. For the fatigue life tests, two types of
strain distribution were identified which were called plateau (Fig. 9.4) and sink (Fig.
9.5).

50 | T T I— Ia‘t’}1 I1 T T T ] 50 | ]
— path 2
40 | — path 3 ] 40 | T
R 2R
~ 30 1 ~ 30 .
E 2
E 20t 1 £ 20t .
[} n
10 b . 10 b 1
0 C 1 1 1 1 1 1 1 1 1 O C ]
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
z z
Figure 9.4: Plateau strain distribution for Figure 9.5: Sink strain distribution for
rubber—textile samples rubber—textile samples

“z” is in load direction

It was examined that the strain distribution depends on applied load and the used
rubber blend but this phenomenon needs further investigation. Also the behaviour of
the rubber—textile samples when the textile is pre-damaged but the rubber matrix is
intact, is of interest. These tests can be also repeated with handrails at the product

test rig to examine the correlation to the laboratory measurements.
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force-controlled tests

Table A.1: Fatigue life measurement results of 1616, 1620, 3105, and 3107 for
displacement-controlled (1?=-0.2) and force-controlled (R;=-0.6) tests (sine 5Hz): maximum
elongation dpax, maximum measured strain £pax, arithmetic mean of measured fatigue life N,

ratio between maximum and minimum measured fatigue life %
,min

N N max N Ny max
dmax €max N f m Finax Omax f m
1616 R=-02 Rs-0.6
5.0mm 26.6% 1321133 3.2 500N 1.82N/mm? 98636 1.6
7.5mm 394% 410794 5.1 600N 2.18 N/mm2 22468 4.6
10.0mm 54.6% 74333 1.7 800N 2.70N/mm? 1757  1.0°
1620 R=—-02 R;-0.6
50mm 30.0% 1116750 5.2 350N 1.20N/mm? 124401 3.0
7.5mm  44.1% 80510 3.9 400N 1.42N/mm? 14757 2.9
10.0mm 58.2% 21583 3.7
3105 R=-0.2 Rf-0.6
25mm 14.4% 948667 4.2 500N 1.88 N/mm2 141241 1.0
5.0mm 29.8% 64500 1.9 600N 2.31N/mm? 17972 1.03
7.5mm  41.1% 3668 3.0 800N  3.05N/mm? 1776 1.6
1000N  3.76 N/mm? 485 1.0
3107 R=-0.2 R;-0.6
25mm 15.0% 43576 7.2 600N 2.27N/mm? 90470 5.7
5.0mm 24.4% 33 64 800N  3.00 N/mm? 3613 1.6

1000N 3.75N/mm? 1105 2.2

“Test was stopped when sample showed buckling in the compression range
®Only one measurement result
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A.2 DMean value of fatigue life for different amounts of carbon
black

Table A.2: Fatigue life measurement results of 1620Y, 1620, and 1620Z given by the maximum
measured strain £,,4,, the average measured fatigue life Ny and the ratio between maximum

measured fatigue life and minimum measured fatigue life % (sine 5Hz, R = —0.2)
Carbon black amount: 1620Y 60 phr, 1620 79 phr, 1620Z 100 phr

T N max nNT N max
dmax €max N f m €max N f m
1620Y 1620
5.0mm 27.6% > 5000000 — 300% 1116750 5.2
7.5mm  42.6 % 502167 1.8 44.1% 80510 3.9
10.0mm 59.8% 97375 1.1 58.2% 21583 3.7
1620Z
50mm 28.6 % 142 333 1.1
7.5mm  41.0% 11750 1.7
10.0mm 55.0% 3938 2.1

A.3 Mean value of fatigue life in dependence on load ratio

Table A.3: Fatigue life measurement results of 1616 and 1620 for R = —0.2 and R=0 (sine 5 Hz):
maximum elongation dyax, maximum measured strain €y,x, arithmetic mean of measured fatigue

life N #, ratio between maximum and minimum measured fatigue life %
AT N max AT N max
dmax €max Nf % €max Nf m
1616 R=-02 R=0
50mm 26.6% 1321133 3.2 26.2% 1787903 2.4
7.5mm  39.4% 410794 5.1 39.8% 525500 2.1
10.0mm 54.6 % 74333 1.7 52.1% 126 000 1.8
1620 R=-0.2 R=0
50mm 30.0% 1116750 5.2 29.9% 3340875 1.9
7.5mm 44.1% 80510 3.9 441% 266750 3.1
10.0mm 58.2% 21583 3.7 57.6 % 46 333 3.0
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A.4 Mean value of fatigue life in dependence on frequency

Table A.4: Fatigue life measurement results of 1616 and 1620 for sine wave with 5Hz and

1Hz, R = —0.2: maximum elongation dy,,x, maximum measured strain €y,,x, arithmetic mean of
measured fatigue life N f, ratio between maximum and minimum measured fatigue life %
dmax €max N f % €max N f %
1616 5 Hz 1Hz
50mm 26.6% 1321133 3.2 25.2% 1291010 1.7
75mm 394% 410794 5.1 37.7% 409968 3.5
10.0mm 54.6 % 74333 1.7 53.9 % 74250 9.9
1620 5 Hz 1Hz
50mm 30.0% 1116750 5.2 20.7% 1677747 4.4
7.5mm  44.1% 80510 3.9 44.5 % 198 500 3.7
10.0mm 58.2% 21583 3.7 57.9% 46 066 2.1

A.5 Mean value of fatigue life in dependence on ambient
temperature

Table A.5: Fatigue life measurement results of 1616 for ambient temperatures 25 °C, 60 °C, 80 °C,
and 100°C (sine 5Hz, R = —0.2): maximum elongation dmax, maximum measured strain emax,
arithmetic mean of measured fatigue life IV ¢, ratio between maximum and minimum measured

Nf,max

fatigue life

Nf,min
AT N max AT N ,max

dmax €max N f m €max N f m
1616 25°C 60°C

50mm 26.6% 1321133 3.2 28.6% 502125 1.7

7.5mm 39.4% 410794 5.1 41.2% 69500 1.6
10.0mm 54.6% 74333 1.7 55.2% 12000 1.4
1616 80°C 100°C

50mm 28.1% 119750 1.7 27.8% 55750 2.7

7.5mm 40.4% 20150 1.4 41.1% 11025 5.3
10.0mm 55.8% 2700 1.4 55.7% 1875 1.8
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A.6 Mean value of fatigue life in dependence on waveform

Table A.6: Fatigue life measurement results of 1616 and 1620 for different wave forms (section

6.5) (R = —0.2): maximum elongation dpmax, maximum measured strain epayx, arithmetic mean
of measured fatigue life N 7, ratio between maximum and minimum measured fatigue life %
v N max nNT N max
dmax €max N f m €max N f m
1616 squarel square2
5.0mm  25.3% 1452000 2.9 25.1% 764496 1.2
7.5mm 42.4% 209 250 2.6 43.3% 106 750 1.8
10.0mm 54.8% 90 000 2.7 55.1% 44175 2.4
1620 squarel

50mm 30.8% 924130 3.7
7.5mm 45.5% 387323 3.6
10.0mm 59.2% 78688 3.3

Table A.7: Fatigue life measurement results of NR8O for different wave forms (section 6.5)

(R = —0.2): maximum elongation dax, maximum measured strain max, arithmetic mean of
measured fatigue life N f, ratio between maximum and minimum measured fatigue life %
dmax €max N f % €max N f %
NRSO sine 5 Hz sine 1 Hz
50mm 24.9% 125000 14 25.7% 18500 2.0
75mm  41.2% 12500 24 39.8% 7000 3.2
10.0mm 52.8% 6 648 1.9 53.8% 3600 1
NR&0 squarel square2
50mm 25.8% 31875 2.7 25.2% 35500 2.8
7.5mm 40.2% 5250 1.1 41.3% 8000 5.8
10.0mm 53.3% 4000 1.7 54.2% 3375 4.2
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A.7 Calculated initial flaw size

Table A.8: Calculated initial flaw sizes ¢ of 1616 and 1620 by using measured fatigue life Ny
under R = —0.2 and R=0 and transformed Equation (27) (calculation for every single measured

fatigue life)

dmax €max N f €o €max N f Co
1616 R=-0.2 R=0
4.0mm 22.2% 3698000 30 um
40mm 21.7% 3622000 30 um
50mm 26.2% 2126350 30 um 26.2 % 2719510 20 pm
50mm 26.2% 1164550 50 um 26.2 % 1489200 30 um
50mm 27.5% 672500 60 um 26.2 % 1155000 40 pm
7.5mm 39.3% 862852 20 um 40.7 % 704000 20 um
7.5mm 37.1% 717500 30 um 40.3% 631 000 20 pm
7.5mm 39.3% 436351 40 um 38.6 % 408 600 30 um
7.5mm 39.0% 342500 40 pm 39.5% 338400 40 um
7.5mm 39.2% 334943 40 um
7.5mm 38.3% 177500 80 um
7.5mm  39.5% 170500 80 pum
10.0mm 41.2% 335000 40 pm 50.1% 178 000 40 um
10.0mm 41.6 % 320000 40 pm 52.7% 102 000 60 pm
10.0mm 55.6 % 102000 50 pm 53.4% 98 000 60 um
10.0mm 53.7% 62000 80 um
10.0mm  54.7% 59000 80 um
1620 R=-0.2 R=0
50mm 30.1% 2439250 30 um 30.0% 4615000 50 pm
50mm 30.1% 1186150 50 wm 29.5% 3377000 60 pm
50mm 30.1% 938350 60 um 29.9% 2937500 60 um
50mm 27.2% 550000 110 pm 30.1% 2434000 70 pm
50mm 32.2% 470000 90 um
7.5mm 44.0% 175000 90 pm 44.9% 503 000 80 um
7.5mm 43.8% 126300 110 pm 43.9% 212000 150 pm
7.5mm 43.8% 126300 110 pm 44.2% 192000 160 um
7.5mm 45.0% 82500 130 um 43.3% 160000 180 um
7.5mm  42.1% 62500 190 pm
7.5mm 44.4% 50000 190 pm
7.5mm 45.0% 47500 190 um
7.5mm 44.6 % 45000 200 pwm
7.5mm  44.1% 45000 210 pm
7.5mm 44.2% 45000 210 pm
10.0mm 58.3% 33000 150 pm 59.4% 72000 160 pm
10.0mm 57.1% 24000 190 pm 58.4% 43000 230 um
10.0mm 57.7% 19500 210 pwm 55.1% 24000 360 um
10.0mm 58.3% 9000 340 pm
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A.8 Mean value of life time of rubber—textile composites

Table A.9: Life time of rubber—textile composites (sine 5 Hz, R = +0.4, djyax =5 mm): arithmetic

,max

mean of measured life time Ny, ratio between maximum and minimum measured life time Nfmi
,min

Sample Ny % sample Ny %
1616 PE270 >3024000 — 1620__PE270 >3024000 —
1616__EP100 238 196 14 1620_EP100 348 195 1.3
1616 EE100 87843 1.1 1620_EE100 238 406 3.4

A.9 Adjustments for X-ray microtomography measurements

Table A.10: Adjustments for X-ray microtomography measurements of Research Group
Computed Tomography (University of Applied Sciences Upper Austria - Campus Wels) and for
own measurements at Scanco uCT100 of TU Wien

Voltage Current Power Integration time Average Voxel edge length

Research Group Computed Tomography
University of Applied Sciences Upper Austria — Campus Wels

60kV ~ 300pA  18W 500 ms 5 10 pm
Scanco uCT100 (TU Wien)
45kV 200 pA 9W 750 ms 3 11 pm
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B Appendix Figures

B.1 Basic Characterisation
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Figure B.1: Tensile test of all rubber blends used in course of this thesis—for 1620Y, the
elongation at break was not reached and the samples remained intact within a elongation of
100 mm = nominal strain of 625%)
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Figure B.2: tand’ of 1616, 1620, 3105, Figure B.3: tand’ of 1616, 1620, 3105,
and 3107 versus maximum strain for and 3107 wversus maximum stress for
displacement-controlled  tests (sine 5Hz, force-controlled tests (sine 5 Hz, Ry = —0.6)
R=-0.2)
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B.2

Comparison of model materials and

blend

tand’

Figure B.4: tand’ of 1616, NR, and SBR versus maximum strain
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B.3 Influence of carbon black type
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Figure B.6: tand’ of 1616 and 1616B versus maximum strain (sine 5Hz, R = —0.2)— 1616 filled
with 79 phr N550, 1616B with 79 phr N330
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B.4 Influence of carbon black amount
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Figure B.7: tand’ of 1620, 1620Y, and 1620Z versus maximum strain (sine 5Hz, R = —0.2)
Carbon black amount: 1620Y 60 phr, 1620 79 phr, 1620Z 100 phr

B.5 Influence of load ratio
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Figure B.8: Dissipated energy per unit Figure B.9: tand’ of 1620 versus maximum
volume of 1620 versus maximum strain for load strain for load ratios R=—0.2 and R =0 (sine
ratios R = —0.2 and R=0 (sine 5 Hz) 5Hz)
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B.6 Rubber-textile composites
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Figure B.14: X-ray microtomography measurements of 1620__EP100 after end of life is reached
(sine 5Hz, R = 40.4, dmax = 5mm). Picture by courtesy of Research Group Computed
Tomography, University of Applied Sciences Upper Austria - Campus Wels


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

i
r

134 Appendix Assessment of wave form “squarel”

C Appendix Assessment of wave form “squarel”

Source: [7] F. Stadlbauer. FErmidung und Risswachstum von FElastomerwerkstoffen

unter prazisrelevanter Beanspruchung. PhD thesis, TU Wien, 2014.

A schematic drawing of the handrail test rig is given in Figure C.1. The velocity at
the handrail is 2m/s. To determine the wave form “squarel”, the sectors 1, la, and
2 were selected. The loading conditions at the different sectors were determined with
the image correlation software Aramis (GOM). The transition length from straight
state to bent state is approximately 10cm. With the given velocity, the according
transition time is 0.05s. The transition is continuously and therefore chosen to be
sinusoidal. The length of the sectors 1, la, and 2 and the according time to pass
through them is given in Table C.1.
Table C.1: Sectors 1, 1a, and 2: Load type, length, and time to pass through them

Sector Load type Length  Time

1 Compression 710mm 0.355s
la Straight 560mm  0.280s
2 Tension 630mm 0.315s

The total length of all three sectors is 1900 mm which gives an approximate cycle time
of 1s and a frequency of 1 Hz. For further simplification, the lengths of sector 1 and
sector 2 are taken as equal and the time to pass through each of them is approximated
to 0.3s. As mentioned before, the time of the transition from the straight state to the
stretched respectively compressed state is 0.05s. Thus, the time in the straight state of

sector la is calculated with 0.2 s which corresponds approximately to the reality (Table

C.1).
This wave form is assessed for a load ratio R = —1. For the used laboratory specimens,
the load ratio has to be increased (R = —0.2) to avoid buckling of the specimens in

the compression range. According to the changed load ratio, the transition time from
straight state to bent state is changed in order to keep the strain rate in the same
range. This results in a transition time of 0.073s between straight state and tension,
respectively 0.027s for the transition between straight state and compression. With

this transition times, the overall cycle time of 1s is preserved (Figure C.2).


https://www.tuwien.at/bibliothek

135

Appendix Assessment of wave form “squarel”

Figure C.1: Handrail test rig
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