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ABSTRAKT

Ptedlozena prace se zabyva implementaci modernich experimentalnich metod popisujicich
lomové chovani pryze v tésnicich aplikacich pro dosazeni zefektivnéni procesu vyvoje
gumarenskych smeési pro tyto aplikace. V teoretické Casti byla popsdna problematika
tésnicich aplikaci na vybranych praktickych ptikladech. Pro experimentalni ¢ast prace byla
zvolena gumarenska smeés s variaci typti pryze a vulkanizacniho Cinitele tak jako mnoZzstvi
plniva a zmeékcovadel. Tyto smési byly nejdiive podrobeny zakladnim analyzam pro popis
standardnich mechanickych vlastnosti. Nejrozsahlejsi ¢ast prace je poté zaméefena na imple-
mentaci experimentdlnich metod pro popis lomového chovani pryze pii simulaci redlného
zatéZovani té€snicich prvki. Pro tyto analyzy byly zvoleny metody charakterizace minimalni
energie potiebné pro vznik a §ifeni trhliny tak jako metoda stanoveni rychlosti Sifeni trhliny
pii cyklickém tinavovém zatézovani. Vysledky prokazaly jednoznaény piinos implementace
téchto metod do procesu vyvoje gumarenskych smési a to jak pro efektivitu samotného
vyvoje pii minimalizaci naklada tak jako pro stanoveni Zivotnosti a tim efektivnéj$im di-

menzovani tésnicich prvki pfi navrhu jejich aplikaci.

Klicova slova: pryz, kauCukova smés, lomova mechanika, lom, inava, tésnici aplikace,

mechanické zatéZovani, dynamické zkousky, iniciace trhliny

ABSTRACT

This thesis deals with the implementation of modern experimental methods describing the
fracture mechanism of rubber-like materials in sealing applications to achieve a more effi-
cient development of rubber compound for these applications. In the theoretical part the
problem of sealing applications was described on selected practical examples. For the ex-
perimental part, a rubber blend was chosen with a variety of rubber and vulcanizing agents
as well as an amount of fillers and softeners. These mixtures were first subjected to basic
analysis to describe standard mechanical properties. The most extensive part of the thesis is
focused on the implementation of experimental methods for the description of the breaking
behavior of rubber in the simulation of the real loading of the sealing elements. For this
analysis, the minimum energy characterization techniques required for crack initiation and

propagation were chosen, as well as the method of determining the crack growth rate prop-



agation during cyclic fatigue loading. The results showed a unique contribution of the im-
plementation of these methods in the development of rubber compounds, both for the effi-
ciency of the development itself, while minimizing the costs as well as for determining the
fatigue lifetime and thus the more effective dimensioning of the sealing elements in the de-

sign of their applications.

Keywords: rubber, rubber compound, fracture mechanism, fracture, fatigue, Sealing appli-

cation, mechanical loads, dynamic tests, crack initiation
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INTRODUCTION

Because of the increasing technological progress, higher demands on material and its cost, it
is necessary to use state-of-the-art technologies and materials. This concerns the space appli-

cation as well as and sealing applications, which are often overlooked.

Sealing applications are essential and indispensable components of modern machinery and
devices. Seals are used in every kind of industry. Although the seals are the most demanding
in respect to material properties, their price is in units of cents, while the machines in which
are used, cost hundreds or up to thousands of euros. It might seem like there is no need to put
high demands on such a cheap part of machine. However, gaskets are usually placed at an
inaccessible location in the machine, and failure may cause not only the malfunction of the

machine, but also its failure or eventual destruction with fatal consequences.

An example of a fatal seal failure can be a disaster of space shuttle Challenger. When the
destruction of the O-ring on the rocket engine was the cause of its destruction at the space

shuttle take-off.

It is not only important to prepare material with optimal mechanical properties and chemical
resistance, but also to monitor its fatigue behavior and to predict its service life. So, in the best
case, service life of the seal is the same as the service life of the machine, or eventually it is

crucial to be aware of its service life and replace it before the end of its end.

The fatigue behavior of rubber is currently a decisive material parameter, despite the fact that
it was still described very little due to the large number of components of the rubber compound

and the high demands on the computing technique and the devices for its monitoring.
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1 SEALS AND SEALING APPLICATION

The seals are the component that serves to seal and prevent the flow of liquids and gases
through the gap between the components since it is very difficult to produce, for example,
machine parts that would perfectly touch each other on the entire surface. This contact may

be undesirable in many cases, but this issue will be described later.

The seals can be made of many materials that differ in their properties and applications. The
materials used to make the seals are metals, paper, textiles, cork, rubber. Especially the last
one, rubber, is a very suitable material for sealing applications. A great advantage of rubber
compared to other materials is its high elasticity, which makes the rubber seal not only seal

the gap but also absorb vibrations.

Seals can be found wherever they work with liquids or gases, that is, in every machine, tool,
product, industry, everywhere in everyday life. The seals are used in very simple machines
and even in very complex and expensive machines, the operation of which would not be pos-

sible without sealing.

The seal can take many forms, examples of seals are shown in Figure 1, for example, O-rings,

gasket or differently shaped profiles. [1]

A) B) O

Figure 1: Seals; A) O-ring; B) Gasket; C) Profile-shaped seal [2,3.,4]
The sealing in machines have not only the role of sealing but also a role of a vibration absorber.
This role is mainly used in automotive industry where seals are used not a static seal (for
example, around the window frame), as well as in the powertrain and braking systems. The

examples are shown in Figure 2.
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Figure 2: Seals; A) Diaphragm for brake booster; B) Diaphragms; C) Caliper for
Disc-Brake; D) Piston protection cap [5]

1.1 Principle of sealing function

The principle of the seal function will be described for the simple case - the O-rings. O-rings

are typically statically loaded but they can be also used in dynamic load applications.

Figure 3 shows an O-ring located in the groove in the unloaded state. In order for the O-ring
to fulfill its role, it is necessary to load it. Deformation of the O-ring due to load is usually

between 7 and 30%, varies for individual applications. [1]

Figure 4 shows the O-ring when we applied the load. The O-ring is deformed and perfectly
seals the groove. Because it is an elastic material, the O-ring is deformed and seals the groove.
It is important that only elastic deformation occurs rather than plastic deformation, although

plastic deformation occurs, but to a very limited extent.

Figure 5 shows an O-ring at the applied pressure of the liquid.
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Figure 3: Scheme of O-ring in the groove

Figure 4: Scheme of function of O-ring, A) Interference force created by compres-

sion in the groove; B) Deformation of the O-ring due to compression

-
-

Figure 5: Scheme of function of O-ring at applied liquid pressure
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UNLOADED LOADED

RUBBER DIAPHRAGM %E~ ’l

Brake
applied

L

Figure 6: Vacuum brake booster at rest (left) and in use (right) [6]

!

'

The second example is diaphragm for brake booster (Figure 6 and Figure 2 A)). Most of Brake
boosters, have two or more chambers, divided by flexible diaphragms. The chamber is usually
steel and the diaphragm has rubber qualities. They attach a metal push rod to the diaphragms
and it moves with them. Vacuum, usually supplied by the engine and atmospheric pressure

combine to provide the assistance during braking.

The figure 6 (the left side) shows the brake booster in a rest position, where the same pressure

(vacuum) on the both sides of diaphragms and is maintained by a two-way valve.

However, if the brake pedal is depressed (Figure 6 right side), we start to move the shaft to

the open position and the air flows to the right side. Differential in pressure created braking.

When we compare the O-ring and the brake booster diaphragm, there is a large difference in
wear between them, even though the O-ring function has been introduced very generally and
depends on the particular application. The O-ring is loaded rather statically, on the other hand

the diaphragm is loaded dynamically, resulting in faster wear and shorter fatigue life.

1.2 Required material properties

From the explanation of the principle of sealing function, it is possible to infer what properties
are required for the material from which the seal is made. Important properties that material
must meet in our case is elasticity, temperature resistance, chemical resistance, resistance to

permanent deformation, resistance to crack initiation followed by fatigue crack growth.
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As mentioned above, the seals are dynamically loaded, and the load causes irreversible
changes in the rubber. Although these changes are not at first glance visible, they can not be
considered as unimportant, just the opposite. When the rubber is loaded, either chemical or
physical bond breaking occurs in rubber (Mullins [17] and Payne effect), then each interrup-
tion of the bond means the formation of a crack (microcrack). This microcrack can grow to
such a degree, that it causes the seal to fail. Figure 7 (right) shows cracks typical of ozone

degradation but accelerated by mechanical loading.

Figure 7: Microcrack in the crack tip (left); crack on the surface of O-ring (right)
[7.8]
Elasticity is important based on the required sealing, since if there is a plastic deformation and
consequently a decrease in the load, an undesirable gap would occur between the seal and the

component.

Because the machines in which those seals are used operate at different temperature ranges
from minus temperature to temperatures exceeding 100 °C. It is necessary for the material,

even in such cases, not to lose its property and not to degrade.

Equally important property is the chemical resistance. The seal may be subjected to a variety

of operating fluids, whether polar or non-polar and should be resistant to their operation.

Last but not least, it is important to mention resistance to crack initiation and fatigue crack
growth. Fatigue cracks can arise both in the static and primarily in the dynamic loading, which
can lead to destruction of the seal, that can damage the machine in which the seal is located.

It is therefore important to know fatigue life for the material.

Seals usually occur in a machine in a very poorly accessible places, and in particular in the
automotive industry, the whole component, not just the seal, is changed when it fails. There-
fore, the damage caused by the failure of the seals is in the hundreds of EUR, not just the

cents, as is the price of seals. It is therefore necessary to know and predict the fatigue life of
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the seal. It is important to use the most modern technologies to predict lifetime, which will be

described in the following chapters.
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2 RUBBER COMPOUND FOR SEALING APPLICATION

The Second chapter will discuss the design of compounds for sealing applications. The indi-

vidual ingredients of the compound and their role in the rubber compound will be described.

The rubber compound is composed of many components that fulfill a different role in the
compound. The basis of the compound is rubber, which carries the essential properties. An
important component of the compound is the vulcanization agent, which gives us from a soft,
flexible material without more industrial use, a strong, elastic material with excellent proper-
ties. These properties can be further modified, for example, by adding a filler. In addition,
various oils and lubricants are added to the mixture which, on the one hand, allow for better
blendability of the compound, allows the use of a higher filler content, improves the dispersion
of the filler, but also softens the material. If we already have the proposed compound with the
required properties, it is necessary to ensure that the compound remain intact throughout its
working, so antidegradants are added to the mixture to prevent degradation processes. Degra-
dation may occur due to the weather, heat, but also due to operating fluids that are in contact

with the compound when applied.

The rubber compound intended for sealing applications has its own specificities and these are
given by a specific application. It is therefore important to know for what environment the
compound is beeing prepared, whether it will be exposed to UV radiation, polar or non-polar
substances, exposed to high or low temperatures. An equally important component in design-
ing a compound is the knowledge of what kind of load the compound will be exposed to.
Whether its purpose is merely to seal a space (possibly to transport chemicals) or to act as a

silencer. All of these criteria are important for compounding. [9,10,11]

2.1 Rubber

As has been written above, rubber is the essential component of the compound and the carrier
of the essential properties. These basic properties include its chemical resistance and weather
resistance, its temperature range of application and, last but not least, its mechanical proper-

ties.

For sealing applications, EPDM, NBR, Silicone Rubber and CR rubber, and others, are the
most used. Each of the mentioned rubber stands out and its application is in another type of

seal. [1,9]



TBU in Zlin, Faculty of Technology 20

2.1.1 Nitrile butadiene rubber (NBR)

NBR rubber is most commonly used where sealings come into contact with gasoline, oils and

lubricants.
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Figure 8: Nitrile butadiene rubber [12]

NBR rubber is produced by radical copolymerization in the emulsion. The rubber formed in
his way contains 18-49% acrylonitrile. The content of acylonitrile greatly affects its oil re-
sistance. NBR rubber also has excellent tensile and bending properties. The acrylonitrile con-
tent also has an effect on the glass transition temperature and hence on the temperature range
of use, where the increase in acrylonitrile content by 1% increases the glass transition temper-
ature by 1.5 °C [2.4], and increases the hardness and loss of elasticity. Thus, it is necessary to
find the appropriate acrylonitrile content so that the selected rubber meets the necessary ther-
mal constraints and also has optimal mechanical properties. NBR usually has a temperature
range from -54 °C to 121 ° C. As already mentioned, it very well resists oils, gasoline and
lubricants. It also excels in its abrasion resistance and crack resistance. It is often used in the

presence of nitrogen and helium.

NBR also has its disadvantages among which are low resistance to UV radiation, ozone and

weathering, and it resists the action of ketones, chlorinated hydrocarbons.

Its most common applications include fuel handling applications in the aerospace and auto-

motive industries. [9,10,11,13]

2.1.2 Chloroprene rubber (CR)

Chloroprene rubber is formed by the radical polymerization of chloroprene, predominantly in

the emulsion. CR can be prepared in several modifications that have different properties.

[9,13]
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Figure 9: Chloroprene rubber [14]
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The temperature range for the CR is from -40 °C to 138 °C. However, in the long term, it can
withstand at most 90 °C and at low temperatures around -18 °C it starts to hard and below -

40 °C becomes brittle. [13]

CR is polar rubber. Its polar character allows it to withstand oils, oil products, lubricants, and
on the contrary, has very low resistance to strong acids, esters, ketones, and chlorinated and

aromatic hydrocarbons.

Its main strengths include excellent water resistance, good resistance to moderate ozone, UV

radiation, weather and resistance to non-polar substances.

It is also capable of crystallizing under tension, which gives it good dynamics of properties

and strength even in non-filled compound. [9,10,13]

CR is currently being replaced by EPDM.

2.1.3 Silicone rubber

The silicone rubber has the bond -Si-O- in main chain. Silicone rubbers are several species,

each with a slightly different use [9].

Generally, the great advantage of silicone rubber is its large temperature range of use. When
can be used for a long term at 205 °C. They are typically used in the range of -60 °C to
180 °C. They also excel in their resistance to ozone and weather. They have excellent el-

isolation properties and good fire resistance. [13]

However, these advantages are compensated by a number of disadvantages, namely low re-
sistance to acids, alkalis and other liquids. Resistance to liquids can be increased by fluorine
atom modification. Another major disadvantage of silicone rubber is its very low structural

strength and generally being not suitable for dynamic loading applications.

Silicone rubber is still used in a variety of applications in aerospace, space industry, medicine,
food and automotive especially in ignition cables. [1,9,10,13]

2.1.4 Fluoroelastomers (FMK)

The group of fluoroelastomers includes a number of fluorine-containing copolymers. When

the C-F bond provides good thermal and chemical resistance.

FMK excels with its high temperature resistance up to 316 °C for 48 hours, however,



TBU in Zlin, Faculty of Technology 22

during dynamic stresses can only be used up to -20 °C. static loading can be used even at

lower temperatures. [13]

FMKs also have good chemical resistance to oxidation, ozone, fuels, oils and concentrated

acids. However, they swell in some polar solvents (ethers, esters and ketones)

A disadvantage may be its relatively high density, which is 1.8 g/cm?.

FMKSs are most commonly used as the inner layer of fuel hoses and exhaust pipe seals.
[1,9,10,13]

2.1.5 Ethylene propylene diene rubber (EPDM)

EPDM is a copolymer of ethylene, propylene and the third monore is diene thanks to which it
can be vulcanized with sulfur. As a diene was, most of the time used ethylidene norbornene.
The advantage of EPDM is also its very low density of about 0.9 g/cm® compared to CR whose
density is about 1.24 g/cm’.
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Figure 10: EPDM rubber [15]

EPDM is most commonly used in applications where the seal is exposed to low or high tem-
perature and weathering. Its temperature range is from -60 ° C to 150 °C. EPDM can be used
for long time at temperatures from 126 to 150 °C. [13]

EPDM has a very good resistance to low and high temperatures. It also has excellent resistance
to ozone and weather. It is also an excellent electrical insulator, which allows it to be used to
cover cables. Due to its nonpolar character, it has very good resistance to polar substances
such as ketones, dilute acids and alkalis, and is resistant to steam. Non-polar character, how-
ever, carries a negative and it is its poor resistance to non-polar substances such as oil, gaso-
line, kerosene, aliphatic hydrocarbons. It is also non-resists to halogen solvents and concen-

trated acids.
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EPDM is capable of crystallization. The ability to crystallize is affected by the content of
ethylene, with the content of ethylene increasing the crystallinity. EPDMs with an ethylene
content of less than 62% are referred to as amorphous and with a content greater than 62% as
semi-crystalline. Amorphous types have relatively low hardness and high elasticity even at
lower temperatures, whereas semi-crystalline types have a higher hardness and are less re-
sistant to permanent deformation. The ability to crystallize greatly affects the mechanical

properties and at the same time contributes to greater fatigue resistance.

EPDM is most commonly used in applications where long-term low temperatures are still

present in the automotive industry for cooling and weather-stripping applications.

As written above, the EPDM replaces the CR in its present day due to its good properties.
Better resistance, both chemical, thermal and even better mechanical properties. EPDM De-
spite its big advantages, can not be used as a substitute for NBR due to its nonpolar character.
In comparison with silicone rubber, the heat resistance of EPDM is worse, but the mechanical
properties of EPDM are great advantages. EPDM rubber also has the lowest density of rubber
listed above. [1,9,10,13]

2.2 Ingredients

There are many kinds of ingredients that differ in their task. The aim of the ingredients is to
optimize the properties of the compound. The amount of ingredients in the compound is given

by the phr unit (number of parts per hundred pieces of rubber) [9]

2.2.1 Vulcanization system

The function of the vulcanization system is to modulate the polymer by forming crosslinks
(bridges) between the chains. The vulcanization system consists of a vulcanizing agent, an

accelerator, an activator and an inhibitor. It is added to the mixture in phr units. [9,10]

2.2.1.1 Vulcanizing agents

The vulcanizing agent is the main component of the vulcanization system. The most important
and most used reagent is elemental sulfur. Sulfur is only applicable to unsaturated rubbers.

Metal oxides, reactive resins, dialkyl and diacyl peroxides and other. [9,10]
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2.2.1.1.1 Sulfur

Sulfur is a basic component of sulfur vulcanization systems. A condition for its use is the
presence of unsaturated bonds. Sulfur vulcanization itself would take hours, so it must be used

together with activators and accelerators.

Sulfur vulcanization systems allow for extensive control of vulcanization kinetics, and allow
for freedom to the design of the recipe. It is also possible to control the length of the sulfur

crosslinks. Sulfur vulcanizates also have good properties in dynamic loading. [9]

2.2.1.1.2 Peroxides

Peroxides are mainly used in unsaturated rubbers that cannot be vulcanized with sulfur. Per-

oxide vulcanization works on radical mechanism.

A major advantage of peroxides is that there is no vulcanization during storage and high rate
of vulcanization at high temperatures. The disadvantage of using peroxides is the undesirable
reaction with other ingredients, the difficulty with setting the ration of scorch time/ vulcani-

zation rate, the long times of vulcanization at low temperatures, high peroxide price.

Rubber vulcanized by peroxides exhibits low permanent deformation, tensile strength, crack
growth and abrasion resistance and also high heat resistance, which suggests that peroxides

are more suitable for sealing applications [9]

2.2.1.2 Accelerators

The accelerator function is accelerating the vulcanization process, but also increasing the ef-
ficiency of the sulfur bonding, resulting in improved properties of the vulcanizate, especially

resistance to aging and resistance to higher temperatures. [9,10]
As accelerators are used:

e Slow-amines, guanidines
e Fast - thiazoles, sulfaamides
e Very fast - tiuramy

e Ultra-accelerators - xanthates and dithiocarbamates
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2.2.1.3 Activators of vulcanization

Activator function is, as with accelerators, to increase the efficiency of sulfur binding and to
reduce the rate of vulcanization to temperature. Activators include stearic acid, ZnO and oth-

ers. [9,10]

2.2.1.4 Vulcanization retarders
Retarders increase processing time at processing the mixture.
As Retarders are used:

e Inorganic retarders - MgO, PbO
e Organic retarders - Sodium acetate, sebacic acid, adipic acid, anhydrides and other

substances [9,10]

2.2.2 Filler

Fillers are used in rubber mixtures for two reasons. The first reason is to adjust the workability
and physical-mechanical properties. The second reason is to lower the price of the product.
For these reasons, most mixtures are filled. Vulcanized fillers create many places where fric-
tion can occur at the rubber / filler interface, which results in energy conversion and the ma-
terial is not easily disrupted. Fillers are mostly powdery solids of solid consistency. In mix-

tures, they are in a high concentration of 50-100 phr. [9,10,13]
Fillers are classified according to their effects on the properties of the vulcanizate:

a) Reinforcing - increases tensile strength, structural strength, abrasion resistance
(fine particles, precipitated silica)

b) Semi-reinforcing - increases tensile strength, structural strength, but do not im-
prove abrasion resistance (coarse carbon black, hard kaolin, precipitated CaCO3)

¢) Non- reinforcing - does not improve the properties of vulcanizate (talc, soft kaolin,

CaCO3) [9]

2.2.2.1 Carbon black

Carbon black is one of the most used fillers in the rubber industry. It is used for its reinforcing
effect. Can also be used as a dye, UV stabilizer, affect electrical properties and thermal con-

ductivity.
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Carbon black is produced by the partial combustion of organic matter in the gas phase. Ther-
mal decomposition of organic compounds results in C2 -C4 radicals which are recombined
into cyclic structures in the liquid state. Initial small droplets (2 - 5 nm) are joined in greater

and more stable (10 - 20 nm), which subsequently burn to dendritic aggregates. [9]
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Figure 11: Carbon black [16]

Depending on the raw materials, additives and production conditions used, carbon blacks are

produced with different particle sizes and different morphology of carbon black aggregates.
The most important characteristics that they are divided into are:

e Particle size (specific surface area)
e Particle Structure (DBP Absorption)
e Chemical composition and energy ratios on the surface of the particles (surface activ-
ity)
Besides carbon, common types of carbon black also contain various impurities. For example,
large particles from the reactor lining and other. Important for the quality of the carbon black

i1s the moisture content, the content of the various substances which can be extracted with

toluene and the sulfur content. [9,10]
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Figure 12: Effect of carbon black volume on compound properties and final rubber

behavior [36]

Figure 12 shows the changes in the values of the basic material parameters in relation to the
carbon black content. This figure can serve as a very useful assistant in assembling a rubber

recipe with carbon black.

In sealing applications, especially carbon blacks are used N550, N330, N762 and N774.

2.2.2.1.1 N762 and N774

It is a soft carbon black with medium activity. They provide a high mechanical resistance and
improve mechanical properties. However, they have a low surface and therefore, compared to
higher surface carbon black (N550), their improvement was poor. They are mainly used to

reduce the heat generated during mixing. [9,10,13]

2.2.2.1.2 N330

N330 carbon black gives the vulcanizate a good abrasion resistance and good tensile proper-
ties, resulting in excellent tensile strength, crack resistance and good elasticity. It also has

good dispersion. They are used for rubbers that require very good mechanical properties.

[9,10,13]

2.2.2.1.3 N550

N550 has a smooth particle surface and a high structure, resulting in the best results in the soft

carbon black category. N550 is very well mixed and dispersed. The vulcanizate filled by N550
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have a high service life, high temperature resistance, high elasticity, and manufacturing re-
flectivity. Together with N330 carbon black the N550 is mostly used in sealing applications.
[9,10,13]

2.2.3 Plasticizing agents

Plasticizing agents are ingredients, which accelerate process of plasticization of rubber. As
plasticizing agent are used for example, aromatic mercaptans and their salts, disulfides, phe-

nols, organic acids and their salts and other substances. [9,13]

2.2.4 Antidegradants

The degradation of vulcanizate can be caused by a number of influences, such as the effects

of oxygen, heat, ozone, mechanical stress, UV radiation.
Antidegradants divide into:

a) Antioxidants and antiozonants
b) UV absorbers
c) Protective waxes

d) Functional group hydrolysis inhibitors [9,10]

2.2.5 Softeners

These are low-molecular substances, mostly oily products from crude oil processing, coal tar,
or also synthetic plasticizers (ester, ether, polymeric plasticizers). There are several reasons
for using plasticizers. One of the reasons is that with a high concentration of fillers in the
mixture, even in the unvulcanized state, very high stiffness can occur, in which the processa-
bility is very difficult. Other reasons are improvement of dispersion of fillers and additives,

modification of physical-mechanical properties. [9,10,13]

2.2.6 Special Ingredients

Additional ingredients are added to blends to achieve special properties. These include blow-
ing agents, pigments, interrupters, antistatic agents. [9,10]

2.3 Mixing of compound

The mixing process is at least equally important for the resulting properties of the mixture,
such as stock-mixture. Mixing must ensure a uniform distribution of ingredients throughout

the mixture.
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The mixing process is complicated by the heterogeneous character of the individual compo-
nents of the mixture. For example, rubbers that behave like subcooled caps at temperatures
around 25 © C, their viscoelastic behavior, which is highly temperature dependent, is projected
at elevated temperature. Conversely, fillers are in the form of powders which form agglomer-
ates. These agglomerates have to be removed by running the mixing process. Additionally,
additives are used in the form of liquids and pastes, which have to be incorporated into the

mixture to overcome the rubber. [9,10]
The mixing process can be carried out on:

e Double-roll mill

e Internal mixer

2.3.1 Double-roll mill

The construction of the double-roll mill is very simple. It consists of two parallel rolls that are
either cooled or heated. Different roll speeds (e.g., 1:1.2) and slot size between rollers are
important for mixing.

Compound mixing
on double roll mill

'

Compound covering
one of the roll

Figure 13: Double-roll mill

In this slot, the compound is mixed so that the blended compound is covering one of the rolls
and generates a high shear stress (intense mixing) at the same time in the slot. When mixing
on a double-roll mill, it is important to cut and fold back the mixture. At present double-roll

mills are used in the laboratory or for mixing small batches of compounds.

The main disadvantages of double-roll mill mixing include long mixing time, poor repeata-

bility, the need for a qualified operator. The advantages is achieving high shear stress. [9,13]
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2.3.2 Internal mixer

The internal mixer is composed of two rotors that are stored in the chamber. The filling open-
ing of the chamber closes the pressure piston, which generates the pressure. The walls of the

chamber are cooled. Even here the rotors move at different speeds as in a double-roll mill.

4- Piston

Hopper

Rotors

Discharge door

Figure 14: Scheme of internal mixer

The main advantage of mixing on the internal mixer is good repeatability, very fast mixing
times, low demands on machine operation and the possibility of mixing large batches. Disad-
vantages include a large increase in temperature during mixing and high acquisition costs.

[9,13]

2.4 Vulcanization

Vulcanization is a process in which cross-linkages are formed between the rubber chains.
The formation of these cross-linkages made from very soft material become a very elastic

material which is irreplaceable in many applications. By vulcanization, the rubber loses its
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thermoplastic character as well as stickiness. The resulting properties of the vulcanizate are

highly influenced by the density of the cross-links. [9,13]
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Figure 15: Sulfur vulcanization

During the vulcanization, the mechanical properties change. Especially the module and the
strength increase. From the measured strength of the cure time (vulcanization curve) vulcan-

ization can be divided into three phases (Figure 16):

¢ Induction and scorch - During this phase, vulcanizing agents react with rubber to
form rubber-soluble intermediates. For the duration of the induction period, the mix-
ture can be safely manipulated. At the end of this phase, transverse cross-links begin
to emerge.

e Curing - the rate of cross-linking is highest and gradually decreases with the loss of
vulcanizing agents. Increase in strength is highest.

e Overcuring - At this stage, networking is almost over. If the strength of the vulcani-
zate does not change further, it is a so-called vulcanization plateau. If the strength
decreases, it is a reversion, which is typical of natural rubber. For synthetic rubbers,
the strength increases above all boundaries, which is referred to as the marching

module. [9,13]
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Figure 16: Vulcanization curve [18]
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3 FATIGUE AND FRACTURE MECHANISM

In the previous chapters, the requirements for sealing materials and the risks posed by this
application were presented. The biggest complication associated with seals is fatigue life, as
its failure could, for example, be fatal in the automotive application. In the first chapter, figure
6 represents the function of a brake system booster diaphragm where failure would result in
very difficult braking and at high speeds to the inability to stop the vehicle safely, for these
reasons it is important to know the fatigue life of the rubber seals. The next chapter will de-

scribe fatigue, fatigue life, and factors that affect it.

Fatigue in elastomeric materials means a decrease in mechanical properties due to the occur-
rence and slow growth of cracks when elastomer stresses. The greatest change in properties is
evident when monitoring stiffness. Fatigue is a set of many processes part of which has been
described and many processes are a waiting detailed descriptions. At fatigue processes occur
on the atomic and molecular level. Although these processes had been studied, they have not

been fully described due to the complex structure of the rubber compound.[19]

Understanding the elastomer fatigue processes can lead to a design of more durable compound

of rubber and to a prediction rubber failure.

The latest studies focus on the crack propagation during dynamic stress, parameters affecting
fatigue and prediction of fatigue, tensile strength, hardness, elongation at break due to fatigue,

evaluation of tearing energy and the role of filler for crack growth.

The fracture mechanics are used to the describe of nucleation of cracks and their growth.

[19,20]

3.1 Fatigue Life

Fatigue life is an important characteristic for sealing applications, as mentioned in the first
chapter. Fatigue life can be imagined as a time after which the seal can perform its function
or also like the number of cycles at a given load needed to break the test specimen. The fatigue
life is described by this dependence, ie the dependence of the stress on the number of outflows.
If we plot this dependence, we are able to determine the fatigue limit, which is determined for
example, a crack of a given length, a fracture of specimen or stiffness loss. In the Figure 3
shows the S/N curve. The important feature of Figure 1 is that upon reducing the dynamic
stress or strain of the cycle toward a certain value, the fatigue life approaches infinity. This

gave rise to the concept of a limiting stress or strain. [19]
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Figure 17: Wohler curve (S/N curve)

Measuring fatigue life is very challenging for two reasons. The main reason is that it is very
time consuming because the number of cycles is in millions. The second reason is the need

for a large number of samples. [13]

On the Wohler curve we can observe a stress decrease depending on the number of cycles.
This reduction is caused by many processes for example crack initiation and crack grow. For

filled fibers, this reduction is also caused by Mullins and Payne effect. [11, 14]

3.2 Fatigue Crack Initiation

The initiation crack method has not yet been fully elucidated. The basic assumption for the
initiation of the crack is the presence of natural defects and inhomogeneity. These defects and
inhomogeneity are present in each rubber material. Since the rubber compound contains a
large number of different additives such as filler, vulcanization system, activators and other
additives, many non-homogeneities occur in the material as the stress concentrator. An una-
voidable part are surface fatigue cracks caused by degradation of ozone. The distinction be-
tween crack initiation and propagation has not yet been firmly established. Laboratory testing
replaces the random process of initiating cracks by creating cracks for better reproducibility

of tests. [11]
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The crack in terms of fracture mechanics is each broken polymer chain in the plane of the
crack. So, there is the minimum energy needed for broken single polymer chain. This mini-
mum energy primarily depends on the polymer network, the length of the crosslinks and the
weakest bond in the primary chain. However, it is, to some extent, independent of time, tem-
perature and degree of swelling. This energy is called intrinsic strength, since it reflects the

natures of the network and polymer chemistry. [7]

For determination of intrinsic strength of rubber is used the cutting method of Lake and Yeoh.

[21,22,23]

3.3 Fatigue Crack Propagation

The theoretical description was developed by Griffith. The basic idea was that crack growth
is always accompanied by increased surface. Griffith researched metal and glass materials
(almost elastic materials). Griffith used the first thermodynamic law and assumed that the
necessary condition for crack growth is that the energy needed to create a new crack area is
delivered by the released deformation energy in the elastic body. The minimum load required
to create new crack areas can be determined by the knowledge of the surface energy of the
material, the crack size. Griffith dale assumes that at sharp cracks arise infinite stress, and we

cannot apply any load to a body with crack. [19,24]

For rubber-like materials, strength can be characterized by the amount of energy G that is
required to advance the plane of fracture by one unit of area. Energy G includes not only the
energy needed to break the bonds at the tip of the crack, but also the energy that dissipated
near the crack during its propagation. For rubber-like materials, energy G also includes visco-
elastic energy scattering, which occurs several millimeters from the tip of the crack. Experi-
ments [25,26,27] and theory [28,29] have shown that G depend on the crack-tip velocity v and
on the temperature T, and that: [7]

G (V,T) = GO[1 +f(v,T)] (1)

Where: £ — 0 as v — 0. Thus, Gy is a threshold value below which no fracture occurs.
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Figure 18: The crack propagation energy G is a product of a term GO derived from
the bond breaking at the crack tip, and a term f (v, T) derived from the bulk viscoe-
lastic energy dissipation in front of the tip. [7]

Since rubbers are not ideally elastic but are capable of hysteresis, conversion of mechanical
energy to thermal. It was necessary to adjust Griffith's theory. In 1953, it was modified by
Rivlin and Thomas. Due to hysteresis, energy loss has to be taken into account, and Therefore

critical tearing energy has been established. [30]

3.3.1.1 Energy required to grow a crack

Close to the sharp of the crack elastic strain of energy decreases, but there is no increase in
free energy cracked body but converting of energy to heat, which leads to irreversible defor-
mation. The area where these changes are taking place is very small compared to body dimen-
sions. Rivlin predict that the energy required for crack growth does not depend on the size and
geometry of the test specimen. Thus, the energy needed to increase the cracks per unit area
was defined. [30]

1 dU,
T= —-—
t ( da

)¢ (2)

Where:

T — tearing energy

Uei - elastic strain energy stored in the body
a - crack length

t - thickness of test sample
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Experimental measurement concluded that if the crack propagation is expressed by energy,

we can neglect the size and geometry of the sample.

Rivlin and Thomas described the tearing energy dependence on the diameter of the sharp

crack. [30]

T=w, d 3)
Where:
T — tearing energy

Wy - work required to break a unit volume of material

d - average of crack sharp

Figure 19: Scheme of Pure-shear specimen

For experimental determination of tearing energy, was used Pure-Shear specimen (Figure 19).
The SENT test specimen can be also used. The test specimen SENT is shaped as a strip with
notch on one side. It is important that the crack length is small compared to the width of

sample and the tip of the crack is far enough from the free edge opposite the crack. [38]
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3.3.2 Fatigue during dynamic loading

For the description of fatigue during dynamic loading is important the relationship between
the growth rate of the da/dn cracks and the tearing energy T. This dependence is character-
ized by the crack growth rate and was derived by Gent, Lindley and Thomas. Figure 5
shows the dependence of the crack growth rate on the tearing energy that Lake & Lindley
divided into four parts. Each part characterizes the material in other value tearing energies.

[21,31]
Description of parts of the graph on the figure 5:

I.  — For tearing energy values, less than TO, the crack grows at a constant rate. Crack

growth is not dependent on dynamic loading, but is influenced by the environmental

attack.
da 4)
T <T —_—=
S [ ™ an r
II. — Transition between a nucleation and propagation of crack growth (To — T1):
da 5
To<T<T),-» —=AT-Ty) +r ®)
dn
III. - In this part, crack growth is stable (T; - T¢). The relationship between fatigue

crack growth rate da/dn and tearing energy is described by Paris & Erdogan with the

power-law:

da (6)
Ty STSTe—> ——=b- AT

where b and m are material constants.
IV. In the last region, IV, the tearing energy T. proceeds to the unstable state of crack

growth and the crack growth rate will become essentially infinite. [19]

d
TzTC—>—a=oo )

dn
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Figure 20: Dependence of crack grow rate on tearing energy [21]

3.3.3 Description of mechanical loading

Simple mechanical loading can be described by various parameters. For example: maximum,
alternate, minimum and average load and / or ratio R. For characterize of mechanical loading

can use parameter P(t). Parameter P can be described by: [32]
P(t) = P;sin(wt) + B, (3)
Where:
P, — alternating load
P — mean load

Parameter P can also describe the maximum (Pmax) and minimum loading (Pmin):

1 + sin(wt) 1 — sin(wt) 9
P(t)z Pmax—+ min— 5 ()
2 2
Using the R-ratio, parameter P will be described by the equation: [20]

(10)

Pmax

P(t) = [1 4+ sin(wt) + R(1 — sin(wt))]
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A

Parameter P

Figure 21: Parameter P [32]

3.4 Fatigue of EPDM

As already mentioned, there are many factors that influence the fatigue process of rubbers.
For EPDM, only a very small amount of these process was experimentally described, research
in this area focused mainly on natural rubber, SBR and NBR, but EPDM is becoming more

and more of interest to researchers.

3.4.1 Effect of mechanical loading

The influence of mechanical loading in his publications is described by Abraham et al. [33,34].
The results is that the fatigue properties of EPDM strongly depend on the used amplitude and
the minimal stress. This dependence applies to EPDM at the same loading of carbon black at
the same temperature and frequency. Furthermore, it has been found that despite the increase
in the minimum stress at the same amplitude, the service life could be increased. This service

life increase is attributed to the characteristics of the filled system.

3.4.2 Effect of carbon black loading

The effect of carbon black in his publications is described by Stocek el al [35]. It has been
shown that the carbon black concentration in EPDM has an effect on the rate of crack growth.
Increasing the concentration of carbon black results in lower crack growth rates at the same

tearing energy.
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Furthermore, the minimum energy required for crack growth was also monitored. The domi-
nant influence of carbon black particals was determinated. The effects for N330 and N550
were monitored. The minimum energy required for crack growth was for the N330 filled
EPDM higher than for the EPDM filled with N 550. The concentration of fillings performance
was monitored for minimal energy, EPDM with a lower concentration of carbon black re-

quired higher energy for crack growth.
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II. ANALYSIS
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4 PREPARATION OF SAMPLES

4.1 Rubber compound recipes

Four compounds were proposed (Table 1). All based on EPDM rubber. Two types of EPDM
rubber were used. Carbon black with content 60 phr and 55 phr was used as a filler. The
compound with 60 phr of carbon black also contained oil and more lubricant. Two types of

peroxide vulcanization systems were used as well.

The mixture designations were chosen as A6, A5, B6 and B5. Where the letters A and B

indicate the type of rubber used and the numeral indicate content of carbon blacks.

Recipes were designed in collaboration with Datwyler Sealing Technologies CZ s.r.o. The

formula can only be published in general, however precise formulas of the compounds were

known.
Tab. 1: Recipe of compounds in phr
A6 B6 A5 B5
EPDM A 100.00 o= 100.00 o
EPDM B - 100.00 —— 100.00
CARBON BLACK N 550 60.00 60.00 55.00 55.00
OIL 5.00 5.00 — —
LUBRICANT 3.00 3.00 0.50 0.50
ZINKOXIDE AKTIV |
ANTIOXIDANTS |
STEARIC ACID |
CO-AGENTS CO-AGENT 1 CO-AGENT 2
PEROXIDES PEROXIDE 2 PEROXIDE 1
SUM 176.47 177.07 165.65 166.65

The diene component in EPDM A and EPDM B is ethylidenenorbornene. EPDM A has a
lower diene content and a lower ethylene content than EPDM B. Both EPDMs are low

Mooney viscosity types.

4.2 Preparation of compounds

Compound was mixed in 2 steps in internal mixer according to the procedure

in the Tab. 2 and Tab. 3. The total weight of the compound was 1300 g.
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Tab. 2: First step of mixing
TIME VENTILATION- RPM TEMPERATURE
PARAMETER [s] ENCORE TIME [s] [r/min] °c]
START Rubber ; 30
+ chemicals
1.VENTILATION 60 - 10 25 -
2.VENTILATION 120 - 10 20 -
MIXING 240 - - 20 max. 130
TEMPERING [°C] Teoay [°C]: 50
Tab. 3: Second step of mixing
TIME VENTILATION- RPM TEMPERATURE
PARAMETER is] ENCORE TIME [s] (r/min] rcl
START Basic ml).<ture i 15
+ peroxides
1.VENTILATION 60 - 10 15 -
2.VENTILATION 120 - 10 15 -
MIXING 190 - - 15 max. 110

TEMPERING [°C]

TBody [°C]: 50

Temperature of internal mixture was set 50 °C. Upon mixing, the temperature was ca. 86 °C.

After cooling the mixed compound was rolled into the sheet on Double roll mill.

The mixed compound was rolled for 5 minutes at 16 rpm. Temperature of rolls was 50 °C and

the distance between the rolls was 1,5 mm. The finally sheet thickness was ca. 3 mm.

4.3 CHARACTERIZATION OF RHEOLOGICAL PROPERTIES

Rheological properties of prepared rubber compounds were determined by rheometer MDR

3000. MDR 3000 is a rheometer containing oscillating rotor inside the chamber into which

the sample of compound is placed. The principle is based on measuring the torque, which is

induced by constant frequency. Dependence of torque on time expressed by vulcanization

curve is gained as a result. From MDR test these parameters were determined: scorch safety

(T2), cure time (Too), maximal torque (Smin) and minimal torque (Smax). The test was carried

outat 175°C.
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Tab. 4: Rheological parameters of prepared rubber compounds for 175 °C

T2 [min] Too [mMin] Svun [ANmM] Smax [dNm]
B5 0,61 5,18 1,82 24,97
B6 0,94 8,38 1,85 19,13
A5 0,72 5,42 1,79 23,18
A6 0,87 8,21 1,85 22,62

The measurement results of rheological properties show that the lowest scorch safety was B5
and highest B6. The time Too is higher for compound with higher loading of carbon black by

approx. 3 minutes.

4.4 Preparation of testing specimens

Specimens were prepared by pressing in the LabEcon 300 hydraulic press. The specimens
were plate-shaped with dimensions of 12,5 x 12,5 x 0,2 / 0,1 cm and Pure-shear specimens.
The plates-shaped specimen was subsequently used for the preparation of the specimens by
cutting. Test specimens were prepared in the molds of the required geometry. The pressure
was 200 kN, the same temperature was used as for measuring the vulcanization curve at 175
° C. The time of vulcanization was determined from time Too (Table 4) and one minute was
added to each millimeter of thickness. Testing specimen geometry and dimensions will be

given in test descriptions.
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5 EXPERIMENTAL METHODS

5.1 Basic material characterization

5.1.1 Hardness test

The test was performed according to the standard CSN ISO 7619-1. Device was used Hard-
ness tester Shore A. Test specimen is formed by three layers of plate with dimension
12,5 x 12,5 x 0,2 mm. The test was performed for 1 specimens from each compound. Five

measurements are made for each specimen.

The principle of Shore's method is to measure the depth of a specified tip embedded in a
material sample under specified conditions. The depth of the pressed tip is inversely propor-

tional to the hardness value.

5.1.2 Tensile test

The test was performed according to the standard CSN ISO 37. Device which was used was
Testometric M350-5CT. A dumbbell-shaped specimen (ISO 37- TYPE 2) was used. The test
was performed for five specimens from each compound. The test was performed without a
strain gauge, as it was not available. Extension stress values were subtracted from clamp po-

sition.

The principle of the tension test is deformed in tension to the test body of a known cross-
section at a known speed and detecting stress at the known deformation. Tests were performed

at 200 mm / min.
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5.2 Advanced material characterization

5.2.1 Intrinsic Strength Analyzer

Intrinsic strength Analyzer — ISA© (Coesfeld GmbH, Germany) was used to determine intrin-
sic strength. The mechanical principle of the intrinsic strength analyzer shown in Figure 23

used for the analyses, is illustrated in Figure 22. [35,37]

[

Figure 22: Intrinsic strength analyzer (ISA™) (left), Detail on the cutted test speci-
men during operating (right). [37]
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Figure 23: Measurement principle, where: A — actuator of the axis Y; B — actuator
of the axis X; C — loading cell of the axis X; D — loading cell of the axis Y; E —ra-
zor blade; F — test specimen; G — upper clamping system of test specimen; H — bot-

tom clamping system of test specimen, I — razor blade tip [37]
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The test sample is clamped into a tensile measuring station, which is instrumented to measure
and control force and strain in the Y-Axis. The tensile set-up is symmetrical, meaning that the
center of the sample remains at initial position during variation of stress and/or strain. In this
stable center axis a second actuator is positioned, which is also instrumented to measure and
control force and/or strain (X-Axis). The tip of the x-axis is free and equipped with a cutting
blade, which cuts through the sample at a rate (or series of rates) that is specified by the exper-
imental protocol. The measurement of the intrinsic strength is performed in the pure-shear

region of the test specimen determined in Stocek et al.[37].

Measurement of intrinsic strength consists of several steps. In the first step, a pre-crack with
necessary length was created, so that the crack tip was in the pure-shear region. Then, defor-
mation is then applied and fixed (Y-Axis) and the sample is left for 5 minutes to relax, at all
times, the force on the Y-axis was measured. After the relaxation follows the cutting sequence
for all three rates of blade, in this order of 10 mm / min, 0.1 mm / min and 0.01 mm / min. In

this step, force for both axis was measured. [37]

The result of the analysis is the determination of intrinsic cutting energy. When measuring on
a test sample, we apply two deformations, namely the tearing energy, which is defined by the

relationship:
T=W.h (11)
Where:
T — Tearing energy
W — the strain energy density
h — cross-section of specimen

The second deformation we perform on the sample is caused by a razor blade. At constant

blade rate, the cutting force is given by the relationship:

f (12)

Where:
F — Cutting energy
f— The cutting force

t — thickness of specimen
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and the resulting energy the intrinsic cutting energy is given by the relationship:
Se=T+F (13)
Where:

S¢ — Intrinsic cutting energy

The intrinsic strength TO (endurance limit) is proportional to So, with a proportionality con-

stant, b that is a function of the blade sharpness:
TO = b * SO,C (14)

The proportionality constant, b can be evaluated by the testing of a calibration material in the

Intrinsic Strength Analyzer. [37]

5.2.1.1 Boundary conditions of analysis

The boundary conditions of the analysis are shown in Table 5. Measurement was performed
for 13. Deformation ranging from 0,01% to 0,5%. The rate of blade was 10, 0,1 and

0,01 mm/ min, which was applied sequentially. Pure-shear specimen (Figure 24) was used.
Tab. 5: Measurement parameters

PARAMETER VALUE

DEFORMATION [%] 0,01-0,5

RATE OF BLADE [mm/ min] 10;0,1; 0,01
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Geometrie of pure-shear test sample

!
Tl =
j

Figure 24: Sample with a fixing shoulder of the following dimensions: Lo=4 mm,

W, =40 mm, B = from 0,5 up to 2 mm, R =3 mm. [35]

5.2.2 Tear and fatigue analyzer

Fatigue crack growth analysis and intrinsic strength analysis were used to describe the fatigue
behavior of rubber. The intrinsic strength of the material and the dependence of the crack

growth rate on the tearing energy were determined.

Tear and Fatigue Analyzer was used to describe propagation and determination crack growth

resistance. The SENT, pure-shear, dumbbell hantel specimens can be used.

A Tear and Fatigue Analyzer (coesfeld GmbH, Germany) was used to determine fatigue crack
growth as shown in Figure 5. A detailed description of the device can be found in Eisele et al
[39]. The Tear and Fatigue Analyzer consists of three independent loading engines. Three
samples can be analyzed on each engine. the device allows to apply the analysis of different
loading modes (sine-, triangle-, pulse loading, free loading curve), within the frequency range
0,1 — 50 Hz. Each upper clamp attachment of test specimens is fixed to the load cell and its
corresponding test specimen clamp attachment is connected to a separate computer-controlled

stepping motor to ensure constant prestress during the whole time of testing. [39]
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Figure 25: Tear and Fatigue Analyzer

Crack growth of each rubber test sample is monitored by a high-speed CCD image processing
system mounted on a linear motion axis system. The camera moves along the xy axis from
the test sample to the test specimen and takes a picture of the test specimen. Then the image
is transferred to the scanning frame and saved. After digitizing the image, the software local-
izes in situ the crack position and determines the contour length according to the black-and-

white boundary line of the crack. [39]

5.2.2.1 Boundary conditions of analysis

The boundary conditions of the analyze are shown in Table 6. The Analysis was performed at
20 °C. Measurements were made for tearing energy corresponding to 10, 30, 50 and 70% of

strain.
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Tab. 6: Boundary conditions

PARAMETER VALUE
WAVE FORM Sine
TEMPERATURE 20°C
FREQUENCY 10 Hz
STRAIN 10, 30, 50 and 70 %
PRE-STRESS 1IN

The test was performed on Pure-shear specimen (figure 26). With the crack formed on both
sides of specimen. On the one sample was followed by a crack growth for two independently

cracks. Three test specimens were measured for each material and 2 cracks were evaluated for

each specimen.

r<—Lo
I

=~ - B

Figure 26: Simple plane sample of the following dimensions: E= 24 mm, W, =40
mm, B=1 mm.
The test was performed with sine load (Figure 27) and a frequency of 10 Hz and pre-stress of

I N.

Force

IN

Time

Figure 27: Scheme of mechanical loading
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6 RESULTS AND DISCUSSION

For the characterization of compounds, the following tests were performed: Hardness test,

Tensile test, Intrinsic strength analysis and Fatigue crack growth analysis.

6.1 Hardness test

For the basic characterization of the compounds, the hardness test described in Chapter 5.1

was used. The results are shown in Table 7.

Tab. 7: Results of Hardness test

1 2 3 4 5 MEDIAN
A5 72 72 71 71 71 71
A6 71 71 71 71 71 71
BS5 73 73 73 73 73 73
B6 71 70 71 71 71 71

The hardness was the same for A5, A6 and B6 materials, and was 71 Shore A. Material B6
showed a higher value of 73 Shore A. Despite the higher hardness of B, we can say that all

blends are similar and do not show any greater differences.

6.2 Tensile test

A Tensile test was then carried out as described in Chapter 5.2. The results are shown in

Table 8.

Tab. 8: Results of tensile test

A5 A6 B5 B6
M50 [MPa] 1.26 +0.03 1.30+0.04 1.43+0.04 1.20+0.01
M100 [MPa] 2.18+£0.03 23+0.1 2.44+0.12 1.92 £0.06
M300 [MPa] 7.1+0.30 7.1+0.2 7.19+0.18 5.55%0.17
STRESS AT BREAK [MPa] 12.9+0.70 14.1+0.7 14.40 £ 0.50 13.7+0.5
STRAIN AT BREAK [%] 526.00 +9.00 590 + 30 599 + 19 720 £ 30
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The values from Table 8 were plotted (Figure 28) and graph were constructed.
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Figure 28: Tensile test - modulus

From the tensile curve and the results shown in Table &, it can be seen that in the case of low
deformations (M50), the materials behave similarly, the stress differences being within the
range of 0.2 MPa. Deformation of the M 100 already shows higher stress differences. At higher
loads (M100) there is a stress increase that is still in the range of 0.2 MPa for A5, A6 and BS,
but B6 has lower stress. With the application of an even higher stress (M300, stress at break),
we can observe the still greater differences between the tensile properties of B6 and the re-
maining three compounds with no such differences. In the tensile test results, we can see
mainly large differences of B6 material at deformations higher than M100 compared to other

materials. Material B6 is softer and more elastic.

6.3 Intrinsic Strength Analysis

To characterize the fatigue behavior of materials at very low deformations, an intrinsic
strength analysis was used, which was presented in Chapter 5.3. The results are shown in

Figure 29 and Figure 30.
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Figure 29: Dependence of cutting energy vs tearing energy for AS, A6
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Figure 30: Dependence of cutting energy vs tearing energy for B5, B6

The lowest intrinsic cutting energy is clearly observed for B6, Sc = 497.2 J/m?. The highest
intrinsic cutting energy observed was for A6, Sc = 682.46 J/m?. The value of intrinsic cutting

energy for material A6 is very close to material B5, Sc = 665.55 J/m?. Material A5 was
Sc =594.04 J/m>.

When analyzing the internal strength, the intrinsic cutting energy value, which is higher than
the actual internal strength, was measured. The actual value of intrinsic strength can be deter-

mined very simply because the intrinsic cutting energy value Sc and intrinsic strength between
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us is a linear dependence, but measurement of the reference materials is required, thus the
final endurance limit has the same ranking for the analyzed materials. The endurance limit
respective intrinsic strength value will be approximately 10 time lower than the values of

intrinsic cutting energies.

By comparing measured intrinsic cutting energy values with SBR rubber, which typically has

values around Sc = 100 J/m?, double the EPDM.

The conclusion of this analysis is that for the low deformation application, the A6 material is

the best choice.

6.4 Fatigue crack growth analysis

For characterization of fatigue behavior at the region of stable growth of crack, fatigue crack

growth analysis was used, as described in Chapter 5.4.
Crack growth rate was measured for tearing energy T = 150, 300, 500 and 700 J/m?.

Fatigue behavior at the region of stable growth of crack for A5 is described in Figure 31. The
exponent m shows the value m = 3.79. The average crack growth rate of tearing energy
150 J/m? is 1.48x10”7 mm/cycles. For a tearing energy of 300 J/m?, the crack growth rate is
2.07x10° mm/cycles. For tearing energy of 500 J/m? the crack growth rate is
1.44x10” mm/cycles and for a tearing energy of 700 J/m? the crack growth rate is 5.27x107
mm/cycles. With tearing energies of 150-500 J/m?, we can observe increase a order of mag-
nitude in crack growth rate with the tearing energy. When comparing the crack growth rate at

tearing energies of 500 and 700 J/m?, we can see a slowdown of the rate of crack growth.
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Figure 31: Dependence of Crack growth rate vs. Tearing energy for A5
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Figure 32: Dependence of Crack growth rate vs. Tearing energy for A6

Fatigue behavior at the region of stable growth of crack for A6 is described in Figure 32. The
exponent m shows the value m = 3.65. The average crack growth rate of tearing energy
150 J/m? is 1.83x10”7 mm/cycles. For a tearing energy of 300 J/m?, the crack growth rate is
2.32x10% mm/cycles. For tearing energy of 500 J/m? the crack growth rate is

1.51x10° mm/cycles and for a tearing energy of 700 J/m? the crack growth rate is
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5.16x10° mm/cycles. With tearing energies of 150-500 J/m2, we can observe same tendency
of increase of crack growth rate with the tearing energy and the same tendency of deceleration

of the crack growth rate at tearing energy 700 J/m? as for material AS.

By comparing the behavior of A5 and A6 materials at region of stable growth of crack, it can

be concluded that A6 is more resistant to crack growth.
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Figure 33: Dependence of Crack growth rate vs. Tearing energy for BS

Fatigue behavior at the region of stable growth of crack for B5 is described in Figure 33. The
exponent m shows the value m = 3,06. The average crack growth rate of tearing energy
150 J/m? is 2.28x10”7 mm/cycles. For a tearing energy of 300 J/m?, the crack growth rate is
1.9x10° mm/cycles. For tearing energy of 500 J/m? the crack growth rate is
9.07x10 mm/cycles and for a tearing energy of 700 J/m? the crack growth rate is

2.54x10”° mm/cycles.
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Figure 34: Dependence of Crack growth rate vs. Tearing energy for B6

Fatigue behavior at the region of stable growth of crack for B6 is described in Figure 33. The
exponent m shows the value m = 2,08. The average crack growth rate of tearing energy
150 J/m? is 1.06x10”7 mm/cycles. For a tearing energy of 300 J/m?, the crack growth rate is
4.51x107 mm/cycles. For tearing energy of 500 J/m? the crack growth rate is
1.31x10°* mm/cycles and for a tearing energy of 700 J/m? the crack growth rate is 2.65x10°
mm/cycles.

When comparing materials B5 and B6, it is clear that B6 has lower crack growth rate at the
given tearing energy. Thus, it can be stated that B6 material is more resistant to crack growth

than B5 material.
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Figure 35: Dependence of Crack growth rate vs. Tearing energy for all material

Figure 35 shows all the materials. When comparing the material with a tearing energy of 150

J/m?, we can state that the lowest crack growth rate is represented by material B6 and the

highest by material B5. When comparing materials at a tearing energy of 300 J/m? we can see

the intersection of the curves of materials A5, A6 and B5. The above-mentioned materials

show a very similar crack growth rate with this tearing energy. However, B6 shows lower

crack growth rate in the order of magnitude. At tearing energies of 500 and 700 J/m? we can

see a higher tendency of crack growth rate for materials A5 and A6 than for BS. B6 I material

still exhibits a very low crack growth rate compared to other materials.
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Tab. 9: Average values of crack growth rates

AS A6 B5 B6
TEARING ENERGY [J/M2] CRACK GROWTH RATE [mm/cycles]
150 4,89E-07 2,00E-07 2,28E-07 1,64E-07
300 3,98E-06 2,35E-06 1,90E-06 7,38E-07
500 1,80E-05 1,44E-05 9,64E-06 2,40E-06
700 4,33E-05 4,93E-05 2,26E-05 6,14E-06

6.5 Importance of results for sealing applications

When choosing material for sealing applications, it is important to know how the seal will be
loaded and size of deformation. This chapter is dedicated to discussing the results with regard

to sealing applications.

When selecting material for applications with a deformation in the area of about 50 J/m?, the
choice of material A6 or B5 is recommended. As the energy required for crack growth is above

the 50 J/m? threshold. The wrong choice would be material B6

However, if the seal for which material is selected, the load is 150 J/m?. We can choose from
all tested materials, as the differences in the rate of crack growth are not so different. However,

B6 would be the most advantageous in this case

Already at load area 300 J / m2. There are large differences between materials, while A5, A6
and B5 show almost the same crack growth rate. B6 exhibits the lowest crack growth rate and

thus the highest fatigue lifetime of this load.

When we load the seal in an area of 500 - 700 J/m?. Thus, the number of suitable materials is
reduced. While B6 is still the recommended choice. Thus, materials A5 and A6 show an ever
higher crack growth rate and thus a short fatigue lifetime. However, if high fatigue lifetime
requirements were not imposed, it could be replace by material BS, which does not reach the

qualities of material B6, however exhibits a lower crack growth rate than A5 and A6

Finally, the A5 and A6 materials behave in the same way without bigger differences with
increasing tearing energy. When selecting materials for low deformation, A6 or BS5 is a suita-
ble choice. Choosing material for high deformation the B6 material would be the recom-

mended choice
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CONCLUSION

This thesis deals with problems of sealing applications connected with fatigue of materials
and prediction of the service life of their application. In the theoretical part, the material re-
quirements for rubber, such as elasticity, temperature resistance, chemical resistance, re-
sistance to permanent deformation, resistance to crack growth followed by fatigue crack
growth are discussed. With regard to the material requirements, the rubber compound and its
components were introduced. In the theoretical part, emphasis was placed on describing the

mechanics of fatigue of rubber materials from the initiation of fatigue cracks to its growth.

The mechanism of fatigue crack initiation is not fully described, but from the point of view of
the fracture mechanics, the only interruption of the bond is considered to be a defect and
therefore a micro-crack - the initiation of a crack. The mechanism of crack propagation is
described by Rivlin and Thomas. The growth of the crack in the area of stable growth is de-

scribed by the power-law, which was derived by Paris and Erdogan.

For the experimental description of the fatigue behavior of rubber we used the most modern
methods such as intrinsic strength analysis and fatigue crack growth analysis. Intrinsic
strength analysis was used to determine the minimum energy required for crack growth. Fa-
tigue crack growth analysis has been used to describe the growth of cracks in the crack growth

stable region described by power-law.

In the experimental part, four EPDM-based materials, which were assembled according to the

requirements of the sealing application.

Analysis of fatigue behavior of rubber materials reveals large differences between studied
materials. Where a material which, at very low deformations at the crack initiation level, ex-
hibits great resistance to initiation and growth of the crack. It exhibits a high crack growth rate

at higher deformations, resulting in a low fatigue life.

In order to select the optimal material, we must know the conditions under which the seal will
be exposed (load size). Consequently, we can perform analysis that characterize material be-
havior under these conditions. From this knowledge we can determine the fatigue life or mod-
ify the material to prolong the fatigue life. Since sealing failure can cause not only financial

damage, it can also be dangerous for machine operators.
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LIST OF ABBREVIATIONS

ABC  First abbreviation — meaning

B Second abbreviation — meaning

C Third abbreviation — meaning

EPDM Ethylene propylene diene rubber

NBR  Nitrile butadiene rubber

CR Chloroprene rubber

FMK  Fluoroelastomers

PHR  Number of parts per hundred pieces of rubber
MDR  Moving die rheometer

G Crack driving force

T Tearing energy

Uel Elastic strain energy stored in the body
a Crack length

t Thickness of test sample

Wp Work required to break a unit volume of material
d Average of crack sharp

SENT  Single edge notched tension

dn/da  Crack growth rate

To Threshold tear energy

Te Critical tearing energy

P load

Pa alternating load

Pm mean load

ISA Intrinsic strength analyzer

f The cutting force
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F Cutting energy
h Cross-section of specimen
Sc Intrinsic cutting energy

So Intrinsic strength
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