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1 Introduction and motivation

Elastomers are mostly amorphous and weekly networked ubiquitous polymers used for different
engineering instruments and commodity goods. Elastomers also named as rubbers, and it is named
for specific type of elastomer. Researchers are focused on developing the quality of elastomers day
by day. The goal is to improve the mechanical and thermal behavior, aging resistance, and
resistance to fracture behavior. The failure of elastomers is one of the biggest problems in their
daily application. There are some specific reasons for elastomers' failure, e.g., material
inhomogeneities, stretching, continuous deformations during the application, long-time
application, unpleasant surroundings, and weathering or overall deficient crack
initiation/propagation resistance. Figure 1 shows some examples of the usual result for the failure
of elastomeric components. Damage may occur on the elastomer due to bad processing, overload
or overpressure, and this crack may happen due to low resistance against crack initiation and/or
propagation. An elastomer can be damaged due to outside conditions like high or low temperatures
or/and rain, air pollution, and so on, or a long-term application. There are some correlations of the
reason for all damage to the elastomer, which are low resistance against crack initiation and
propagation due to inhomogeneity of filler distribution/dispersion in a polymer matrix,
incompatible plasticizers, poor several material properties, unfit in an unpleasant environment, or
decreasing its resistance against crack initiation and propagation due to aging.

Figure 1. Examples failures of elastomeric components

The propagation of cracks in the elastomer is fundamental for many critical applications, e.g.,
rubber and pressure-sensitive adhesives. The failure of elastomers by crack propagation often
results in a catastrophic process involving a considerable loss of life and money. When a passenger
tire explodes, shown in Figure 2 (a), or when an O-ring seal fails in Figure 2 (b).

Figure 2: Catastrophic crack propagation in elastomer compounds like resulting in an exploded
tire (@), and a crack in an over-compressed elastomer O-ring (b), photo reproduced with
permission from ref [1]
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In other ways, the failure by crack propagation is perhaps less devastating but still a nuisance, e.g.,
the aging of wiper blades or failure of elastomer adhesives by interfacial crack propagation, shown
in Figure 3.

(a) New (b) Ozone influence  (c) UV influence

Figure 3: Aging of a wiper blade (a) by ozone (b) and ultraviolet radiation (c), photo reproduced
with permission from ref [1]

An unfilled elastomer contained the internal plasticizers, although it shows poor mechanical
behavior under stressful conditions [2]. Contrary, plasticizing effect reduces when a number filler
reinforced to improve mechanical properties. External plasticizers are the basic solutions that
enhance plasticization effect, and chain mobility of filled elastomers. Parallelly, it influences on
crack resistance and mechanical behavior. A compatible external plasticizer is a condition that
fulfills the desired demand otherwise damage may be happened. Compatibility is a vast term that
includes a positive relation between elastomer and plasticizer, such as similar polarity. So, a
complete investigation is required on modified bio-oil be a plasticizer, especially its physical,
chemical, and thermal characteristics are in a great concern.

In this thesis different bio-oils were characterized at the preliminary stage, making hypotheses for
desired elastomers in fracture behavior. However, previous works [3] on the bio-oils estimated the
efficiency of mechanical behavior, so it was tough to predict good resistance to crack behavior.
The selection of optimum bio-oil quantity also was a big challenge for this thesis because they
were not commercially plasticizers and do not have any data. The chemical nature of modified bio-
oils was investigated using NMR and FTIR spectra. The surface tension of bio-oils on the untreated
polytetrafluoroethylene (PTFE), polar and non-polar elastomers investigation help to find the polar
behavior of bio-oils. Parallelly density, viscosity, molecular mass, and aging information helped
to see bio-oils physical, chemical, and aging behavior. These bio-oils were laboratory
modifications of market fatty oils, so there were no official characteristics datasheets. Therefore,
this characterization helped to predict appropriate elastomers. However, more experimental work
was needed to complete this thesis on the hypotheses.

This thesis was carried out in different steps, including oil characterization, mixing, sample
preparation, and materials investigations under unaged and aged conditions, and ended with the
evaluation of results with comments on the study and further prospects. Figure 4 shows a diagram
of the complete list of the investigation applied in this thesis. At the beginning of step 1, the oils
are characterized in a physical, chemical, thermal, and aging manner. Then the samples were
prepared with different concentrations of bio-oils. Nevertheless, the concentration of filler,
crosslinking agent, and antioxidants were fixed for the whole thesis. In step 2, on uncured
elastomers (raw mixture), filler wettability was investigated to see how bio-oils were
interrupted/helped the length of rubber-filler bounding (so-called rubber-layer L). This is a
hypothesis that the information on rubber-layer L can predict the resistance against fracture
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behavior because the oil penetration can change the filler surfaces and inner cavities. It was a
primary prediction, and to make this prediction strong, the curing behaviors are investigated
because they can influence mechanical behavior [4]. In step 3, general investigations were done,
including the mechanical, fracture mechanics, thermo-mechanical, and optical (filler-macro
dispersion). The crack resistance behaviors were investigated under two different loading systems.
The quasi-static and impact load was used to investigate the crack through the elastomer matrix
and was done to find the resistance against crack behaviors. The principal idea was to see the
influence of bio-oils in the elastomer matrix against the crack under two different loads. The
correlation between the resistance efficiency of the crack of plasticized elastomers and the rubber-
layer L was established in this thesis. Plasticized elastomers have aged in step 4 under different
conditions to see if there is any influence on the elastomer's mechanical and crack resistance
behaviors. The structural properties of oil might influence its polarity and viscosity after aging; so,
that also investigated. Furthermore, these properties could be influencing the rubber-layer L,
crosslink density, mechanical, thermo-mechanical, crack resistance, and aging behavior of the
materials. Additionally, the structure-property correlation was established in this thesis.

Oil
(Unaged, Aged) -
Z

Elastomer, filler ..
.

‘ Raw mixture
Rubber-layer L Step 2

=

=

=

b3 H Filler macro-dispersion

2 ‘ Structural P! ]

-

- v [ Tensile test J [ Rebound resilience ]

< <
{ Mechanical J¢

[ Quasi-static fracture mechanics test J Plasticized

elastomer

Fracture mechanics

1591 18]

[Hardness ][ Compression set }

13
[ Instrumented tensile impact test ]

\

Thermo-oxidative aging

Step 3
[ Quasi-static fracture mechanics test J Aged
plastcized (| vetanicn |
[ Instrumented tensile impact test ] elastomer
- Step 4

Figure 4: A complete diagram of the investigation with different steps was applied in this thesis
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The related work on modified bio-oils and mechanical behaviors of polymers was published in the
journal "Materials" titled "Influence of Bio-Based Plasticizers on the Properties of NBR Materials"
in 2020 [3]. Some important behavior regarding mechanical, thermal, and physical of plasticized
NBR were investigated in this publication. Two different modified bio-oils; epoxidized ester of
canola oil (EECO) and epoxidized ester of soybean oil (EESO) were used. For the comparison a
synthetic oil Mesamoll® and treated distillate aromatic extracts (TDAE). The curing behavior was
investigated to notice how the bio-oils can be influence the cure kinetics and crosslinking behavior.
This investigation claims that the mechanical behavior of NBR materials can be highly influenced
by the type and concentration of bio-oils. Tensile, tear, hardness and compression set behavior
were in concern about the mechanical behavior. Thermo-mechanical behavior was searched using
DMA. Thermal behavior and structural behavior were investigated by TGA and polarized
microscopy respectively. Finally, the thermo-oxidative aging was checked to see the influence of
mechanical behavior of plasticized NBR materials. It was claimed that bio-oils can advantageously
use as plasticizers instead of conventional oils. Positive aspects of the use of bio-oils were observed
or at least a comparable level of properties as for the use of mineral oil-based plasticizers regarding
characterization of the kinetics of crosslinking reactions. Based on the results shown in this article,
mechanical behaviors were improved or comparable of NBR materials when it was mixed with
bio-oils instead of mineral or synthetic oils.

Another part of the work on the investigation of crack resistance behavior was published as a
chapter in the book named "Fatigue Crack Growth in Rubber Materials" by G. Heinrich et al [5].
The chapter title was "Influence of Plasticizers Basing on Renewable Sources on the Deformation
and Fracture Behaviour of Elastomers” in 2021. The plasticized SBR and NBR were investigated
where they were mixed and vulcanized with six different bio-oils in different proportion. All
samples were filled with carbon black filler and vulcanized with a common recipe that was used
in these investigations. Bio-oils were mainly the modified rapeseed oils, and canola oils. The
mineral oil as TDAE was used to compare the results. Different mechanical investigations were
done and parallelly characterized the fracture resistance behavior of plasticized rubber materials.
The unplasticized rubber vulcanizates also was in the list of comparison. The aim of this
investigation was to find alternatives for mineral oil-based plasticizers which are used many
technical applications. A certain potential of renewable bio-oils as alternatives for traditional
mineral oil-based was seen in this article. This investigation has proven that compared to the
reference oil some specific bio-oils have shown their mixes increases the materials resistance
against crack initiation and propagation. This article claims that the polarity between polymer and
plasticizer dominates the efficiency of a bio-oil in the vulcanizates, the degree of migration during
vulcanization, the molecular structure of the bio-oils, and probably the internal oil migration in the
area of the fracture process zone during crack propagation leading to changed conditions at the
molecular scale.

The title “Synthetical modification of plant oil-based plasticizer with CO, leads to reduced
migration from NBR rubber” was published in the “Applied polymer science” journal in 2021 and
contributed to my work as a second author [6]. The motive of this article was to reduce the oil
migration of plasticized NBR vulcanizates and parallelly enhance the mechanical behavior. The
epoxidized monoester of glycerol formal from soybean oil was used as bio-oil-1 and it was
modified in the lab of Hochschule Merseburg by Mr. Irfan Shehzad. The modified oil was changed
the epoxidized functional group into carbonated group as bio-oil-2. This article claims that the
carbonated group contained bio-oil reduced the oil migration but the mechanical behavior of
plasticized NBR was almost unchanged or a minor difference was observed.
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The next chapter is “Fundamentals of technical use of plasticized elastomers.” Basic information
about elastomers, especially polar and non-polar elastomers, will be discussed in this chapter, and
this can help with detailed information about their property when mixed with oils, fillers, and
additives. The theoretical background for different aspects of this chapter will be applied to the
investigation of this thesis. The importance of vulcanization parameters is also discussed in this
chapter because they can make a big difference in vulcanized elastomer behavior. The discussion
on oils briefly this chapter to know their general structure and the parameters which can possibly
influence the behavior of elastomers when oil is introduced during elastomer mixing. The type and
content of fillers highly influence mechanical and fracture resistance behavior, and a fundamental
discussion will be done here to know how they can influence their presence in elastomers. Different
investigations on plasticized elastomers were a big step to getting motivation and continuing the
study based on some theoretical background. However, the fracture resistance behavior study was
insufficient to get complete information. It has some shortcomings in comparing the evaluation for
this thesis and highly depends on different testing theories, parameters, and individual
characteristics of elastomers, oils, fillers, and additives.

Filler-rubber interaction was a critical issue in influencing the elastomer behavior, and oil
penetration can change their property, and it is a big issue to characterize the interactions while
different types and content of oil were mixed. The application of different load and stress modes
can influence the fracture resistance behavior of elastomers. They were introduced in this chapter,
so it will be easy to understand the crack resistance behavior of elastomers and the theory behind
them. Different types of aging can generally change the behavior of elastomers, which was applied
in this thesis. The theory behind the property changes with some old studies was introduced in this
chapter, which can help to know what kind of possible property change was responsible for aging
time and temperature. This chapter discussed the theoretical background of plasticizer functions
and their activities when mixed with elastomers based on the different theories and rules which
were well established.
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2 Fundamentals of technical use of plasticized elastomers

2.1 Fundamentals of elastomers

2.1.1 Properties of polar and non-polar elastomers

An elastomer is considered polar if its charge can be measured as positive or negative.
Acrylonitrile-butadiene rubber (NBR) is a complex family of unsaturated statistical polar
copolymers of acrylonitrile and butadiene, which are synthesized by an emulsion polymerization
system. Butadiene and acrylonitrile are the monomers with the water, emulsifier/soap, radical
generating activator, and other ingredients that are introduced into the polymerization vessels. The
polymerization reaction is carried out in solution, emulsion, suspension, and bulk [7]. The growing
acrylonitrile polymer chain is head-to-tail, and the other carbon atoms are compact and highly polar
nitrile units. It is widely used in the fiber industry. It is hard, stiff, thermally stable, and resistant
to most organic solvents because of strong interactions between nitrile groups [8]. It is utterly inert
against powerful solvents like chloroform. Commercially, polyacrylonitrile is a significant
polymeric material [9]. The NBR is yellow as raw materials, although it can be orange or tinted
red according to the monomer ratio. The acrylonitrile content positively influences the physical
property. Nevertheless, polarity, the cure rate with sulfur, air/gas impermeability, tensile strength,
abrasion resistance, and heat aging tear resistance of NBR are influenced by the presence of
acrylonitrile in the polymer chain. Although, the cure rate with a peroxide system, compression
set, resilience, hysteresis, and low-temperature flexibility decreases [10].

Table 1 shows the classification of well-known NBR with different acrylonitrile content, their
Mooney viscosity, and specific gravities [11]. The essential factor in NBR properties is the
acrylonitrile groups' ratio to butadiene groups in the polymer backbone, and it influences the
resistance against oil and polarity of NBR materials.

Table 1: Classification of NBR [11]

Classification Acrylonitrile Mooney viscosity Specific gravity
content % M4 (100 °C)
Low nitrile 15-20 43-63 0.94
Medium nitrile 26-29 56-75 0.96
Medium-high nitrile 32-36 32-85 0.97-0.98
High nitrile 37-43 45-85 0.98-1.00
Ultra-high nitrile >48 45 1.01

In this thesis, the NBR with medium-high nitrile and high nitrile was chosen to see the variation in
the impact of polarity with oils. The property of NBR changes with changing acrylonitrile content.
The lower the acrylonitrile content, the lower the T4, and the higher the acrylonitrile content, the
better the polymer's resistance to non-polar solvents, fats, oils, and motor fuel. Most applications
requiring both solvent resistance and low-temperature flexibility require an acrylonitrile content of
33 % and commercially most often produced rubbers with 18 to 51 % [12]. The extensive use of
NBR in various application areas requires oil, fuel, and chemical resistance. The vast application
of NBR in the automotive space is used in fuel and oil handling hose, seals, and water handling
applications in the temperature range of approximately -40 °C to 125 °C [13]. Polyacrylonitrile is
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synthesized by the monomer acrylonitrile (see Figure 5). Polyacrylonitrile is synthesized by a
reaction of an acrylonitrile monomer with a free radical or anionic initiator.

i
HZC:(IZ
C=N

Figure 5: Chemical structure of acrylonitrile

Inside the NBR polymer backbone chain, the butadiene monomer (see Figure 6) could be possible
in three different structures.

H
forr . ont _cH=cif ‘ECHZ_H(CHF
H 2T
" Nk fof ol
1,4 trans polybutadiene 1,4 cis polybutadiene 1,2polybutadiene (vinyl)

Figure 6: Chemical structure of different isomers of butadiene in NBR

The physical property of NBR largely depends on the percentage of acrylonitrile content in the
NBR chain. The chemical structure of NBR is shown in Figure 7.

H
CH ‘ _CH=CH
{CH; N\ _CHa CHZ—CHCHz TCH, CHz-H?Efr
CH | CH
. C=N . . N
1,4 Trans Butadiene Acrylonitrile 1,4 Cis Butadiene CH,

1,2 Butadiene (Vinyl)
Figure 7: Chemical structure of NBR [12]

The amount of acrylonitrile positively contributes to individual properties and the solvent or oil
resistance and acts as a gas barrier [14]. The carbon atom contains double bonds that are easily
attacked because of electron shifts and form radicals, which initiate the thermal oxidation and
crosslinking reactions, defined as thermo-oxidative aging [15]. Due to crosslinking the unsaturated
double bonds in the butadiene units, the NBR gradually becomes hard and brittle; finally, cracks
often occur during the thermal oxidation process because of predominant oxidation crosslinking
reactions [14].

The nitrile groups (-C=N) of polyacrylonitrile might be a suitable binder because nitrile groups are
strong polar due to the electronegative nitrogen (see Figure 8). Here, nitrile groups can also form
strong interactions with their environments through hydrogen bonding and dipole-dipole
interactions [8]. The number of acrylonitrile monomer units and the curing agents (Sulfur), fillers,
and other additives affect the thermal stability of NBR compounds [16].

" H H
+ - + - + -
C=N C=N C=N

Figure 8: lonic structure of acrylonitrile [17]
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The polar nitrile group significantly influences the electrical, mechanical, thermal, and barrier
properties of polyacrylonitrile. Carbon black-filled NBR makes it harder and reduces its flexibility
because of the reinforcement of carbon black filler. So, a plasticizer is needed to regain flexibility.
The chemical structure correlated with its polarity, so researchers looked for suitable bio-oil as
NBR’s plasticizer. In a general sense, the oil should be polar to get good compatibility between
NBR and oil. However, there are many criteria that were dependent for oil to act as a plasticizer in
the NBR matrix to enhance the resistance against crack and other mechanical behavior, which was
focused on in this thesis.

Compound to NBR, there are many examples of non-polar polymers such as polypropylene, PTFE,
polyethylene, butadiene, and polystyrene. Styrene-butadiene rubber (SBR) is an essential type of
synthetic rubber that has a non-polar chemical nature. The manufacturing method of SBR
copolymer was developed industrially for the first time by German chemists in the 1930s [18].
SBR is a highly random copolymer of non-polar butadiene and non-polar styrene, as shown in
Figure 9. The content of styrene may vary from 10 to 25 %, and the properties of SBR are
influenced by the presence of styrene monomer in the SBR chain. Figure 10 shows the chemical
structure of SBR, where three different isomers of butadiene can be possible in the polymer chain
with styrene [19,20]. SBR has become the most crucial synthetic rubber, representing about one-
half of the total world production [21]. There is a vast application of SBR in the vehicle, industrial,
and household applications. There is a leading application of SBR in manufacturing car tires, shoe
soles, heels, drive couplings, automotive parts, and mechanical rubber goods.

H
H,C=C

Figure 9: Chemical structure of styrene monomer [19]
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Figure 10: Chemical structure of styrene-butadiene rubber (SBR) [20]

SBR is soft and unstable without carbon black, but it is durable and abrasion-resistant when
reinforced by carbon black. The styrene/butadiene ratio influences the properties of SBR. With
high styrene content, the rubbers are more rigid and less rubbery [18]. The plasticizer could be the
solution to rigid SBR, although commercially, TDAE is added to the SBR matrix to make it
rubbery and flexible. However, researchers are trying to find an alternative to TDAE, and bio-oil
was the alternative proposal. Several steps needed characterization to select the appropriate oil for
the SBR matrix. So, the bio-oil was modified and characterized to make it appropriate for SBR. In
principle, the non-polar SBR needed non-polar bio-oils, so polarity investigation is one of the
essential tasks for finding more compatible oil as a plasticizer for SBR materials. There are typical
applications of flexible plasticized SBR, including shoe soles, hoses, sponge and foam products,
waterproof materials, drive couplings, haul-off pads, conveyor belts, toys, heels, adhesives, roll
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coverings, and various other molded rubber goods. The typical working temperature range is -25
°C to +100 °C for static sealing [18].

2.1.2 Function of filler and additives

Fillers are used in various systems such as organic, biological, biomimetic, and natural polymeric
materials [22]. The fillers are intentionally added to the polymer systems and rubber for
manufactured products. Fillers are spherical particles of geometrically indeterminate shape, they
are unoriented and isotropic that incorporated into elastomer during compounding or formulation.
There are two types of filler that are defined according to their activity. The reinforcing fillers are
usually called functional fillers, carbon black, precipitated silica, carbon nanotube, and partly
OMMT is the typical example of functional/reinforcing fillers. Functional/reinforcing filler help
to a good interaction between polymer and filler, influencing viscoelastic behavior and increasing
mechanical properties.

For commercial formulation, reinforcing fillers' demand is higher due to extra economical,
mechanical advantages than the nonreinforcing fillers. Carbon black and silica are the well-known
used active and reinforcing fillers in the rubber industry, and these fillers have a good interaction
with plasticizers [23] when compounded with elastomers. Carbon black influenced the strength
and toughness of elastomers, improving the rubber’s resistance to tearing, abrasion, flex fatigue,
and increased traction and durability [24]. The silica fillers have weaker rubber-filler interaction
and are extensively used where a high degree of reinforcement is not essential [25]. However,
using a coupling group, e.g., silane with silica, enhances the activity of silica.

Carbon black is a necessary ingredient of most rubber compounding and considerably influences
the final product's performance. There are no chemical reactions that happen with carbon black
and plasticizers, and physical attractions are only identified. It is a universal reinforcing filler and
light stabilizer [26]. The filler reinforced elastomers are presently utilized in vast application areas,
such as wires, seals, cables, and automobiles.

The elastomer lacks sufficient physical strength, making it unsuitable for various applications in
different environments. Vulcanizates' required properties have to be filled up with reinforcement
fillers. It is the reason behind the use of fillers, such as carbon and silica. The addition filler with
virgin elastomer forms the elastomer composites, improving mechanical behaviors [27,28]. The
elastomer is (very low Ty) sticky and very soft in moderately high temperatures. Elastomers without
filler, the plasticizers are not stable and have the possibility of high leaching. So, the filler is a
critical compound that is not made only to enhance the mechanical properties of elastomers, for
homogenized dispersion plasticizers helped it. High-performance composite materials are widely
used as reinforcing carbon black agents, despite carbon black being the most commonly used and
the oldest active filler in rubber compounds and a massive amount of research on carbon black
[29,30].

The outstanding role of carbon black was discovered at the beginning of the twentieth century [31].
Carbon black is 95% amorphous carbon, its particle size varies from 5 to 500 nm, and the main
component of carbon black particles is divided into three categories, primary particles, aggregates,
and agglomerates [27]. The aggregates again form loose agglomerates linked by Van der Waals
interactions [32]. The carbon black surface contains the reactive groups, including acid, phenolic,
quinonic, carboxyl, ketone, pyrone, and lactone groups, as shown in Figure 11 [24,33]. These
reacting groups may have hydrogen bonds on Van der Waals interactions with plasticizers and
elastomers.
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Carbon black is a well-known filler used in this thesis, and it was previously proved that it enhances
elastomer's mechanical performances. It is very important to carbon black dispersion uniformly is
a basic prerequisite to achieving optimum properties after vulcanization. Many works [4,34,35]
have been done to investigate the filler dispersion and different mechanical properties of filled
elastomer vulcanizates. The investigation of thermogravimetric analysis of rubber-filler gel [36] is
one of the well-known methods to know the activity of carbon black.
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Figure 11: Surface chemistry of carbon black filler, reproduced with permission from ref [33]

The raw mixture of the elastomer compounds was investigated regarding the wetting behavior of
carbon black by rubber molecules [36]. When rubber is mixed with carbon black, a part of the
rubber chains bonded to the active group already on the carbon black surfaces, as shown in Figure
11, these bound-rubber cannot be detached from the filler when the raw mixture is extracted in a
suitable solvent like toluene. The better rubber-filler interaction correlates to the larger amount of
rubber that remains on the carbon black after extraction [37]. The interactions can explain in two
ways. Rubber bounding may be caused by adsorption effects where van der Waals forces and
chemisorption play the key role, and the rubber bounding formation has been formed by a chemical
process. This process is predicted by the reaction of rubber with functional groups present on the
filler surface [38]. During mixing, rubber radicals formed by the mechanical-chemical degradation
and possibly react with the active sites which newly formed on filler due to changes its structure
by friction. Extracting of raw mixtures with toluene solvent, the bound part of the rubber formed a
layer on the carbon black surface remains in the rubber-filler gel. Due to agglomerate structure of
carbon black, the rubber chains were not only bounded on the carbon black surfaces but infiltrate
into the void and pores of the agglomerates and it is Kinetic process so mixing time is factor here.
A study [4] on the rubber-filler interactions claimed that a larger amount of rubber can be remains
after 10 min of mixing time. The investigation of rubber-filler interactions can be done on different
concepts especially bound-rubber and wetting concept [4]. The bound-rubber concept is used to
determine the investigation of rubber-filler interactions in filled rubber systems, and it is defined
as the structure formed by the attachment of rubber chains to the carbon black. Previous studies
[39-41] on bound-rubber systems investigated the factors which were affected the bound-rubber
formation. A high extraction temperature decreases the bound-rubber [42], whereas mixing time
and high filler content rubber bounding increases [43]. In contrast, the wetting concept is briefly
used to detect the filler localization and rubber-filler interactions. The wetting concept is an
acceptable method according to the bounded rubber principle. The calculation of the wetting
concept is different from the bound-rubber concept. As a part of the wetting concept, rubber-layer
L is calculated, and it provides the physical and chemical interaction information about the bounded
rubber layer on the filler surfaces. Rubber-layer formation continues until rubber infiltrates the
filler entirely [44].

The organic chemical accelerators were not used until 1906, when the effect of aniline on sulfur
vulcanization was discovered by Oenslager [45]. Typically benzothiazole or sulfonamide
accelerators are used, where ZnO is an activator, and fatty acid is the co-activator [24]. The thiazole
sulfonamide accelerator was used in 1937 as the fastest curing vulcanization system [46]. The
accelerator is used to make a complex form with the activator and increase the activator's
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efficiency. The entire crosslinking reaction process is complete by some complicated steps.
Generally, the most commonly used activator is a metal oxide, such as magnesium oxide (MgO),
lead oxide (PbO), and zinc oxide (ZnO). Practically ZnO was used in this thesis, and according to
previous study [47] there is no change in the T after the ZnO incorporation. This indicates that
ZnO will not affect the T4 of elastomer. ZnO is one of the rubber compounds' significant
ingredients. It was chosen as activator for selected elastomers like SBR, NR, BR, NBR, which
influenced the elastomer's physical, chemical, and mechanical properties.

The processing aids are the physical plasticizer used to modify compounded rubber's physical
properties or the finished vulcanizate [48] and it must be compatible with elastomer. The saturated
higher fatty acid is usually used as a processing aid. Stearic acid is the most common processing
aid due to its 100 % saturation, with no possibility of reacting with oxygen or ozone. According to
renewable sources, rice bran oil can be used as a processing aid with a polymer like NBR, SBR,
and polychloroprene [48,49].

2.1.3 Crosslinking

One of the most important compounds of a rubber mixture is the crosslinking system. Non-
crosslinked rubbers are generally not very strong, do not maintain their shape after a large
deformation, and can be very sticky [24]. Even plasticizers in uncured elastomers cannot make
them stable. Crosslinking is defined as converting a thermoplastic material or elastomer into a
thermoset or vulcanizate [50]. It is the formation of chemical links between molecular chains to
form a three-dimensional network of connected molecules [51]. The link can be an ionic bond or
a covalent bond. The crosslinked molecular chains can be natural or synthetic macromolecules.
The crosslinking process may occur via different reaction mechanisms, depending on the
chemicals/fillers [24]. The well-known crosslinking agents for the elastomer are sulfur and
peroxides. Peroxide is a crosslinking agent specially for saturated and unsaturated polymer chains.

The sulfur is usually used to crosslink unsaturated polymers like NR, SBR, NBR, and BR.
Naturally, the sulfurs can be found as allotropes sulfur. The allotropes sulfur (see Figure 12) is
ordinarily inert, but the cyclic sulfur homolytic or heterolytic cleavage at high temperatures (160
°C-180 °C). Cleavage's bond-breaking energy is around 429 kJ / mol [52].
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Figure 12: Scheme of sulfur crosslinking [53]
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Here Sy mentioned the number of sulfurs. “x” is denoted as the number of elemental sulfurs. The
name of elemental sulfur was numbered as 1, 2, 3, x accordingly mono, di, tri, and poly sulfidic,
respectively.

The sulfur can be attached to carbons and links between carbon and sulfur [54]. There are some
general criteria for the vulcanization of sulfur with polymer chains. It is not easy for sulfur to react
with the rubber because sulfur's activation is tricky to break the C-H bond, and the required energy
is around 337.2 Kj/mol [52]. If sulfur is active itself, it takes a long time to cure. The process takes
approximately 6 hours at 140 °C for completion, which is uneconomical by any production
standards; this is the reason behind using an activator and accelerator.

2.1.4 Filler-rubber interactions

For a filled elastomer, the reinforcement properties are the meaning of filler and elastomer
interaction. The chemical and physical properties of the filler and rubber are responsible for
interaction with them both. The rubber-rubber interactions are not the significance of the
interaction between filler-rubber and filler-filler interaction. Filler-rubber interactions describe the
filler's compatibility with the rubber, and filler-filler interactions are represented by the attraction
of filler and the ability to form a network. The occlusion of rubbers is an essential effect of filler-
rubber interactions. When the rubbers are trapped between or inside aggregates, it is a so-called
occluded rubber.

The filler-filler interactions are recognized as the primary interactions in reinforcement, especially
for the high filler content. The chemical interaction between the filler particle surface influences
the interactions. It could be physical interactions, e.g., van der Waals forces or hydrogen bonding,
fillers' morphology, and volume fractions. One of the significant factors is the surface energy of
fillers, which profoundly influences fillers' compatibility with rubber. The filler's surface area
means it has more sites available to interact with the rubber or the other filler particles.

Wang [55-58] broadly discusses filler-rubber interactions. Figure 13 shows the schematic figure
of relation between filler and rubber after mixing. Where Figure 13 (a) is describes about how it
looks like when rubber shell covered a carbon black particle. Rubber shell surrounded to carbon
black aggregates were represented in Figure 13 (b). The filler aggregates trap elastomers are called
occluded rubber as shown in Figure 13 (c) and (d) shows how rubber get trapped in bunch of filler
agglomerates.

a) Rubber Shell b)
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Trapped Rubber

Occluded Rubber

Figure 13: Models of rubber excluded from the rubber matrix, photo reproduced with permission
from ref [33]

The incorporation of filler into rubber matrix can be explained by several models [33]. Figure 14
shows the model where interactions between rubber-filler describes in an easy way to understand.
The rubber chains are attracted either physically or chemically to form a rubber shell on the carbon
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black particle's surface. The carbon black particles are much stiffer than the rubber molecules
further away if attached to the closest. The rubber shell, which is shown for the individual particle,
is seen throughout the filler aggregate. As in this case, the rubber chains closest to the aggregate
are the stiffest. In this shell model, bridging of bound-rubber in the aggregate leads to a higher
rubber-layer L, which is defined as the mass fraction of rubber retained in the extracted compound.
Rubber collects around the aggregate and the rubber shell to form an outer layer of occluded rubber.
This layer is not as tightly bound to the filler aggregate but decreases mobility near the aggregate
surface. Rubber is trapped between aggregates, which have formed an agglomerate. This rubber
experiences slight stiffness, increases, and becomes free once the aggregate structure breaks apart
during deformation [59].

Carbon black

Mobile rubber

Bound rubber
Transition layer

Figure 14: Sketch of the entangled bound rubber-mobile rubber model, photo reproduced with
permission from ref [60]

The interaction between carbon black and rubber can be mechanical, physical, chemical, or a
combination of these forms of interaction [31]. When the rubber seals are prepared, there are two
possibilities to spoil when in contact with oil; firstly, the oil can extract the oil-soluble additives
from the seals and expose the seal rubber to subsequent thermal oxidation with little or no
protection. Secondly, the chemical that contains the additives or oils can cause elastomer
degradation [14,61].

The reinforcement of elastomer by fillers is restricted to the rubbery state of the elastomer. Little
or no reinforcement is observed in the glassy state below T4 [31]. NBR vulcanizates, filled with
reinforcement fillers (carbon black), have higher abrasion resistance than equivalent materials from
NR and SBR [62]. Filler dispersion occurs when carbon black pellets are broken up under shear
forces into individual aggregates/agglomerates and distributed throughout the rubber matrix [63].
The filler in the mixing process acts as the reinforcing between the rubber matrix and the filler.
The precondition for a reinforcing effect is dominated by the particle size of the filler, and particle
size should be smaller than 100 nm [64]. Increasing the filler content makes the network chains
shorter, and the number of entanglements between two crosslinks decreases [60]. Carbon black not
only improves the strength of the rubber but also influences the curing characteristics. It also
decreases the vulcanization induction time because it acts as a catalyst for the initiation of
vulcanization and decreases the cure rate as several surface acid groups on the carbon black
increase [24].

The reinforcing potential is attributed to two effects [65], forming a physically bonded flexible
filler network and strong rubber-filler coupling. Both effects refer to very high surface activity and
specific surface of the filler particles. The level of reinforcement depends on the following criteria
[62]; content of particles, the filler's contact surface, activity on the filler surface, and the filler
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structure. Plasticizers have solubilized the rubber and assisted in the Brownian motion of the
polymer chains, thus reducing the compound's viscosity [66].

The filler, rubber, and other additives are mixed physically where Van der Waals interactions,
dipole-dipole interactions, and hydrogen bonds are present in the materials. When elastomers trap
the fillers, it is called the bound elastomer [33]. The elastomer and carbon black come together
during smashing by rotation, try to overlap each other, make the transition layer, and finally, the
bound-rubber.

2.2 Fundamentals of plasticizers

2.2.1 Plasticizers

A plasticizer is a liquid or semi-liquid compound that can be mixed into a polymer mixture to
increase the elasticity and the flexibility of the vulcanizate and get better filler dispersion. The
plasticizer can highly influence some essential parameters and helps in controlling the hardness,
glass transition temperature and viscosity level [49,67]. It is one of the most crucial mixture
components after fillers to produce rubber compounds. Plasticizer improves, in particular low-
temperature performance flexibility and elasticity of the vulcanizate. They are mainly mineral oils,
synthetic liquids, or esterified with alcohols having branched chains. Ester-based tri ethylene
glycol and tetraethylene glycol or glycol ethers of adipic and sebacic acid and thioethers are used
as low-temperature plasticizers in polymers. The characteristics of a plasticizer during the
compounding of rubbers are given some different properties. It improves processability by using
high filler content. A plasticizer is necessary to set processability due to the high viscosity and
improvement of filler distribution. A plasticizer must meet the conditions, e.g., it should be non-
toxic, should have specific compatibility to the polymer, aging and oxidation resistance, no
discoloration of the mixture, no interaction with the crosslinking system, and nonvolatile during
vulcanization. The frequent use of plasticizers includes mineral oils, synthetic esters, and a few
natural products such as wood resin, animal glue, and vegetable oils (bio-oils) are used [49,68].
Figure 15 shows the schematic model of plasticization of a polymer which represents the low
molecular weight plasticizer molecules in physical presence in the polymer chains. Plasticizer
molecules increase the distance between the chains. Although a high intermolecular force between
polymer-polymer, e.g., Crosslinking, strong hydrogen bonds, or crystallinity help to limit the
distance between chains. In the case of polymer-plasticizer interactions are stronger than the
intermolecular forces, the relaxation of the polymer chains or the dissolution of the polymer can
takes place [69].
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Figure 15: A schematic model of plasticization, photo reproduced with permission from ref [70]

A previous study [71] on bio-oil-based plasticizers proves that oil mixes in the elastomer matrix
can be influences the elastomer bonding. Although another article [72] stated that increasing
plasticizer loading gradually reduces the bounding rubber contents of the compounds, but the types
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of plasticizers insignificantly influence the bound-rubber content. However, there is no previous
research on the bio-oil-enriched rubbers, so this thesis could be unique in finding the bound-rubber
fraction of elastomers.

2.2.2 Working principle of plasticizer on elastomers

The research on the working principle of plasticization started in the twentieth century and led to
several theories. The most reliable theories are classical theories and free-volume theories. In
classical approaches, the lubricity theory, the gel theory, and the viscosity theory were developed
during the 1940s. In the 1950s, some other models were proposed.

Schematic representation of the theories was shown in Figure 16, where green balls represented
the plasticizers, blue balls, and lines were polymers, and blue dots were weak secondary bonding
forces.
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Figure 16: Plasticization theories, reproduced with permission from ref [73]

The lubricity theory is attributed to Kirkpatrick [74], Clark [75], and Houwink [76]. According to
that theory, the function of a plasticizer is to reduce intermolecular friction between the polymer
molecules. When the polymer molecules are mixed and compressed randomly, then they have to
slip over each other. The plasticizer acts as a lubricant, allows for the movement of the molecules,
and reduces their internal resistance to sliding. In general, two possibilities of gliding were
postulated that could explain the softening mechanism of plasticizers, as shown in Figure 17 [76].
Figure 17 (a) shows the gliding planes are in the bulk of the plasticizers. The plasticizer molecules
will preferentially stick to the macromolecules, making it probable that, on deformation, the
plasticizer molecules will glide over each other, and the planes of the slip are inside the solvent. In
Figure 17 (b), they are at the surface of the polymer.

Figure 17: Model of gliding possibilities in a polymer-plasticizer system, reproduced with
permission from ref [76]
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Houwink [76] realized that either dissolving or swelling occurs first during the plasticization.
However, Gidvani [77] was criticized the lubricity theory, and he said that the swelling of polymer
is not always involved by the plasticization because the polymer could be plasticized by the
lubrication effect of the plasticizers. There are some important evaluations that support the lubricity
theories. The vapor pressure of plasticizers in polymers was measured by Verhoek [78] and found
that the solvent retention was reduced by plasticizers, and this supports the lubricity theory.
Krikpatrick [74] measured the retentivity and permeability of cellulose acetate plasticized with
various sulfonamides, phthalates, and phosphates, and he realized that these properties are
dependent on the attractive forces between plasticizer and polymer. Swelling of acrylonitrile-
butadiene copolymers with different percentages of acrylonitrile content was measured by
Houwink [77], and he proved the importance of polarity of the plasticizer and polymer.

The idea of gel theory was proposed by Aiken [79]. He worked on plasticized PVC materials for
tensile creep investigation and tried to find some correlations between plasticizer effectiveness,
softening compatibility, and molecular structure. It was found that the polar groups in the
plasticizer and polymer could be organized in a manner to form solvating dipoles on the PVC
chains. In contrast, the nonpolar tails remain incompatible with PVVC. They formed in tiny cluster,
leaving many unshielded polar polymer chains, forming influential polymer-polymer contacts.
This forms a gel structure responsible for viscous flow and the micro-Brownian motion responsible
for the plasticizer around the polymer chains. A study [79] on gel theory proved that the plasticizer
containing long aliphatic chains are more potent than plasticizers containing bulky cyclic groups,
especially at low temperatures and short time investigations. Although, at high temperatures and
long times, they were more potent in softening than the linear type of plasticizer. The micro-
Brownian motion of plasticized polymers chain segments enhanced the elasticity, and generally,
the segmental motion was not enough to explain the flexibility of plasticized polymers. Aiken
proposed two possibilities for the presence of a three-dimensional gel network structure of great
endurance. Static mechanism describes that the polymer-plasticizer combinations have an average
lifetime compared to segmental motions time scale. Another possibility was a dynamic equilibrium
in the solvation and desolvation processes. This means the plasticizer diffuses through the polymer
matrix, which opens the polymer-polymer attachments for the time being, then travels and allows
the structure to close behind it in various positions. The idea of gel theory on the explanation of
plasticization effect was matched to solvation-desolvation process. The experimental results in
support of gel theory were shown by Doolittle [80] and later confirmed by Stickney [81] and Alfrey
[82]. It is also considered that from gel theory, the polymers as formed by a three-dimensional
honeycomb structure maintained by loose attachments between the polymer molecules along their
chains. Gel theory states that the rigidity of polymers is dominated by the resistance of three-
dimensional structures rather than internal frictions. There is solvation-desolvation and
aggregation-disaggregation equilibrium between the polymer and plasticizer molecules [76].
According to gel theory, the plasticizer’s function is to reduce the number of these polymer points,
letting the polymer be deformed without breaking. Despite lubricating the glide planes, the
plasticizers reduce the rigidity of polymers, thereby reducing the aggregation of the polymer
molecules [76]. The behavior of plasticized polymers was proclaimed by gel theory, where
Doolittle [80] found that the distensibility of plasticized polymers increased with temperature. The
distensibility is defined as the capability of being distended or stretched of a rubber under pressure.
However, the behavior is the opposite in some cases, especially with nitrocellulose plasticized with
succinate, where the distensibility enhances at lower temperatures. When distensibility increases
with increasing temperature could be explained by gel theory as polymer molecules are drawn to
each other more tightly when the temperature decreases, and the same things happen when
plasticizers are used. In this case, less solvation and more aggregation happen. As a result, the
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polymer should behave more rigid and less distensible. Contrary, some solvents contained high
molecular weight show enhancement in solvent ability on cooling and this can explain opposite
behavior noticed. The plasticization of non-solvents can be explained by this theory. The molecules
of non-solvents deed by holding apart the polymer molecules and so breaking some unions between
active centers on the polymer. The explanation of tear resistance [83] or creep behavior [79] can
be possible from the gel theory.

The lubricity and gel theory compiled by Moorshaed [84] which is based on some polar polymers.
He analyzed some basic requirements of polymer to be plasticized. Polymer chains should be long
enough, so they have strength, while plasticizers insist them apart. The primary bonds of
crosslinked polymer chains should have held together, and forces are strong to allow the plasticizer
to penetrate into the polymer. Moorshaed also stated that the polar component in plasticizer
improves the tensile strength, although the flexibility of polymer enhances while there are points
of high cohesion at many points along the chain. Non-polar components in plasticizers served as
high flexibility in plasticized compounds. This means the presence of polar and non-polar
components is required in a plasticizer if perfect compatibility and flexibility have to be earned.

The free-volume theory was postulated by Fox and Flory [85], but different authors contributed to
it, and it is still being used to explain the viscoelastic properties of plasticized polymers, and it was
undoubtedly the one giving a precise explanation of plasticization. The theory was attempted to
explain the diminution of the glass transition temperature Tq of a plasticized polymer. The Ty is
detected by a change from a hard, glass-like material to a rubbery solid. Some authors [86,87]
previously proved that the specific volume decreases with the temperature until T4; below the Ty,
specific volume decreases at a low rate. For all volume-temperature curves above the Tg, if they
are extrapolated, then intersect each other practically at the same point. The free-volume is a
specific volume above the transition temperature minus the solid specific volume extrapolated to
the same temperature above the transition temperature. Kanig [86] defined the free-volume vs as
the difference between the volume measured for the genuine crystal v and the volume observed at
absolute zero temperature, glass, or liquid at a given use temperature Vo (see Equation 1).

Vr = Ve — Vg D)

The free-volume theory was corrected by Kanig [47] and summarized by Sears and Darby [87]. It
comes from three primary sources: the chain ends' motion, side chains, and the main chain. The
free-volume of a polymer system may be increased by increasing the number of end groups, which
means lower molecular weight. Increasing the number or size of side chains means plasticization
and this enhances the chance for main chain movement has been controlled by including segments
of law steric hindrance and low intermolecular attraction. It represents internal plasticization.

Some models which correlate free-volume fraction to the T4 for polymers which backs the free-
volume theory. Fractional free-volume, f of plasticizer is defined according to Equation 2, here vp
is free-volume and vy is occupied volume.

f=2 )

According to Boyer-Sumha rule [88], free-volume fraction fexp, Of cubic expansion coefficient g
of plasticizer glass-like polymer g will be given in Equation 3.

fexp ~ (Bp — Bc) Tg (3)
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Williams-Landel-Ferry (WLF) [89] approach predicted a linear dependence of f on temperature.
Here pr thermal expansion coefficient above and below Ty, fg is a fractional free volume at Ty (See
Equation 4).

f=JgtB:(T—Tp) (4)

According to this free-volume theory, cyclic macromolecules that do not have any end groups
provide no free-volume effect and shows high T4. The introduction of plasticizer molecules into
the polymer mass implies the addition of molecules with Tq lower than the polymer itself and the
small portion of plasticizer molecules that increase the free-volume of the system. According to
the free-volume theory, the plasticizer with low Tg4 is more efficient for reducing the Tg4 of the
plasticized polymer. The branched plasticizer influences the free-volume. A more branched
plasticizer has a higher free-volume than a linear one. According to the molecular weight of the
plasticizer, increasing its molecular size increases the free-volume introduced into the polymer,
but on a weight basis, the total free-volume increment could be more significant for small
molecular weight plasticizers [76].

Sears and Darby [87] explained plasticization and antiplasticization of plasticized polymer in an
easy-to-understand way. The elastomers are amorphous, and it contains low crosslinking, and the
chains were not ordered. These amorphous areas have associated with more free-volume since
conformational changes are permitted and are more flexible. Plasticizer molecules situate
themselves around the polymer chains, preferentially in the amorphous areas. Thus, the plasticizers
were very welcoming to amorphous elastomers. The free-volume theory predicts that introducing
plasticizer molecules into the polymer involves more free-volume, flexibility, and effortless
movement of macromolecules [76].

Antiplasticization terms comes for describing the opposite effect of plasticization and that is mostly
happen when a small amount of plasticizers was inserted in the polymers. At a low concentration,
the miscibility of the plasticizers confides on interactions with polymer chains along with
constituent groups, and it envisaged as being bound to the polymer chains and restricting the
rotation of short segments called g-relaxation and it is the reason for the antiplasticization. In
contrast, at the high concentrations not all plasticizer content can be compromised as bound
molecules towards the polymer chains, so the residual plasticizer starts to put apart into small
clusters in a dynamic state of alignment/segregation with the polymer chains and this is the primary
period of the cross-over to a plasticization behavior. The dispersed clusters were grown in number
with plasticizer concentration until they got interconnected and be the full plasticization and it
means there must overcome the optimum level of plasticizer concentration otherwise, it creates the
antiplasticization effect. When the concentration of plasticizers increased more than the optimum
level then at certain point the high concentration plasticizers leach out from polymer matrix and
coagulated on the surfaces. The coagulated formation of plasticizer for elastomer is very common
if plasticizer concentration is too much high or immiscible in concern of polarity. The coagulating
effect can be observed when the concentration of plasticizer is high in elastomer matrix and this
can swell the polymer chains with a high free-volume and resulting a high movement of polymer
chains caused the chain breakage, sticky wet elastomer surface, cluster formation on the surface,
high migration, and decreases the tear resistance properties. The choice of a plasticizer
dependences the elastomer; thus, non-polar plasticizers are generally used for non-polar
elastomers, whereas polar elastomers fit to polar plasticizers [66]. The polar property of elastomers
influences the selection of plasticizers, and it is controlled by the monomer's properties in the
polymer backbone chain.
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2.2.3 Properties of plasticizers according to their sources

There are three primary sources of plasticizers: non-renewable, renewable, and synthetic
plasticizers. Non-renewable plasticizers are based on mineral oils extracted from mine and purified
by fractional distillation process. Renewable plasticizers are plant and animal-based oils extracted
from plant seeds and animal fat, and milk. While synthetic plasticizers are more complicated
chemical synthesis in laboratory. Some common types of plasticizers include phthalates, adipates,
sebacates, and citrates.

The common non-renewable source of plasticizers is mineral oils, also called liquid petroleum. It
is a colorless, oily, almost tasteless, water-insoluble liquid and light mixtures of higher alkanes
from mineral sources and a distillate of petroleum. The solvent separation techniques are used to
prepare paraffinic oil from the paraffinic crude oil. Paraffinic oil has excellent thermal and
oxidative stability and good high temperature viscosity [90]. It contains much wax and yields a
very high viscosity and densities around 0.86 to 0.91 g/cm?®. Paraffinic oil is white in color,
yellowish, or colorless transparent liquid. The paraffinic oils are saturated long-chain
hydrocarbons, mainly used as the lubricant inside the polymeric compounds. It is a non-polar
organic substance with major components of C16 to Cz n-alkanes.

The naphthenic crudes are available and inexpensive [90]. Generally, naphthenic oils are derived
from naphthenic crudes. They contain a little wax, and the viscosity is medium compared to
paraffinic oil and they are chemically cycloalkanes.

Aromatic oils are generally aromatic hydrocarbons, and the structure contains the aromatic
structure. The aromatic extracts are procured from the selected refineries and suitably blended to
meet stringent specifications that are harmful to the atmosphere and human health [91]. The aniline
point can characterize the content of aromatic compounds in the oil, and this indicates the aromatic
ring in oils. The higher the aromatic ring in oils, the higher the aromatic groups, and the lower the
aniline point [92]. Nowadays, aromatic process oils are used as a plasticizer in the form of distillate
aromatic extracts (DAE) [93]. They are used in the manufacture of oil-extended natural or synthetic
rubber. The aromatic oils contain a high level of polycyclic aromatic (PCA) components, which
are recognized as the cause of tumors. So the DAE is classified as carcinogenic to humans,
according to the European legislation (EU Substance Directive 67/548/EEC), and must label with
the risk phrase “R45” [66,91,93-95].

The latest used aromatic extracts are the treated distillate aromatic extracts (TDAE). It is called
green rubber oil or nature friendly oil with higher aromatic content, environmental protection, non-
toxic, non-carcinogenic characteristics, and is a highly used substitute for existing aromatic oil.
These are manufactured from DAE by further severe processing such as either hydrotreating or
solvent extraction to meet the PCA threshold of less than 3 wt % DMSO-extract according to IP
346 method to omit to the label. According to a test of an International standard IP 346, the PCA
content of DAE is 20 wt %, whereas, in TDAE, it is only 1.3 wt % [93].

Currently, researchers are focused on renewable sources for plasticizers. They are called “natural
oils” or “bio-0ils,” “vegetable oils,” or “modified vegetable oils.” The plant oils are called green
plasticizers that are safe and renewable to meet the general requirements of environmental
protection and sustainable development [96,97]. Already it was reported that modified vegetable
oils could be a suitable replacement for conventional plasticizers like mineral oils or synthetic
plasticizers [98]. The renewable source plasticizers are vegetable oils (bio-oils). The common word
“oil” is frequently used as the plasticizer for elastomeric compounds. Oil can be defined as a less
viscous organic substance. The oil can be distinguished between fatty oil, essential oils, mineral
oils, and silicone oils. Fatty oils are the source of bio-oils; they are also called sweet oils [94]. The
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petroleum-based oils are used extensively in elastomeric compounds as plasticizers [48]. They are
generally called natural oil; chemically, they can be characterized as triglyceride esters of higher
fatty acids [99]. Triglycerides are consisting of three fatty acids attached by glycerol. The plant
oils are recognized as green plasticizers that are safe and renewable to meet the general
requirements of environmental protection and sustainable development [96,97]. Due to
renewability, cost-effectiveness, and non-toxicity, plant oils are using in the plastic and rubber
industries [100].

Linseed oil is used as multipurpose additive (plasticizer, processing aids) in NBR, which improves
the mechanical properties and processability and decreases the vulcanization (cure) time [101].
Soybean oil can be used as the plasticizer in natural rubber (NR) [66,98]. The vegetable oils contain
phenolic components like tocopherols, potent antioxidants, and protect the elastomers from
oxidation. So, vegetable oils can be potentially multipurpose ingredients in elastomeric compounds
[48] and possess excellent frictional properties, such as good lubricity, low volatility, high viscosity
index, solvency for lubricant additives, and easy miscibility with other fluids [102]. The physical
condition is related to the chemical structure. The saturation structure is one of the relevant terms
here. The color of fatty oil varies from tint red to light yellow, and some can be found as
transparent, tint yellow, or white.

The oil from plants is triglyceride ester of higher fatty acid, and the instauration influences the state
of matter. The liquid oils are unsaturated fatty acid substances, whereas the fats are the saturated
fatty acid component. Fatty oils are a combination of fatty acids. The composition of different fatty
acids in the plant oil has listed in Table 2, and it shows that mainly the oleic acid and linoleic acid
dominate the properties of bio-oils. However, canola and rapeseed oil have a higher proportion of
oleic acid, whereas sunflower oil has higher linoleic acid. It means that during modification, these
fatty acids dominate the behavior. Soybean oil is natural fatty oil extracted from the soybean seeds,
scientific name Glycine max. It is a drying oil class, which means it can be crosslinked due to
autoxidation. The extensive consumption of this oil is edible oil.

Distribution of fatty acids may vary from different soybeans and processing methods [103]. In the
1970s, canola was produced through traditional plant crossbreeding of the rapeseed plant, which
contains glucosinolates and erucic acid. However, erucic acid was removed because it was believed
to be inedible or toxic in high doses. The newly developed plant was renamed “canola” - a
combination of “Canadian” and “Oil” (or ola) to make this difference apparent. If a seed is labeled
“canola,” it has to have less than 30 x mol of glucosinolates and not more than 2% of erucic acid.
Well-known as cooking oil, canola oil is also known as rapeseed oil. It is expelled from the seed
of several varieties of the Brassicaceae family of plants. The species are Brassica rapa and
Brassica juncea.

Bio-oils are composed of long chains of fatty acids that are bound to glycerol molecules through
ester bonds. Plant oil (bio-oil) as a plasticizer has needed some modifications to make it more
compatible. The main problem with the direct use the natural oil in rubber compounding is
unsaturation. The fatty acid-containing natural oil has several double bonds. The double bond can
easily be oxidized at high temperatures and air. Bio-oil contains many C=C on the fatty acid chains
and can be polymerized through various methods. Previous studies [8,75] had claimed that during
the vulcanization of rubbers, the bio-oils could be co-vulcanized to the rubber matrix, and sulfur
may be consumed by the oils , and the modification has been done to reduce the unsaturation. The
modified bio-oils have been produced for around 30 years and are available under various trade
names [104], and it can be prepared by the epoxidation of bio-oils using peroxyacetic acid
(peracetic acid) generated in situ in the presence of sulfuric acid as the catalyst [105]. The double
bonds contained unsaturated fatty acids are converted into the more active oxirane moiety by
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reaction with peroxides [106]. The epoxide group is more involved than the carbon-carbon double
bond on the fatty acid chain. The melting point increases after the epoxidation extent [105].
Epoxides are generally stable compounds, and their ring structure confers some degree of
protection against oxidation and other form of degradation. So, they do not typically undergo aging
in the same way unsaturated compounds. The epoxides can be subject to degradation under some
specific conditions such as strong acids or bases can cause of epoxide ring open and leading to the
formation of new compounds [104,107].

Table 2: Fatty acid composition of different bio-oils

Fatty acid Soybean oil Sunflower oil Canola oil Rapeseed oil Linseed oil
(Glycine max) (Helianthus (Brassica juncea) (Brassica  (Linum usitatissimum)

[108] annuus) [109] [110] napus) [111] [108]
Palmitic (16:0) 11 0.09 4.9 4.6 5.87
Palmitoleic (16:1) 0.14 6.33 0.18 0.3 0.06
Stearic (18:0) 4.74 3.45 1.82 17 4.49
Oleic (18:1) 21.60 21.64 57.5 63.3 22.30
Linoleic (18:2) 52 67.28 25.4 19.6 16.67
a-linolenic (18:3) 7.65 0.09 8.41 1.2 49.85
Arachidic (20:0) 0.25 0.23 0.50 0.6 0.12
Eicosenoic (20:1) 0.19 0.13 1.04 9.1 0.16
Behenic (22:0) 0.36 0.72 0.25 0.4 0.10
Erucic (22:1) 0.11 0.04 0.11 0.3 0.06

Figure 18 (a) shows the chemical reaction during the conversion into epoxidized bio-oils. In the
beginning, the triglycerides ester of higher fatty acid (bio-oil) leads to reaction in two ways. It can
be reacted with peracetic acid under certain conditions and converted into triglyceride epoxidized
ester of higher fatty acid, it is also known as epoxidized bio-oils. In other ways the bio-oil can be
modified and converted into monoglyceride epoxidized ester. The bio-oil is first treated with
alcohol, such as methanol in the presence of catalysts such as sodium hydroxide or potassium
hydroxide. This process is known as transesterification, converts the triglycerides into fatty acid
methyl ester (monoglyceride ester) and glycerol. Finally react with peracetic acid and form the
monoglyceride epoxidized ester where the (-R) methyl group in the chemical structure can be
replaced with isopropyl or butyl groups to change their behavior such as polarity.

A general conversion of double bonds to epoxy groups is nearly 90 % [112] although it can be
controlled according to polarity of elastomers and additives. Bio-oils contain unsaturated fatty
acids which are nonpolar and oxidant. Therefore the double bonds in the bio-oils have to be
converted to stable compounds such as epoxide, methyl, iso-propyl, acrylate, and even some
bromoarcrylated triglycerides, and monoglycerides that can be develop miscibility with different
polymers [104,113,114]. The stability of epoxide can depend on several factors. Epoxides are
cyclic ethers with a three-membered ring containing an oxygen atom and two carbon atoms as
shown in Figure 18 (b). The high ring strain associated with the small ring size makes the molecule
reactive towards nucleophiles, such as acids and bases, which can lead to ring-opening reactions.
However, the stability of epoxides can be increased by various factors. For example, the presence
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of electron-withdrawing groups on the carbon atoms adjacent to the oxygen atom can stabilize the
epoxide ring by reducing the ring strain. Additionally, some epoxides may have steric hindrance
around the ring, which can also contribute to their stability. The iodine value of bio-oils plays a
helpful role in changing their lubricity. The iodine values were lower when the bio-oils were
epoxidized [115]. The decreases in the iodine value of epoxidized bio-oils indicate that almost
98.5% of unsaturation was converted into an oxirane ring, enhancing thermo-oxidative stability.

At room temperature, the viscosity of saturated fatty acid is higher than unsaturated fatty acid
viscosity. At room temperature, canola oil's viscosity is 78.8 mm?/s, whereas soybean oil is 54.3
mm?/s [116]. The saturated fatty acid contained in soybean oil is 15 %, and in canola oil is 6.3 %
(see Table 2). Ordinary bio-oils are slightly polar [92] from the chemical structure in finding active
groups or polar part double bonds. As bio-oil is slightly polar, it is a beneficial compatible oil for
polar and non-polar elastomers as a plasticizer. Bio-oils have low glass transition temperature Tg,
because of it has a high free-volume and probable branched structures. The bio-oils used in this
thesis are partially crystallized but if they have often double bonds, so characterization of Ty is
relevant.

(@ o
(o]
?
O/K/\/\/W\/\/\/
0
O — [—
pH = 4.5\ Peracetic acid
l CH,OH T<40°C 0
0
0 -]
\O — _ |O oi
<
OW/\/ 3
T< 40 °c | Feracetic acid R S v VAV N 3
0 0
~ 0
0

Monoglyceride ©

O
(b) >:< + M on,

0-0 bond is cleaved

Figure 18: Different steps of conversion of epoxidized vegetable oil (a); Bond cleaved of
peracetic acid and formation of epoxide (b)



Fundamentals of technical use of plasticized elastomers | 23

Now is the point of selecting the renewable source plasticizer for elastomers. A minor modification
of bio-oil is well-compatible with the elastomer. The different bio-oils have different polar
behavior where the aromatic component and saturated fatty acids contribution influences the
polarity of bio-oils as shown in Table 3.

Table 3: Polarity and aromatic behavior of different oils [92]

Clay gel analysis

Name of oils

Polar (%) Saturates (%) Aromatic content (%)
Aromatic oil 16 17 36
Paraffinic oil 10 69 9
Naphthenic oil 2 61 12
TDAE 12 16 30
Soybean oil 40 0 1
Canola oil 39 1 1
Rubber seed oil 41 0 1
Castor oil 16 17 1
Sesame oil 42 0 1

The epoxidized bio-oil contains fewer double bonds compared to conventional bio-oil and has the
active oxirane group. The plasticizer contains OH groups that are most compatible with polar
polymers, like NBR [76]. Although the hydrogen and Van der Waals bonds influence
compatibility. The active groups combine a dipole-dipole interaction with elastomer. The
saturation and aromatic contents were investigated using clay silica gel analysis and which is a
method for determining the weight percent of asphaltenes, saturated hydrocarbons, aromatics, and
polar compounds in a petroleum product, and it is done according to ASTM D 2007 [117]. Bio-
oils are highly polar compared to mineral oils and have low aromatic components. These criteria
vary on the species of plants, which means the modification of oil is not only essential, but the
specification of the plant is also important.

2.3 Characterization of elastomers and plasticization effect
2.3.1 Structural properties

Structural properties on deformation behavior of elastomers

Stress and strain are two important parameters used to describe the deformation behavior of
elastomer materials. Stress refers to the measure of the force that is applied to a material divided
by the material's cross-sectional area. The physical unit of stress is N/mm?or MPa and symbolized
as o. Strain is defined as the ratio of the change in length of an elastomer to its original length. It is
typically expressed as a percentage and symbolized as ¢. The stress-strain behavior of unfilled
elastomers (pure elastomers) can be described by the neo-Hookean model. The neo-Hookean
model [123] is an isotropic model and it is used to implementation of materials which has an
isotropic modulus and has negligible compressibility. When a pure elastomer undergoes
deformation, its behavior is dependent on the extent of the deformation. Specifically, when the
elastomer is subjected to small strains, it exhibits a linear response. The linear behavior is
characterized by a direct proportionality between the applied stress and the resulting strain and can
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be described mathematically by Hooke's law. The modulus of elasticity refers to the stiffness of
elastomers and describes their resistance to linear-elastic deformation. pure elastomers exhibit a
linear behavior within the range of small deformations due to the entropic nature of their molecular
structure. The polymer chains in elastomers can be elastically stretched and recoil upon release,
resulting in reversible deformation and leading to the linear relationship between stress and strain.

Neo-Hookean model assumes that the stress-strain relationship is purely elastic, and that there is
no plastic deformation. Mathematically neo-Hookean model can be expressed as the Equation 5.
Here ¢ is engineering stress, which is defined as the ratio of force and area before deformation.
Actual modulus E is a material property that describes its resistance to extension by tensile stress,
and 4 is extension ratio is defined as the ratio of the final length of a material to its initial length.

o=3(1-%) ©)

Note that according to the neo-Hookean model, the stress o measured at ¢ = 200% strain
(deformation 2 = ¢ + 1 = 3) is close to E, since o200 = (E/3)(3-1/3%) = 0.96 E. Thus, o200 is commonly
used as a reference quantity and will be used as such in this thesis. Classical rubber elasticity theory
provides neo-Hookean model, and it is a physical phenomenon that describes the behavior of
elastic materials when they are subjected to deformation. It includes that, if an elastic solid
stretched, then sideways trims by the square root of the extension. It is also known as the theory of
linear elasticity. The classical rubber elasticity theory [122] can predict the modulus of elastomers.
Relation between modulus E and molar mass of the network chains of the neo-Hookean rubber is
possible to describe according to Equation 6. Here v is mole number of network chains, V is volume
of the elastomers.

E = 3VRT _ 3pRT ©6)
v M,

Pure elastomers exhibit nonlinear behavior in high strain due to the stretching of polymer chains

beyond their elastic limit, leading to significant molecular reconfiguration and chain entanglement.

This nonlinearity arises from the complex interplay of chain orientation, entropic effects, and

polymer network deformation, resulting in strain-dependent mechanical properties.

According to the classic rubber elasticity theory of Neo-Hookean rubber, the relationship between
stress and molar mass of network chains can be represented in Equation 7. Here, p is density of
elastomer, R is molar gas constant (8.31 J), and T is temperature in Kelvin.
3pRT 1
o=22(7-3) (7)

M

M is the molar mass of the network chains, and it is the contribution of entanglements M. and
crosslinks Myx. The modulus of a real elastomer contains contribution from chain entanglements
(see Equation 8).

1 1
E~ Ec+ B, ot p-+o-

(8)

Figure 19 shows the comparison between nonlinear stress-strain curve of realistic pure elastomers
and neo-Hookean elastomer. It was observed that the neo-Hookean model does not fit very well
with realistic elastomer. It fits only in a small region at the beginning where strain begins with
stress. Typical elastomers show less stress in the intermediate region and then strong upturn stress
much stronger than predicted by neo-Hookean model. The data of realistic rubber goes below
because of strain softening, and it is related to tropological rearrangement of entanglements.
Stretching of an elastomer involves rearrangement processes of the elastomer coils while they do
not capture by the affine model because of the effects like entanglements. According to the affine
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model, the deformation of the rubber is homogeneous and isotropic, and the molecular chains
within the rubber are stretched or compressed uniformly along the direction of the applied force.
After the strain softening, strain hardening is commonly attributed for the finite extensibility
because of there are ideal Gaussian chain model breaks down as well as possibility of strain induced
crystallization.
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Figure 19: Representation of an exemplary a neo-Hookean (black line) and a realistic stress—
strain (red line) curve with parameters

In the context of small-strain deformation, it is commonly observed that the actual modulus E of a
filler-reinforced elastomer is typically higher than that of a pure elastomer (see Figure 20). This
enhancement in stiffness arises primarily from the presence of incompressible filler materials
where active filler networks. The addition of fillers, such as carbon black nanoparticles, to the
elastomeric matrix, introduces a reinforcing effect. These fillers possess a higher modulus E, and
strength o, compared to the elastomeric material itself. As a result, when the composite material
undergoes deformation within the small-strain regime, the presence of the stiff filler imparts
additional resistance to the applied stress. The stiffness of the filler material restricts the ability of
the elastomer to deform, resulting in a higher effective modulus for the composite. This behavior
can be attributed to the reinforcement mechanism, where the fillers effectively increase the overall
stiffness of the material by impeding the movement of the polymer chains and reducing their ability
to stretch. It is important to note that the specific increase in modulus due to filler reinforcement
can vary depending on factors such as filler concentration, filler-matrix interaction, the geometrical
arrangement of fillers within the elastomer matrix and presence of oils.
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The presence of fillers embedded within the rubber matrix has a notable impact on the mechanical
properties of elastomers, as also demonstrated by the stress-strain diagram depicted in Figure 21.
Specifically, the inclusion of fillers leads to an increase in the modulus of the elastomer. However,
when subjected to higher strains, the filler networks within the elastomer matrix typically undergo
breakdown due to their incompressible and inelastic nature. Consequently, as the strain increases,
the filler networks tend to separate, resulting in an increase in the distance between them. It is
important to highlight that in the case of filled elastomers, the breakdown of filler networks is the
primary cause of the observed strain softening and sudden decline in the modulus of elastomers.
Therefore, the influence of filler particles becomes particularly significant during substantial
deformations, and this phenomenon is commonly referred to as the Payne effect. The Payne effect
arises from the formation of a filler network within the elastomer matrix, which leads to increased
stiffness and decreased mobility of the elastomer chains. The formation of this network can occur
through physical interactions, such as van der Waals forces, or chemical bonding between the
carbon black particles and the elastomer matrix [33]. The magnitude of the Payne effect depends
on various factors, including the size, shape, concentration, and surface chemistry of the carbon
black filler particles (refer to Figure 11), as well as the interaction between the rubber and filler.
While the small strain behavior is crucial in determining the initial mechanical properties of filled
elastomer materials, the Payne effect becomes more significant at larger strains where the behavior
is primarily governed by the filler network rather than the elastomer matrix. Therefore,
comprehending the contribution of both mechanisms is essential for the design and optimization
of filled elastomers with tailored mechanical properties. Neo-Hookean model (green line) is not
capable of capturing the Payne effect observed in filled elastomers (red line). It cannot accurately
predict the decrease in modulus with increasing strain amplitude. The Neo-Hookean model's
limitations stem from its assumption of linear elasticity (small strain) and its inability to account
for the complex interactions between the filler particles and the elastomeric matrix.
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Figure 21: Representation of stress-strain diagram of unfilled and carbon black-filled SBR
vulcanizates

The investigations on the modulus E of small-strained elastomer and stiffness o200 (stress at 200 %
strain) of high-strained elastomer were conducted successfully. However, it is worth noting that
the analysis of the modulus of the rubber matrix was complicated due to the lack of additional data.
Despite this limitation, the researchers were able to effectively carry out the examinations on the
modulus of the elastomer in its original state and its stiffness after deformation. These findings
contribute to a better understanding of the mechanical properties of elastomers and their response
to external forces. Further research with comprehensive data on the rubber matrix is recommended
to enhance the accuracy and comprehensiveness of future investigations.
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This thesis aims to investigate the modulus of the rubber matrix in carbon black-filled SBR.
However, a significant challenge arises due to the non-linear relationship between elastomer
modulus and temperature in filled rubber systems. Consequently, accurately measuring the
modulus of the rubber matrix becomes a complex task. In order to address this issue, measurement
data from a previous article [35] was utilized. The same type of SBR as used in this thesis was
employed in the aforementioned article, facilitating the collection of supporting data. Initially, the
shear modulus G was determined through dynamic mechanical analysis (DMA) of unfilled SBR
samples with varying concentrations of crosslinking agents, as depicted in Figure 34 (a). For the
measurement of crosslink density, qualitative data of residual dipolar coupling (Dres) was initially
obtained using double quantum nuclear magnetic resonance (DQ NMR) or multi-quantum (MQ)
spectroscopy [35,130-132]. These are the well-known method to evaluate the crosslink density of
polymer networks. It mainly detects the weak residual dipolar coupling. The presence of crosslinks
in rubber vulcanizates shows the non-isotropic fast segmental motion of the rubber chain. Dipole
coupling between protons in monomer segments is not the same because of anisotropy chain
segmental fluctuation. The methods of NMR measurements are broadly described in chapter 3.2.2.

An optimum networking system can give a better mechanical [98] and crack resistance behavior
[120]. The crosslinking reaction develops a rubber networking system. A large number of studies
were done on the correlation between crosslink density and mechanical properties, and the previous
study [121] claims that a general trend followed between the crosslink density and different
mechanical properties of elastomers, as shown in Figure 22. The results of this thesis have
compared to this general trend to fit the results, and a general hypothesis created if there are any
differences. However, filler or additives such as plasticizers can influence the network density.
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Figure 22: Influence of the crosslink density on the elastomeric properties, adapted from ref
[121]

Dispersion of filler and plasticizing effect

The structure of a filled elastomer is dominated by filler distribution and dispersion and how the
filler interacts with elastomers. This means the tightness of rubber by the functionalized filler. The
networking system of elastomer vulcanizates also dominated the structural property. When oil
penetrates into the elastomer matrix, the discussion about elastomeric structure has to include the
plasticized behavior of oils. The penetrated oil can change the networking system of elastomer
vulcanizates [3], so it is an important factor and cannot be avoided when discussing about structural
properties of elastomers. As a result, there are three factors that have to be included during the
discussion of the structural properties of elastomers, such as rubber bounding, and crosslink after
vulcanizates.
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The addition of plasticizers improves the flow properties and distensibility. Plasticizers provide
lubrication among polymer chains without any chemical changes. A study on the influence of
plasticizer/oil is not enough to briefly discuss how they interrupt the rubber-filler interactions. A
recent article [4] was published on the finding influence of TDAE on rubber-filler systems where
the SBR/BR blend system was used with silica filler. This thesis claims that the mixing time,
additional time of TDAE during mixing, and concentration of TDAE were the factors that can
influence the rubber-layer L. In the absence of oil, the shear force is high during mixing, which
may improve filler dispersion in the rubber matrix by crushing filler agglomerates. When oil is
added, it can improve filler dispersion in the matrix by enhancing lubricating rubber chains [118].
The improvement of dispersion during mixing can cause more rubber-filler interactions. However,
the type of oil and concentration is another factor to influence rubber-filler interactions. A high
content oil addition may cause the plasticization effect and leads to bulk viscosity [119] and due
to low internal shear forces during mixing with a high content of oil, resulting a reduction of rubber-
filler interactions. However, a higher mixing time can enhance the rubber-filler interactions. The
Carbon black undergoes different dispersion states depending upon the material parameters and
mixing technology, and it could appear as large agglomerates to small aggregates [133]. The
carbon black dispersion investigation was essential because of the well-dispersed Carbon black in
the elastomer matrix to obtain optimum vulcanizate properties [134]. Large carbon black
agglomerates can play a critical role in improving the mechanical properties and fracture resistance
of plasticized elastomers. There are some ways in which carbon agglomerates resist crack initiation
and propagation in plasticized elastomers, such as reinforcement which means the carbon
agglomerates can increase the stiffness and strength of the elastomer matrix, which can resist the
formation of cracks under mechanical stresses. It can absorb and dissipate energy during
deformation, reducing the stress concentration at the tip of a crack and preventing its propagation.
It toughens the elastomer matrix by bridging the crack faces and preventing their separation,
thereby reducing the rate of crack propagation. Carbon agglomerates can also act as a barrier to
the diffusion of oxygen and other gases that can accelerate the degradation of the elastomer
material, thereby increasing its resistance to crack propagation. The presence of plasticizers in the
elastomer can enhance the interaction between the carbon agglomerates and the elastomer matrix.
This can lead to a more homogeneous dispersion of carbon agglomerates in the elastomer, resulting
in improved mechanical properties and fracture resistance. However, if the plasticizer content is
excessive, it can reduce the strength and toughness of the elastomer, making it more susceptible to
crack initiation and propagation. Therefore, it is essential to optimize the plasticizer content and
the dispersion of carbon black agglomerates within the elastomer matrix to maximize their
beneficial effects on crack resistance. Carbon black as a reinforcing filler was used in this thesis
and mixed into elastomer to enhance its processing properties and maximize its durability and
physical properties. However, its reinforcing capacity cannot be fully realized until it is well
dispersed in the rubber matrix. The undispersed agglomerates of carbon black weaken a rubber
compound by forming stress concentrations and depriving other areas of the required carbon black
concentration [120,121]. A good filler dispersion can result in less filler network formation, it does
not necessarily mean that it is detrimental to reinforcement. In fact, a well-dispersed filler can
enhance the mechanical properties of an elastomer matrix by improving the interfacial adhesion
between the filler and the matrix, which can lead to increased stiffness, strength, and toughness
[137]. The formation of a filler network, on the other hand, can provide additional points of
constraint that resist deformation, leading to an increase in stiffness and strength. However, the
extent of filler network formation and its effect on reinforcement depends on several factors,
including the size, shape, concentration, and surface chemistry of the carbon black particles, as
well as the elastomer-filler interaction. In some cases, a well-dispersed carbon black filler can still
form a network, resulting in an increase in mechanical properties.
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Some previous studies [71,98,124-126] claimed that oil penetration in rubber matrix reduces the
crosslink density. The crosslink density can be influenced by the type and concentration of oil [98].
Several methods can be applied to measure the crosslink density of rubber materials. The common
method is the swelling test [121,127-129], and it was done previously to get the crosslink density
of rubber vulcanizates. The test is also used to measure the crosslink density of plasticized rubber
vulcanizates [4].

2.3.2 Fracture resistance behavior and plasticization effect

Fracture mechanics of elastomers are of great technical importance. Durability is the main priority
for developing elastomeric materials for high-performance elastomeric goods like seals, conveyor
belts, tires, dampers, and other engineering components. The concept of fracture mechanics was
derived before 1960 and applied to materials that obey Hooke’s law [138]. The application of
fracture mechanics is used to the estimation of the failure reliability of products made of
elastomeric compounds. In modern science, fracture mechanics is an essential tool used to improve
the performance of mechanical components. Fracture mechanics is a term that discusses the
fracture behavior of polymers, and it is characterized as the driving force on a crack to characterize
the material’s resistance to crack. A crack is a physical process, and crack propagation occurs in
the material when material-dependent mechanical limits such as stress intensity are exceeded. For
analysis of crack resistance behavior, the complex connection between loading, crack initiation,
and propagation in terms of material resistance against unstable and stable crack propagation has
to be determined. Whereas fracture mechanics material testing of polymers to ascertain the crack
toughness in terms of resistance against unstable crack propagation is already added in industrial
testing practice, there are remarkable deficits in the industrial use of parameters from polymer
crack resistance curves that characterize the stable crack propagation behavior [139]. Using the J-
integral concept requires paying attention to the fact that the fracture is initiated by stable crack
propagation in many cases. The evaluation of crack resistance behavior related to resistance against
stable crack initiation and propagation is performed based on the crack resistance R concept. The
crack opening J-integral is preferred as load parameters for constructing R-curves.

The resistance against crack initiation is symbolized as Ji. It is a parameter of strength that is used
to describe an elastomer's resistance against crack initiation. The physical unit of Ji is N/mm.
Specifically, Ji is the critical value of a measure of the energy required to propagate a crack, at the
onset of crack initiation. The value of J; can be determined experimentally by performing tests in
which a crack is introduced into a specimen of the material, and the load required to initiate crack
growth is measured. Elastomers with high values of J; are typically more resistant to crack initiation
and may be better suited for use in applications that require high levels of durability and reliability.
The resistance against stable crack propagation is symbolized as T," [34,140-142]. It is also a
parameter of stress that is used to describe an elastomer's resistance against stable crack
propagation. The physical unit of T;" is N/mm? or MPa. In engineering design, knowledge of the
elastomer's fracture toughness, including the parameter T, is essential for ensuring the safety and
reliability of structures and components. Four different types of loading could be used to
investigate fracture mechanics, and the most common loading system is the quasi-static and impact
load and some studies were done to apply the quasi-static and impact load [140,141,143]. Figure
25 shows applying stress as a function of times in two different loading conditions. The stress
continuously increases during quasi-static loading, as shown in Figure 25 (a). In contrast, Figure
25 (b) shows that the crack happened quickly when impact loading was applied, and stress looked
disrupted. Impact loading is applied when a sudden crash occurs. These loadings apply to
characterize unstable crack propagation values; this is a relatively very high crack in the respective
materials. The propagation of unstable cracks also proceeds with the release of value.
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Figure 23: A stress-time deflection under quasi-static loading (a); impact loading (b)

Different research has been ongoing for decades on elastomers' development upon resisting the
unexpected crack. Research on fracture mechanics for rubbers started in the middle of the twentieth
century [144-146]. Some studies were done on the different elastomers to find the crack resistance
behaviors under quasi-static and impact loading systems. A study on the fracture behavior of
natural rubber was done by Reincke and Grellmann [34]. They investigated the natural rubber filled
with silica and montmorillonite-based filler. The filler concentration was varied in the
vulcanization system, and this investigation was done under quasi-static and impact loading
system. The aim of this study was to find the crack resistance values on the filler concentration. It
was claimed that the filler type and concentrations were a vital factor in the mechanical and fracture
resistance behavior of natural rubber. Additionally, the geometry of specimen is the issue to
influence the fracture resistance behavior. It was found that the crack resistance values were higher
when the filler concentration was 60 to 70 phr and filler types played a key role to influence the
resistance against stable T;"and unstable Jq crack propagation. Crack initiation value J; under quasi-
static loading was high at low content filler and it reduced and independent after 20 phr filler in
the rubber matrix. Agnelli et.al [143] investigated the fracture resistance behavior of different
elastomers which reinforced with varieties of filler. Their concentration was on natural rubber,
HNBR and EPDM. The investigation of fracture resistance was under quasi-static loading to find
the resistance against stable crack propagation. Their study proved that T;" was highly influenced
on the type of elastomers, filler type and its concentration. It was found that the T," continuously
raises when filler concentration increase. Although maximum filler concentrations were used 30
phr except carbon black. The HNBR shows the higher T,” compared to other elastomers, and the
MWOCNT filler was the most efficient filler that helped to enhance the crack resistance values.
Another study on the investigation of fracture mechanical properties of SBR was done by Reincke
et al. [141]. Parallelly T;"and Jg was measured on SBR, which was filled with different types and
concentration of filler such as silica and carbon black. They have selected different particle sizes
of carbon black to see how the surface area of filler can influence on the crack resistance values. It
was depicted that SBR showed higher T;"and Jq when it was filled with 40 phr of filler, and it was
optimum concentration with SBR vulcanizates.

For the first time in plasticizer and fracture mechanics history, Brown [147] used phthalate
plasticizers in polyvinyl chloride (PVC) polymer and investigated the fracture resistance behavior
under impact and quasi-static loading. A higher fracture resistance performance was found up to
10 weight % of phthalate plasticizers under quasi-static loading, as shown in Figure 26 (a), which
is generated for this study using data from the previous study Figure 26 (b) is generated from the
same study, showing that plasticized PVC fracture mechanics gradually decreased when
plasticizers' content was increased under impact loading. A precise overview was found from this
research that plasticizers influenced the fracture resistance behavior of polymers.
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Figure 24: Facture toughness of plasticized PVC materials: compact tension specimens (a);
impact tests (b) data taken from ref [147]

2.3.3 Mechanical behavior and plasticization effect

There are some excellent mechanical results for versatile elastomers obtained with bio-oils or
modified bio-oils as plasticizers, especially with epoxidized soybean oil [66], linseed oil [127],
castor oil [49], and rice bran oil [148]. The characterization aimed to find the possible influence of
plasticizers on the mechanical and fracture resistance behavior of elastomers. A list of previous
work has been done where the mechanical behavior of elastomers was characterized with different
modified bio-oils. Castor and jatropha oil with styrene butadiene rubber (SBR) [126], epoxidized
palm oil (EPO) with SBR [128], olive oil and orange with acrylonitrile-butadiene rubber (NBR)

[48], palm oil with ethylene-propylene-diene rubber (EPDM) [100], linseed oil with natural rubber
NR [127].

The hypothesis of their work to make the prediction that the addition of oils could greatly affect
the tensile, tear resistance, resilience, and hardness behavior of elastomers. Research which
mentioned above on bio-oil/elastomer blend claimed that modification of bio-oil reduced their
molecular size which helps to more penetration in the polymer matrix, that make a good dispersion
and overall improved mechanical properties. Previous research also claims that the plasticizer
concentration strongly influences mechanical behavior. For example the tear strength was higher
when the plasticizer concentration was 6 to 8 phr as shown in Figure 25 [127]. Although a suitable
bio-oil is essential for the modification of certain elastomers in order to obtain a homogeneous
filler distribution and dispersion, so that mechanical properties and crack resistance can be

improved together. Otherwise, the bio-oil can bleed out of the elastomer matrix, rise to the
elastomer surface, and begin leaching.
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Figure 25: Dependence of tear strength as a function of naphthenic oil and linseed oil contents in
the mix, data taken from ref [127]

Plasticizer leaching or external migration is a major problem, reducing properties and shortening
service life. Petrovi¢ [151] worked on the EPDM mixed with soybean oil. It was found that the oil
exuded from the matrix and oil droplets accumulated on the surface as shown in Figure 26. It has
a heterogeneous filler dispersion and finally deplorable mechanical behavior.

Figure 26: Bleed-out of soybean oil from cured tensile pad molded from EPDM, photo
reproduced with permission from ref [151]

This thesis mainly focused on the gaps of the research mentioned above on bio-oil/elastomer blend
systems, and the gap was to know about the fracture mechanics of those elastomers blended with
modified bio-oils. The researchers are mainly focused on some typical mechanical properties of
elastomers but rarely focus on fracture resistance behavior. This thesis is the research area of
finding the fracture resistance of plasticized elastomers, where the type and concentration of
plasticizers were of great importance. In addition, this thesis introduced the bio-oil and turned to
the replacement of mineral oil with bio-oil, mainly studying various mechanical analyzes such as
tensile behavior, tear strength behavior, hardness behavior, resilience and compression set
behavior. Some studies have been presented here that have recently been mechanically analyzed,
so that their result was a latent motivation to continue this thesis.

The next chapter follows with the experimental part of this thesis. The following part of the
experiment is divided into three parts. The introduction of materials, oils and experimental
characterization methods are discussed at the beginning. After that, results are shown with
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discussion and finally a structure-property correlation is made. | will introduce the oils and
essential materials used in this thesis. The rubber mixture is then processed, including
vulcanization processes. Then, in the oil characterization part, a description of oil characterization
methods is given, including their physical, chemical and thermal characterization. The next part
describes the characterization of the rubber raw compound, such as the rubber-layer L analysis.
After vulcanization, the method for measuring the crosslink density is described. The structural
properties of plasticized rubber vulcanizates are discussed, including micrographs of cross-
sectional areas of fracture surfaces. The methods for investigating the mechanical behavior come
next in line and then come to the most interesting part of this thesis, the methods for the fracture
resistance behavior of plasticized elastomeric vulcanizates. The exciting and crucial results will be
brief of structure, mechanics, fracture strength and aging behavior which will be included in the
results and discussion section where the crucial discussion was about the evaluation as part of the
benefits of bio-oil blends of elastomers. Finally, the structure-property correlations were discussed
and scientific conclusions were drawn.
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3 Experimental

3.1 Investigated oils and materials

3.1.1 Oils

Several bio-oils were used to characterize the influence of plasticizers on the properties of
elastomers where a mineral oil-based plasticizer treated distillate aromatic extracts (TDAE) and
synthetic plasticizer Mesamoll® were used to compare the evaluations. TDAE and Mesamoll®
were mixed directly in the elastomer without further modification. TDAE was represented as a
conventional plasticizer as a non-renewable source of mineral oil. Mesamoll® is a commercial
name for Alkylsulphonic acid ester with phenol (ASE) which represents the source of synthetic
plasticizer. Both oils were used in this thesis as reference oils. In contrast, bio-oils were used after
different modifications. This thesis mainly investigated the crack resistance behavior of bio-oil
mixed elastomer vulcanizates, where reference oils were used to compare the evaluations. A list
of oils, including abbreviations, is given in Table 4.

Table 4: Overview of the used oils

Category Oils Abbreviations
Mineral oil Treated distillate aromatic extract TDAE
Synthetic oil Alkylsulphonic acid ester with phenol (ASE) Mesamoll®
Bio-oil-1 Soybean oil epoxidized ester of glycerol formal EESO
Bio-oil-2 Canola oil epoxidized ester of glycerol formal EECO
Bio-0il-3 Rapeseed oil epoxidized ERO
Bio-o0il-4 Rapeseed oil epoxidized methyl ester ROME
Bio-0il-5 Rapeseed oil epoxidized iso-propyl ester ROPE
Bio-0il-6 Soybean and sunflower oils epoxidized ester EESS

TDAE (Vivatec 500) was collected from Hansen & Rosenthal KG, Hamburg, Germany.
Mesamoll® was obtained from Lanxess Deutschland GmbH, Leverkusen, Germany. Bio-oil-1
(EESO), bio-0il-2 (EECO), and bio-oil-6 (EESS) were modified in the laboratory of Glaconchemie
GmbH, Merseburg, Germany. Whereas the modification of bio-o0il-3 (ERO), bio-oil-4 (ROME),
and bio-oil-5 (ROPE) was done in the laboratory of Pilot Pflanzenéltechnologie Magdeburg e. V.,
Magdeburg, Germany. The listed bio-oils were not commercial plasticizers so there is no technical
data, so some general characteristics were done in this thesis. Especially physical (e.g., density,
viscosity), chemical (e.g., structure, molecular mass, polarity), and thermal (T4, melting point)
measurements were done.

3.1.2 Elastomers and Composition

The investigation was performed on styrene-butadiene rubber (SBR) and acrylonitrile-butadiene
rubber (NBR) polymers. Clear grade S-SBR Sprintan™ SLR-4602 (21 % styrene) was used in this
investigation. However, for comparison with clear grade S-SBR mixture with TDAE, one single
mixture was prepared by using S-SBR Sprintan™ SLR-4630 (25 % styrene), which is extended
with 37.5 phr TDAE. The composition of this mixture was the basic composition, but no additional
oil was added. Nevertheless, these SBR materials were supplied by Trinseo Deutschland GmbH,
Schkopau, Germany. NBR with three different contents of acrylonitrile monomer was used as
named PERBUNAN® 1846 F (18 % acrylonitrile), PERBUNAN® 3445 F (34 % acrylonitrile), and
PERBUNAN® 3945 F (39 % acrylonitrile) from Lanxess Deutschland GmbH, Germany. For all
the investigations except the compression set (CS), the reinforcing filler carbon black of the type
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Corax® N220 and for the CS investigation Corax® N550 was added, which was supplied by Orion
Engineered carbons GmbH, Frankfurt, Germany. Mesamoll® was used for the CS investigation
after mixing with NBR materials.

Sulfur was used as a crosslinking agent, stearic acid was a processing aid, and it acted as co-
activator too, ZnO as an activator, N-cyclohexyl-2-benzothiazolesulfenamide (CBS) as an
accelerator, and these materials were supplied by Roth Deutschland GmbH. An antioxidant N-
(1,3-dimethylbutyl) -N'-phenyl-p-phenylenediamine (6PPD) was supplied by Avokal® GmbH.
Polymer, mineral and synthetic oils, Fillers, and other additives were used in this thesis directly
from the packet without any modification and kept at room temperature in a standard atmosphere
to prevent physical and chemical changes. However, after modification, the bio-oils are also stored
in standard conditions as other investigation ingredients.

3.1.3 Preparation of rubber mixtures

A basic method was followed for the rubber mixture preparations according to previous studies
[66,72,98,148,152]. In the beginning, the recipe was prepared where the amount of elastomers,
fillers, crosslinking agents, and antioxidants were fixed though the amount of oil was variable. The
SBR with 21 % styrene was named SBR-21 after mixing, whereas SBR with 25% styrene (with 37
phr TDAE) was named S-25T. In contrast, NBR with 34 % acrylonitrile and 39 % acrylonitrile
were named NBR-34 and NBR-39 accordingly. The formulation of the materials is reported in
Table 5. The compounds were prepared with a two-stage mixing procedure. In the beginning, a lab
kneader as Figure 27 (a) with a fill factor of 0.7 was used where the starting temperature was 50
°C, and a rotation speed of 50 rpm was used. The elastomer was introduced first in the chamber,
closed the lid, then opened again after 1 min, and the carbon black, oil, stearic acid, ZnO, and 6PPD
were poured, then closed the lid again. After 5 min, opened the lid, and the sulfur and CBS were
added. After that lid was closed and monitored the torque and temperature on time using software
which is showing on the PC monitor. The compounded dough was discharged after 10 min, and as
a final step, it was homogenized on a two-roll mill as shown in Figure 27 (b) before curing.

Compression sets (CS) were analyzed as the investigation for NBR materials. PERBUNAN® 1846
F (18 % acrylonitrile), and PERBUNAN® 3445 F (34 % acrylonitrile) were used for the CS
investigations. The recipe was used slight differently from other investigations for this experiment,
and the recipe for CS analysis are listed in Table 6. The main difference was NBR types, oil

concentrations, and the particle size of the filler.
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Figure 27: Lab kneader for rubber mixing connected with a PC software (a); two roll mills for
mixture homogenization (b)



Experimental: Materials and methods | 36

Further, cure characteristics at a temperature of 160 °C were determined by using a vulcameter
(type GOTTFERT elastograph, GOTTFERT Werkstoff-Priifmaschinen GmbH, Buchen,
Germany). According to the results of the vulcameter tests, the time typo was fixed as the
vulcanization time for the necessary plates. For each material (formulation), plates with a size of
100 mm x 60 mm x 6 mm and 120 mm x 120 mm % 2 mm were vulcanized. Specimens of the
desired form for the tests were cut using a metal cutter from these plates.

Table 5: Composition and time of addition during mixing

Name Comments Content (phr) Time of
addition (min)
Polymers SPRINTAN™ SLR 4602, SPRINTAN™ S| R 4630 100 0
PERBUNAN® 3445 F, PERBUNAN® 3945 F

Carbon black N 220 40 1
Qil Mineral oil, bio-oil 0/12.5/25/37.5 1
Stearic acid Processing aid 1 1
Zn0O Activator 3 1
6PPD Antioxidant 15 1
Sulfur Crosslinking agent 1.75 5
CBS Accelerator 1.05 5

Table 6: Composition and time of addition during mixing for CS analysis

Name Comments Content (phr) Time of
addition (min)

NBR PERBUNAN® 1846F, PERBUNAN® 3945F 100 0
Carbon black N 550 40 1
Oil Mineral oil, synthetic oil, bio-oil 0/5/15 1
Stearic acid Processing aids 1 1
ZnO Activator 3 1
6PPD Antioxidant 15 1
Sulfur Crosslinking agent 1.75 5
CBS Accelerator 1.05 5

3.2 Experiments
3.2.1 Oil characterization

Bio-oils can have different chemical properties, and they are primarily laboratory-modified natural
plant oils. The modification might change some significant properties of bio-oils. Without ensuring
it was complicated to use as a plasticizer. Some factors can affect here for excellent compatible
bio-oils with different elastomers. The primary queries about the bio-oils are to know the modified
bio-oils chemical and physical properties. Different characterization methods were used for
chemical characterizations. The essential characterization methods are discussed here to ensure the
properties of oils.

Characterization of chemical structure using infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) used as a fast and reliable method for monitoring
the aromaticity of mineral oil and epoxidation fraction of bio-oils. The FTIR analysis has become
a powerful analytical tool in studying plant oils because it is fast, non-destructive, and requires
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minimal sample preparation, reducing production costs. It is also environmentally friendly and
reduces chemical residues. Furthermore, FTIR spectroscopy is an excellent tool for oil functional
group analysis. FTIR spectra are used to characterize bio-oils because of the difference in the
intensity and frequency at which the highest absorbance appears, according to the nature and
composition of the sample [153,154]. The attenuated total reflection (ATR) sampling technique is
used in conjunction with infrared spectroscopy, enabling the oil samples to be examined directly
in their liquid state without further preparation. After running the software, a drop of oil sample
was placed on the ATR crystal (see Figure 28) and getting the FTIR signal within the wavenumber
of 400 to 4000 cm™ region and this region has chosen because the wavenumber for the
corresponding oils functional groups were mainly detected signal within this range.

oil sample Evanescent wave
IR beam WTR crystal
4 Polarizer /
Detector
“ /

IR source

Figure 28: Schematic representation of an ATR-FTIR system. The infrared beam passes through
the ATR crystal-covered on the top by the oil sample, reproduced with permission from ref [155]

The IR signal from the ATR crystal has been automatically converted into FTIR by the software
with the specific peak for the oil functional groups. The FTIR analysis was done in the chemical
analysis lab in Polymer Service GmbH Merseburg. This measurement was done at 23 °C, and three
different drops of oil sample were used for three measurements to ensure the precise analysis. One
measurement was selected among the three for further analysis. The functional groups for
correspondent peaks for the oils were noted and marked on the peaks. However, the intensity of
the peak is a concern in getting a quantitative analysis of oils because the intensity is related to the
amount of the oil component [156]. During analysis mainly focused on finding the aromatic
functional groups for the mineral oil. The corresponding fatty acid peaks and the intensity of
epoxidized peaks were noted and compared for the bio-oils. The most common conversion of
epoxides from fatty oils is peracids [157,158] oxidation with molecular oxygen using catalytic
methods [159], and that can be detected by FTIR spectra. The ATR sampling technique with FTIR
spectrum quickly identifies the region for those epoxidized corresponding peaks and makes it easy
to analyze bio-oils, and functional groups, including information about the fraction of epoxy
conversion.

Characterization of epoxidation using nuclear magnetic resonance
spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) can be applied to measure the quantitative
information about the bio-oils chemical structure. In this thesis, NMR spectroscopy was applied to
find the fraction of epoxidation of bio-oils and the aromatic nature of mineral oils. Bruker
Avance TM 400 MHz spectrometer was used for the investigation. *C and *H-based NMR were
mainly applied for the mineral oil investigations. *H NMR spectroscopy is used for the
characterization of bio-oil samples. Because of the low natural abundance of the *C nucleus
(1.1%) coupled with low inherent sensitivity relative to *H (about 1/64), the 3C NMR experiment
is approximately 6000 times less sensitive than *H NMR. No further sample preparation was
needed for the oil analysis. The liquid oil is inserted into a unique NMR tube. Around 2 ml oil
samples were filled in the NMR tube, and after adding deuterated chloroform (CDCls) solvent, the
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level of tube height was not more cross than 4 to 5 cm from the bottom of the tube. Due to high
preciseness and an expensive method, only one sample was enough to get the exact quantitative
result of the oil component. NMR spectroscopy measurement was carried out in the lab of liquid
state NMR analysis lab at Merseburg University of Applied Sciences. The operating temperature
of the experiment was 25 °C, and the standard frequency was 400 MHz. The NMR spectrum was
received in FID format; then, it was opened in MestReNova software. Previous studies [6,160,161]
noted the correspondent peak for the oil component. The area of the correspondence peaks was
estimated using software in the same consequence, and the epoxy peaks for the modified bio-oils
are calculated to compare among those oils regarding their fraction of epoxy conversions.

Molar mass investigation using gel permeation chromatography (GPC)

This experiment aims to determine the oil samples' molecular mass and molecular mass
distribution. The gel permeation chromatography (GPC) is a part of the size exclusion
chromatography (SEC) method, where the component of oils are separated according to their
molecular size and this molecular mass (see Figure 29).

Sample containing molecules
with different sizes

®

Not excluded molecules
Partially excluded molecules

Totally excluded molecules

Figure 29: The principle of separating molecules by size exclusion chromatography, reproduced
with permission from ref [162]

The measurement was carried out on gel permeation chromatography (GPC) equipment (type 1260
Infinity, Agilent Technologies, Inc. California, USA) at Merseburg University of Applied
Sciences. There was no special sample preparation of oil applied to this chromatography. The
liquid oil samples are dissolved into toluene solvent in an SEC column, and this capped column
has inserted into the equipment. The measuring temperature was applied at around 35 °C, and the
liquid flow rate was 0.8 ml/min. The aim was to determine the molecular mass information of oils,
and it was evaluated according to a previous study [163]. The number-average molecular weight
M, weight-average molecular weight My, and z-average molecular weight M, was determined for
different oil samples, as shown in Figure 30. However, the value of M, represented the molecular
mass of the oils.
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Additionally, Mw/M, and/or M,/My, ratios are applied to calculate molecular weight distribution,
also known as polydispersity index (PDI). The modal distribution of oils was determined from the
molecular weight distribution curve. The unimodal distribution of oil represents the single
component of oils, whereas multimodal distribution depicts multi-components that can be present
in the oil. The molar distribution was analyzed using the PSS WINGPC UniChrom V 8.20 software
connected to the GPC column.

dw/d(Log(M))

10° 104 109 108 107
Molecular weight
Figure 30: The GPC curve and the relationship between M;, My, and M,. M, demonstrated the
peak of the GPC curve, reproduced with permission from ref [163]

Thermal analysis using differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to investigate the purity of oils, glass transition
temperature (Tg), and melting point (Tm) of the oil samples. It is one of the standard calorimetry
methods to find the thermal behavior of oil-type liquid samples. No further preparation was needed
for the oil sampling, and a single attempt was enough for the measurement if no unacceptable
occurrence happened. A small amount of oil sample (5-8 mg) was poured into a closed crucible
and placed into a temperature-controlled DSC cell. Another crucible without oil (empty cell) was
used as a reference. The DSC run involves heating/cooling the sample at a controlled, steady rate
and monitoring the heat flow to characterize the phase transitions as a function of temperature (see
Figure 31).

44 Sample 1 T
Sample 2

Heat flow (w/g)

-120 -100 -80 -60 -40 -20 0 20
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Figure 31: Thermal transitions in oil samples. Both oil samples go through the glass transition Ty

as the temperature increases. Sample 1 has exhibited only one melting peak, and sample 2
undergoes two melting peaks at two different temperatures
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More detailed studies can adopt multi heating/cooling steps and isothermal mode. The DSC 214
Polyma device from Erich NETZSCH GmbH is used for the DSC investigations, and it was done
in the chemical analysis of Polymer Service GmbH Merseburg. This testing model is especially
suitable for the investigation of oligomers and polymers. The standard for the DSC was DIN EN
ISO 11357 [164]. The heating and cooling rate were applied 10 K min, and the temperature range
was controlled between -100 °C to 25 °C because the glass transition temperature and probable
phase transition were expected within this region. The measurement was done during two times
heating and one cooling time. Firstly, melted the sample up to 25 °C, then it was cooled to -100 °C
and heated again up to 25 °C. The data was considered for the second time heating and cooling.
The result is analyzed according to international standards [164] and notes the region of Ty and
melting peaks. However, the intensity of melting peaks is noted for corresponding oil samples.
Although some oils perhaps show two melting peaks, it has some explanations, like a minor
component present in oil samples [165]. The endothermic transition T4 starts at the beginning
during heating, and the endothermic melting peaks Tm appear after that for the oil samples. The
exothermic crystallization transition T was appeared during the cooling. So, the measurement for
Tg and Tm were measured during heating and Tc during cooling.

Kinematic viscosity measurements

The viscosity of bio-oils is the general condition for getting an optimum condition for a good
mixture, and this could be the strong reason for the viscosity measurement of the oils. Even after
the mixture, the inappropriate viscosity can influence the leaching of plasticizers from the
materials. The investigation was done to find the kinematic viscosity v at different temperatures
because in oils, it is more common to express viscosity as o, and it is defined by the ratio of dynamic
viscosity and density. The unit of » is mm?/s which is measured in the device HAAKE™ MARS™
rheometer (Thermo Fisher Scientific, USA) with the temperature controlling device of MARS 60.
The measurement was performed at Merseburg University of Applied Sciences. There is no sample
preparation needed in this method. Some drops of oil sample (5 to 10 mg) were placed on the
plates. The gap between the two plates was 0.05 mm, and the rotation speed of the lower plate was
58 rad s*. This thesis measured the viscosity at two different temperatures (e.g., 40 °C and 100
°C). After running the device with the connected software, no further calculation was needed to
get the viscosity results when all data is automatically getting from the software.

Surface tension investigation using contact angle methods

The surface tension of oil is one of the important parameters that can influence the oil mixing with
elastomer, and this is a sharp reason to measure the surface tension of oil. There are different
methods can apply to measure the surface tension of oils. However, this thesis focused on the easy,
cheap, and less time-consuming methods and then chose the contact angle measurement method.
According to the contact angle method, a tiny drop of oil is placed on the untreated
polytetrafluoroethylene (PTFE) and measured the contact angle between oil and PTFE surface is
in Figure 32. It is the accepted standard reference surface for two-component liquid surface tension
determination. An untreated PTFE is assumed to have a surface energy of 18.0 mJ/m? and capable
of non-polar type interactions. DIN EN 1SO 19403 [166] standard was used to contact angle
measurement. The experiment was done in the microscopy lab of Polymer Service GmbH
Merseburg. The experiment was done at 23 °C, while no special sample preparation was needed
for oil investigation. Around 5 ml of oil was poured into a plastic syringe, and the piston was
pressed softly, so easily one drop could become out from the needle dropped on the PTFE
surfaces.10 drops of oil were spread on the different positions of PTFE surfaces.
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Figure 32: Schematic representation of contact angle of oil on the PTFE surfaces

The first step in determining PTFE surface energy using Fowke’s theory is to test the PTFE for
contact angle with an oil which has only a dispersive component to its surface tension (i.e., an oil
for which o/ =0, so that o;° = o). The dispersive component is defined as the part of the surface
tension of oils that is due to dispersive interactions or van der Waals interactions, and these
interactions are caused by temporary fluctuations of the charge distribution in the atom or
molecules.

According to Fowkes theory, the interaction between polymer and oil was described by three
primary Equations 9-11.

Young's equation:
0s = osL + oL C0S 0 9)

os IS the overall surface energy of the polymer, o is the overall surface tension of the oil, osL is the
interfacial tension between polymer-oil, and @ is the contact angle between polymer and oil.

Dupre's adhesion energy equation:
IsL = os + oL - osL (10)
IsLis the energy of adhesion per unit area between oil and polymer surface.

Fowkes adhesive energy theory between polymer and oil was separated into interactions between
the dispersive components and non-dispersive (polar) components. Polar interactions construct
Coulomb interactions between permanent dipoles and between permanent and induced dipoles or
hydrogen bonds.

g =2 [(O.LD)1/2 (O'S D)1/2 + (O.LP)1/2 (O'S P)1/2] (11)

Here o is the dispersive component of the surface tension of wetting oil, o, is the polar
component of the surface tension of wetting oil, s P is the dispersive component of the surface
energy of the polymer, and os" is the polar component of the surface energy of the polymer.

Above three equations were combined to get the primary equation of the Fowke’s surface energy
theory (see Equation 12):

(O_LD)1/2 (o5 D)1/2 + (O.LP)1/2 (o5 P)1/2 — (cos 92+1) oL (12)

The first step in measuring the solid surface energy using Fowke’s theory is to test the polymer for
contact angle with an oil that has only a dispersive component to its surface tension. In this case,
the primary Equation 1 reduces to Equation 13:

- 4.0_?
L™ (Ccoso+1)2

(13)
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and a2 can be calculated directly from the contact angle data obtained. Where @pree = the contact
angle measured between PTFE and the sample oil. Therefore, the dispersive surface tension
component () can be determined by oil for which the overall surface tension (o1) is known only
by measuring the contact angle between that oil and PTFE (fr1ee) and using Equation 14. The polar
surface energy component for the liquid is then determined by difference (of = oL - 7).

O'LD _ af(CosO;ZTFE+1)2 (14)
In the second step, the PTFE was replaced by elastomer surfaces, which means contact angle
measurement was done separately on untreated raw SBR and NBR surfaces. The untreated flat
surfaces were prepared after being pressed within the flat metal plate, and the measurement process
was kept the same as done by PTFE surfaces. Thus, the untreated SBR and NBR smooth surfaces
were separately used to find the contact angle of the oil drops. In this investigation, the wettability
of oil as the contact angle was evaluated on the non-polar PTFE surfaces and on the individual
elastomer’s surfaces planned for the mixes with oils. The evaluation was done according to a
previous study [167], where the contact angle of 0° assumed to be the oil is wholly wetted on the
substrate, which means the best possible wet. If the contact angle is between 0° to 90°, this means
a high wetting occurs. The contact angle between 90° to 180° means poor wetting behaviors, and
the contact angle equal to 180° means the oil does not wet the matrix.

3.2.2 Physicochemical characterization of elastomers
Rubber-layer L of raw mixtures

The aim of this experiment is to know the influence of oils on rubber bounding. However, the
additives can influence rubber bounding [168]. Although additives were the same for all samples,
the type of oils is changed, so mainly assumed that oil can influence the rubber-bound. There are
two types of rubber-bound surfaces occluded by carbon black, as shown in Figure 33 (left), where
the primary layer is a tight layer and mostly does not go in a solvent (e.g., Toluene).

When the carbon black is added to rubber chains, the chains partially bonded to the active center
available on the surface of carbon black (see Figure 11). The widely accepted insoluble rubber
determination method is bound-rubber fraction, which is calculated according to Equation 15
[169].

Bound-rubber fraction = Z2-5R (15)

my(1—cr)

Here, mass m; resembles the rubber compound before extraction, which is the sum of the mass of
the insoluble rubber part and carbon black. cr is the weight ratio of carbon black in raw rubber
mixture. my is the mass of rubber-filler gel, which is the sum of the insoluble rubber part and the
mass of carbon black after extraction.

Oil was used in this thesis with rubber and carbon black, making the investigation complex for
bound-rubber determination. It is a reason to select another suitable method of bound-rubber
investigation. To find the fraction of rubber in rubber—filler gel named so-called rubber-layer L,
which is defined as the mass fraction of rubber retained in the extracted compound, and an
extraction method to determine the rubber-layer L according to methods used in previous studies
[36,37,169,170]. This thesis followed rubber-layer L determination method to investigate the
bound-rubber fractions of oil-enriched raw rubber mixtures [4].

The investigation was done in the immersion lab of Merseburg University of Applied Sciences.
According to the method, the uncured rubber mixture of around 0.1 g was stored in 100 ml toluene
at 23 °C for seven days. After that, the solution was thrown from the flask, and the rubber-filler
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gel was taken out and dried in an oven with a temperature of 70 °C for 3 h to a final mass. A
schematic diagram of rubber-layer L measurements is presented in Figure 33.
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x / ~0.1g Dry at 70 °C 8 CB surface Yy
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Before extraction After extraction

Figure 33: Schematic diagram of rubber-layer L measurement method

At least three measurements were carried out for each sample for precision. Rubber-layer L was
calculated using Equation 16 [36].
L= TR (16)

ms
The mass my corresponds to the rubber compound before extraction, which is the sum of the mass
of the undissolved rubber part, the mass of the soluble rubber, oil, and carbon black. m; is the
rubber-filler gel's mass, the sum of the undissovable rubber part, and the carbon black's mass. cr
is the weight ratio (see Equation 17) of carbon black. Here mcg is the mass of the carbon black, mr
is the mass of rubber, mo is mass of oil in the rubber matrix and ma is the mass of other additives
including crosslinking agents and antioxidants.

— McB
CrR = 7)
Mecp + MR+ Mg + My

Determination of the network density and modulus by using DQ NMR
spectroscopy

The aim of this characterization was to investigate the influence of crosslink density of elastomers
when it is mixed with oils. The double-quantum (DQ) NMR spectroscopy method was used to
characterize the crosslinking behavior of the elastomers. The characterization method was applied
according to a previous study [121]. It introduces first a tail subtraction from the so-called
sum/difference intensities in the DQ experiment, where possible, to find how much signal (proton
percent) in the sample is due to elastically inactive material. It is also possible to distinguish shorter
and longer relaxation time T and associate this with highly entangled material, which was defined
as polymeric defects. A high polymer defect means more mobile material, and this contains chain
ends, low-MW-sol), and the numbers are tail fractions. Consider the tail fraction then used the
remaining reference intensity to remove the relaxation effect from double quantum curve and this
gives the residual dipolar coupling (Dres). The crosslink density in NMR units Dres/27 (unit in kHz)
fitted to the normalized DQ build-up curves. Dres is the structural restraints that become available
upon the partial orientation of the molecules in the magnetic field [171], which refer only to the
network component and its proportional to crosslink density v [35,172] and E as Equation 18.
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E & Dypg XV (18)

Dres Showed a linear relationship with the v of unfilled SBR, as shown in Figure 34 (b), with a slope
Anmr 0f 1.027x10%” m™3 kHz. Thus, to determine v of the filled SBR, Dres was multiplied by Anwr.
Subsequently, Equation 19 was used to calculate G, here k is Boltzmann constant 1.38x102 JK™!,
and T is temperature.

G = vkT (19)
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Figure 34: Crosslink density measured by dynamic shear measurement (a) as a function of
residual dipolar coupling from DQ NMR measurements (b), reproduced with permission from ref
[35]

The relationship between G and E is shown in Equation 20. Crosslink density v of filled SBR is
incorporated into Equation 21 to calculate Envr. Furthermore, Envr Of the SBR matrix can be
determined by multiplying the volume fraction of rubber (¢r).

E=3G (20)
Enxvr = 3VkT (21)

In contrast to the investigation on NBR, wherein the availability of data A was not available, the
present study relies solely on the utilization of qualitative data derived from Dres measurements
using DQ NMR techniques.

According to a previous study [171], the elastomer was round cut and placed into an NMR tube to
be prepared for the sample. The sample was punched into 8 mm diameter and put them into an
NMR tube. The thickness of the sample was not more than 8 mm. After that, the samples were sent
to Uni Halle for further analysis. The whole experimental part was done in solid-state NMR lab in
Martin Luther University Halle-Wittenberg, under the supervision of prof. Kay Saalwachter. The
experiment was conducted at 100 °C on a Bruker minispec mq20 spectrometer operating at 0.5 T
(20 MHz). The 90° and 180° pulses had a length of 1.7 and 3.5 us, respectively, and dead time was
12 us. The analysis of the DQ curves assumes a bimodal distribution. In the NBR series, there is
always a minor component with very high residual dipolar coupling (Dres), from a small solid-like
fraction, either something absorbed to filler or some additive that is still solid at the measurement
temperature of 100 °C. Nevertheless, this fraction is always less than 5 % and was ignored. In SBR,
the bimodal fit gives a marginally better fitting quality, but the results are not very conclusive. The
monomodal fit results are generally satisfactory. However, it is hard to compare these results
between NBR and SBR as they are chemically very different.
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Investigation of filler dispersion using an optical microscope

This measurement aimed to know about the influences of oil in elastomer matrices for the carbon
black dispersion. The samples are prepared by cutting with a sharp metal razor, as shown in Figure
35 (a); the smooth cross-section surface parallels fit on the glass slide with gum and then focused
on the place of the optical microscope. The optical microscope Leica DM 2700M was used to get
a photo of the sample's cross-sectional view. The experiment was done in the microscopy lab at
Polymer Service GmbH Merseburg. The observation was done at 23 °C and normal atmospheric
pressure. The saturation parameter of the microscope was tuned to get the bright matrix, and dark
carbon black filler, up to the filler particles, are easily visible to separate, as shown in Figure 35
(b). Each sample takes ten sharp photos in different positions to get a sound comparison among
those positions.

Figure 35: Schematic representation of sample cut (a), a general representation of cross-sectional
view of the sample (b)

3.2.3 Basic thermo-mechanical and mechanical testing
Measurement of viscoelastic behavior of elastomers

This experiment aimed to investigate the viscoelastic behavior of plasticized elastomers. The
viscoelastic behavior was analyzed using a dynamic mechanical analysis (DMA) device.
According to standard ISO 6721-4 [173], the tensile vibration mode of stretching was used in this
thesis. It is also called a thermo-mechanical and non-resonance method, According to standard
[173], the tensile storage modulus E’ represents viscoelastic materials' stiffness and is proportional
to the energy stored during a loading cycle. It is equal to the elastic modulus for single, rapid stress
at low load and reversible deformation. The tensile loss modulus E" is proportional to the energy
dissipated during the loading cycle [173]. For example, energy loss is heat, which measures
vibrational energy converted during vibration and cannot be recovered. For E’ and E”, the modulus
value was expressed in MPa. The mechanical loss factor tan ¢ is the ratio of the loss modulus to
the storage modulus [173]. It measures the energy loss, expressed as the restorable energy, and
represents mechanical damping or internal friction in a viscoelastic system. The tan J is a
dimensionless number, and a high tan ¢ value indicates a material with a high nonelastic strain
component, while a low value indicates a more elastic one. The relation between tan ¢, E’, and E”
is expressed in Equation 22. If the material is purely elastic, the stress and deformation phase, J =
0. The general viscoelastic behavior of elastomer is shown in Figure 36, where the Ty is pointed at
the peak of the tan o curve. This figure is a typical viscoelastic curve for filled elastomer. Rubber
matrix value is entropy elastic, and it goes up with heating and due to filler network softening, it
goes down. The viscoelastic data form DMA investigation can be compared with stress at 200 %
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strain o200 Which is a value that characteristic for large deformation where the filler network is
broken down (Payne effect).

30 20 -10 0 10 20 30 40 50
Temperature (°C)

Figure 36: Typical dependence of the storage modulus £’ (black), loss modulus £” (red), and
mechanical loss factor tan ¢ (blue) of an elastomer, determined in a DMA experiment

n

Tan 6= i—, (22)

According to the standard [174], the following specimen dimensions were used: length 30 mm,
width 5 mm, and thickness 2 mm. In this thesis, the device Eplexor 500 N (Gabo Company) was
used in the thermo-mechanical laboratory at Polymer Service GmbH Merseburg. Temperature
range was controlled between -70°C to +70°C, with a frequency of 10 Hz, strain 0.2 %, and the
heating rate was 1 K/min. The information about E’, E”, and tan & was directly received from the
PC software and plotted in Origin software.

Testing methods for mechanical properties of elastomers

Tensile test

The tensile test was used to measure the stress-strain behavior of plasticized elastomers, and it is
the fundamental test in mechanical material testing. The tensile behavior investigation was done
in the mechanical analysis lab in Polymer Service GmbH Merseburg, where the international
standard 1SO 37 [175] was used for the investigation. Zwick 2020 (ZwickRoell, Ulm, Germany)
was the testing machine applied for this investigation. According to standard [175] type 2 (S2)
dumb-bell specimen where length was 75 mm, width for the narrow portion was 4 mm and
thickness 2 mm has chosen for the testing (see Figure 37). An extensometer was connected to the
device while the measurement was done. All this measurement process has done at 23 °C, and the
testing parameters were: crosshead speed vr 200 mm/min, clamping pressure 5 bars, clamp distance
50 mm, preload 0.5 N, and measuring ranges standard 20 mm. Always five specimens were tested
for each type of elastomer vulcanizates.
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Figure 37: Specification of the dumb-bell-shaped type 2 test specimens for tensile test, photo
reproduced with permission from ref [176]

The exemplary stress—strain curve is shown in Figure 19, and this curve describes some essential
information on the tensile test, including the tensile strength om, strain at break g, and stress at x
% strain ox were directly obtained from the experiment protocols, which is generated by PC
software.

Tear resistance

The tear test determines the resistance that an elastomer exerts against tear propagation under
tensile loading, and this is the aim to get the tear resistance properties of plasticized elastomeric
materials. The tear strength Ts is a certain material parameter that depends on the composition of
the material, structure, and morphology. The standard of tear tests is DIN ISO 34-1 [177], and
according to the previous study [133,141,178], the number of specimens used is five in a series to
get precise tear resistance behavior. The tear resistance analysis was done in the mechanical
analysis lab in Polymer Service GmbH Merseburg, and the universal testing machine (type Zwick
Z020, ZwickRoell, Ulm, Germany) was used for this measurement. According to standard [177],
a trouser-type specimen (see Figure 38) was used in this experiment where the dimension of the
specimens followed its length of 100 mm, the width of 15 mm, and thickness of 2 mm. The whole
experiment was done at 23°C room temperature, and the following test parameters were
maintained: preload 0.5 N, clamp distance 50 mm, test speed 100 mm/min. After finishing the
experiment, the protocol was generated by the software, which informed about the load-clamp
distance diagram as shown in Figure 39. The average load Fm was determined from the curve, and
after that, tear strength Ts were calculated using Equation 23. Here, B is the thickness of the
specimen. However, the software did these measurements and calculations, so there is no need for
those further calculations.

Ts =M (23)

Y

I

Figure 38: Geometry of the trouser test specimen for the tear test, photo reproduced with
permission from ref [179]
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Figure 39: Load-clamp distance curves of tear tests
Hardness test

The aim of the hardness measurement in this thesis was to investigate the hardness behavior of
elastomers when they were mixed with different oils. The hardness test is among the most often
applied mechanical material testing methods, and it is defined as the resistance of the material to
permanent indentation. There are two common methods that can be applied for the hardness
measurement of elastomers, Shore A hardness and International Rubber Hardness Degree (IRHD-
M), here “M” for micro. In this thesis, both methods were applied but there are no significant
differences observed in hardness of elastomer samples. So, for the detail discussion, only Shore A
is selected. Shore A hardness and IRHD-M are both commonly used methods for measuring the
hardness of elastomers, but they differ in their measurement techniques and the properties they
assess. Measurement Principle of Shore A hardness is based on indentation hardness, where a
durometer with a specified geometry and spring-loaded indenting foot is pressed into the elastomer
sample, and the depth of penetration is measured. The result is given as a numerical value on the
Shore A scale. In contrast, IRHD-M is based on the determination of the indentation depth of an
indenter under a fixed load. The indenter is pressed into the sample, and the resulting indentation
depth is measured. Indenter Geometry of Shore A Hardness is using a conical-shaped indenter with
a specified apex angle. Whereas IRHD-M uses a spherical indenter. Applied load for Shore A
Hardness using a spring-loaded system, typically 1 kg. A fixed load is applied for IRHD-M, and
usually 5 kg. The sample thickness should be at least 6 mm to ensure accurate results for Shore A
hardness. For IRHD-M, the sample thickness is typically around 2 mm. Measurement Units for
Shore A Hardness are reported as a numerical value on the Shore A scale, ranging from 0 to 100.
IRHD-M is reported as the IRHD scale of ranging from 0 IRHD to 100 IRHD. Shore A hardness
and IRHD-M differ in their measurement principles, indenter geometry, applied force, sample
thickness requirements, and measurement units. Both methods provide valuable information about
the hardness of elastomers, but the choice between them depends on the specific requirements and
characteristics of the material being tested.

Figure 40 shows the schematic test setup for hardness testing according to Shore A. It is a
durometer that uses a spring-loaded indenter with a conical tip (a) to penetrate the surface of the
elastomer being tested. The applied load (F) of the indenter was 1 kg and a truncated cone with an
end face of 0.79£0.01 mm in diameter and an included angle of 35+0.25° is used as the indenter to
determine the Shore A hardness. The durometer measures the depth of penetration of the indenter
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(h), which is directly related to the hardness of the elastomer. The measurement with higher values
indicating higher hardness.
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Figure 40: Schematic test setup for hardness testing according to Shore A, photo reproduced with
permission from ref [181]

Shore A hardness measurement was performed according to the standard DIN 1SO 7619 [180] and
the measurement was done in the mechanical testing lab of Polymer Service GmbH Merseburg.
The device used for the Shore A hardness measurement was Shore A durometer type 7206.H04,
ZwickRoell, Ulm, Germany.

There was no specific shape maintained of the specimens except its thickness, and during this
whole measurement, the sample thickness of ~ 6 mm was used. The measurement was done at 23
°C, and the testing time was three seconds. There were five single measurements done for each
sample in different positions. The individual hardness value in the Shore A scale, including the
average Shore A value and standard deviation, was recorded by the software written on the
protocol.

The relation between Shore A hardness and elastic modulus of elastomer can be described by the
Gents[182] Equation 24. Here E is elastic modulus in MPa, S is Shore A hardness.

56+7.66S

E= *0.0981 (MPa) (24)

T 0.137505(254—2.545)

In the plasticized elastomers, the relationship between Shore A hardness and modulus of elasticity
is complex and non-linear compared to unplasticized elastomers, because the plasticizers are
improving the flexibility and processing properties although they affect filler network. The
modulus of elastomers is influenced by the crosslink density or bonding between polymer chains,
as well as the type and concentration of plasticizers used. So, the modulus of a plasticized elastomer
may not be directly proportional to its Shore A hardness. The plasticizer content in the elastomer
affects the elastomer's ability to resist indentation, which in turn affects the measured Shore A
hardness value. At low plasticizer concentrations, the Shore A hardness value is often used as an
approximate measure of the material's modulus. However, as the plasticizer content increases, the
Shore A hardness becomes less indicative of the elastic modulus, and other tests such as tensile
testing or dynamic mechanical analysis (DMA) are needed to determine the material's true
modulus.

Compression set test

The Compression set (CS) measures a material's elasticity after prolonged compression to
characterize the material behavior under a permanent compression, which can be related to ambient



Experimental: Materials and methods | 50

conditions or elevated temperatures. The CS is a characteristic parameter for elastomers,
thermoplastic elastomers (TPE), or mainly for sealing materials. The results are used to determine
the tendency to leak in service. The aim of this experiments the study to investigate the influence
of CS behavior when oil is mixed in an elastomer matrix. According to a previous study [183], the
higher the CS, the higher the risk of a leak, which influenced measuring CS behavior as an
additional characterization. This method is designated for elastomers with hardness in the range of
10 IRHD to 95 IRHD [184]. A slightly different material composition was applied for this
experiment, as shown in Table 6. The standard DIN 1SO 815-1 [184] is used for CS investigation,
and according to the study, two types of specimens can be used. In this work, the CS test was
performed on a standard test specimen type B of the cylindrical shape of 13 + 0.1 mm diameter
and 6.3 = 0.5 mm thickness. The experiment was done in the mechanical testing lab in Polymer
Service GmbH Merseburg. The compression apparatus consists of compression plates, steel
spacers, and clamping devices (see Figure 41). The compression plates are flat, highly polished
stainless-steel plates and smooth surfaces. The test specimen was placed between the compression
plates with the spacers on each side, allowing enough approval for the rubber bulging when
compressed. The bolts were tightened so that the plates are drawn together uniformly until they
contact the spacers.

Figure 41: Compression set device, photo reproduced with permission from ref [16]

The percentage of the compression employed was 25 % of the original thickness [16]. The
compression duration of 24 hours was used for this work with a surrounding temperature was 23
°C. The specimens are taken out from the compression plate after 24 hours and waited for 30
minutes as the specimen’s recovery time. Afterward, the residual thickness of the specimens was
measured, and the CS was calculated, according to Equation 25. Here to is the thickness of the
sample before compression, where t; is the thickness of the sample after recovery, and hs, is the
height of the spacer.

CS (%) = 2=L* 100 (25)
-

S

Rebound resilience

The aim of this experiment is to know how the oil has influenced the rebound resilience in the
elastomer matrix. Rebound resilience is defined as the ratio of energy returned to energy applied.
Generally, rebound resilience is how much kinetic energy a rubber specimen gives back after an
impact trial. When rubber is deformed, it absorbs energy, partly recovered when it regains its
original shape. The energy which is not restored as mechanical energy is wasted as heat in the
rubber. This test was performed according to the standard DIN 53512 [185]. A Hess Werkstoff-
prifgerdte (Richard Hess MBV GmbH, Germany) device was used to determine the rebound
resilience. The specimen was prepared for this experiment according to standard [185] by cutting
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into a round shape and keeping its dimensions of 15 mm and 12.5 mm in thickness. The device
consists of an arm and a hammer, including an indentor with a hemispherical surface (see

Figure 42).
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Figure 42: Principle of test apparatus, photo reproduced with permission from ref [185]

The investigations were done at atmospheric pressure and maintained in the room at 23 °C in the
elastomeric lab at Merseburg university of applied sciences. The pendulum was hung so that it
oscillated circularly under the effect of gravity. The hammer was raised at an angle of 90° from its
resting position. After placing the specimen on the anvil with the holder, the pendulum was allowed
to fall from the horizontal position. It strikes six times at the same point on the test piece and is
caught each time before it impacts again. The first three impacts serve to mechanically condition
the specimen, and the last three establish its rebound resilience. The median of the last three
readings was determined. According to the test, resilience was established as the ratio of the height
of the pendulum to the height of the fall. The rebound resilience is calculated as a percentage
according to Equation 26.

R ="4100 (26)

ho

Here R is rebound resilience, hois the height of fall, which is counted as the height between parked
hammer position A as shown in Figure 42 and the point where the hammer strike the position
marked B. hris the rebound height means the height between returned hammer height after strike
marked as C and point where hammer striked position B. The arithmetic mean of the rebound
resilience was calculated from the averages for two specimens.

3.2.4 Resistance against crack behavior measurement methods
Quasi-static fracture mechanics measurement (in-situ) method

A fracture mechanics test under quasi-static loading conditions described in the literature [143,186]
was adopted to characterize the influence of the compound composition on the fracture behavior.
The aim of this thesis is to find the resistance against crack initiation and propagation under quasi-
static loading. Stable crack propagation occurs if the energy wasted, in a material-specific way,
compensates for the surplus of available energy caused by crack propagation [139]. When the
external mechanical loading is stopped and there is no further growth, the case for cracks is in the
linear range of the crack growth curve. Two test procedures are possible for the experimental
determination of the resistance against stable crack initiation and propagation under quasi-static



Experimental: Materials and methods | 52

loading: a single-specimen and multiple-specimen method. These specimens techniques were
described in previous studies [141,187,188]. In this thesis, single-edged notch tensile (SENT)
specimen was used which followed previous studies [143,186]. In the context of SENT specimens
for elastomers, the single specimen method offers several advantages over other testing methods:
Traditional fracture mechanics testing methods typically require multiple specimens to be tested at
different crack lengths to generate a complete stress-strain curve. With the single specimen method,
only one specimen is needed to generate a complete stress-strain curve and determine the fracture
toughness of the material. This can result in a significant reduction in testing time and cost. The
single specimen method can be used to directly measure the fracture toughness of the material.
This can result in increased accuracy and reliability of the test results. The single specimen method
requires less material than traditional testing methods, which can be especially beneficial for
elastomers, which can be expensive and difficult to manufacture in large quantities. The single
specimen method can be used to test materials under a variety of loading conditions, including
mode | tension as shown in Figure 43. The geometric function # for the SENT test configuration
was calculated [189,190] to be ~1 in compliance with a previous study by Kim [191]. In this study,
the crack was created by Mode I, and this means a simple crack opening characterized by the
symmetrical lifting of the opposite crack edges, so tensile stress applies to the plane of the crack.
A universal testing machine (type ZwickZ020, Zwick Roell, Ulm, Germany) was used for the
investigation. The SENT specimen was prepared according to the dimensions of 100 mm length x
25 mm width x 6 mm thickness and ~ 5 mm notch (see Figure 44).

Figure 43: Asymmetrical lifting of the opposite crack edges named mode I, photo reproduced
with permission from ref [192]

In contrast to an unstable crack, a stable crack grows under energy consumption and is
characterized by a comparably low speed. At the beginning of energy balance at the crack, some
authors [193,194] have developed a practical model to determine stable crack propagation. In
Figure 44, a sequence of photographs of the deformed specimen (view into the open notch) is
shown, and here the left picture shows the state before crack initiation, and the other images the
increasing crack opening after crack initiation. The advantage of the single-specimen method is
the comparatively low time and material consumption. In this thesis, the test was done at 23 °C,
and the testing speed was 50 mm min*applied. The crack opening was monitored with the camera
after a time interval. The specimen was well clamped with the clamp and set the camera on the
notch spot. Then every click was done after a 10-second interval to complete the fracture when
running the test. The crack opening time is determined by observing the notch tip by the eye. It is
defined as when a new crack surface is visible over the whole thickness of the specimen. The
software has recorded energy consumed during crack propagation, which is analyzed in a
computer, measuring the crack length and deformation.
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Figure 44: Schematic diagram of SENT specimen and crack opening under quasi-static load

The minimum energy required to initiate the crack is defined as the resistance against the crack
initiation Ji. Crack resistance curves (R-curves) as the basis for the quantitative characterization of
the materials after manual crack length calculation was prepared where the crack resistance values
J (see Equation 27) were determined, which informed the resistance against the crack initiation J;
and propagation T;". 7 is a geometric function, B is the thickness of the specimens, A is the energy
consumed during crack initiation and propagation, W is the width of the specimen, and a is the
initial length of the notch. A schematic R-curves from a single-specimen test is shown in Figure
45, where the slope dJ/d(Ir) at the crack opening Ir of 0.5 mm was determined by Equation 28,
and it is a quantitative measure of the resistance against stable crack propagation T;" at 0.5 mm of
crack open. In this thesis, T";05 has been determined from R-curves by measuring the slop of J-
values at crack open between 0.5 mm to 1 mm.

_ _na

] = B(W-a) (27)
* dj

T] = E (28)
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Figure 45: Schematic representation of an R-curve from the quasi-static fracture mechanics test
and an increasingly loaded specimen during a fracture mechanics test, photo reproduced with
permission from ref [187]



Experimental: Materials and methods | 54

Instrumented tensile impact testing method

The instrumented notched tensile-impact test is used to determine the toughness properties of
elastomeric materials. The instrumented notched tensile-impact test (ITIT) is a well-known method
for characterizing the toughness of elastomers, and this method was applied mainly to crack
behavior test on elastomers [34,142,195,196]. Previous studies [197-203] show that the
instrumented notched tensile-impact test is a helpful tool to describe the material properties
regarding resistance against unstable crack propagation Jq. The instrumented notched tensile-
impact test is an expansion of the conventional notched tensile-impact test according to 1ISO 8256
[204] and MPK-ITIT [205] and is performed with specimens with razor-blade notches. During the
specimen’s loading, load-time information was recorded. The analysis of instrumented tensile
impact test was done in the fracture mechanics analysis lab of Polymer Service GmbH Merseburg
under supervision of Prof. Katrin Reincke. The test is performed with the pendulum device Resil
Impactor Junior 25, according to 1ISO 13802 [206]. This pendulum device has a working capacity
of 7.5 J at a 150° falling angle. For the test, a specimen is fixed between a stationary clamp and a
crosshead. Double-edge-notched tension (DENT) specimens were applied in this experiment.
According to MPK-ITIT [205], DENT specimens with following dimensions: width W =10 mm,
length L = 64 mm, and thickness = 2 mm, and 10 specimens were used for the each series. This
thesis was based on the crack by Mode I (see Figure 43). The notching is cut with metal blades, by
a pneumatic notching device on the narrow sides of the specimen up to an initial crack length of
~2 mm, which means ~1 mm at each side.

The measurements were carried out in a normal atmosphere according to 1SO 291 [207] with a
temperature of 23 °C as used previous study [208]. The specimens were fixed parallel between the
stationary clamp and the crosshead in a way that the pendulum hammer hits the crosshead at the
lowest point of the circle motion. The initial gauge length was 30 mm, and the notches were made
in the middle of the specimens. Experiments with elastomers were performed at a falling angle of
150°; this corresponds to a hammer speed of 3.7 ms™. By this means, the specimen is deformed in
the direction of its longitudinal axis until a fracture occurs. After releasing the pendulum hammer
moves in a circle and transfers part of its kinetic energy to the crosshead and indirectly to the
specimen at the lowest point of its trajectory. The metallic pendulum hammer consists of a
cylindrical pendulum arm and an impact construction with metallic blocks at both sides, which
meet the crosshead.

Load (F)-time (t) signal is realized over a piezo load cell integrated into the stationary clamp was
recorded. From the F-t diagrams, the deformation was calculated from Newton's second law. In
the first integration step in Equation 29, the velocity has been determined, and in the second
integration step shown in Equation 30, the extension | of the specimen is a function of time.

V(E) =V, — [y F()dr (29)

I(t) = [, V(©)dr (30)

The F-t signal is transferred to a computer over a data acquisition system. Using the software
DAS4Win, one can display and analyze load-time diagrams. In Figure 46, one can see a schematic
F-I diagram of materials. Such diagrams are analyzed by determining the maximum load Fmax and
the extension at Fmax - Imax. The area under the F-I diagram is divided into two parts which is a
energy up to the highest load Amax and a so-called crack propagation energy Ap.
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Figure 46: Characteristic load-extension diagram with crack propagation energy (Fmax- maximum
load; Imax - maximum extension; Amax - energy up to Fmax; Ap - crack propagation, photo
reproduced with permission from ref [205]

After the test, the recorded load-extension diagram was displayed as Figure 47 (right), and in the
beginning highest load Fmax and extension at the highest load Imax were calculated. Additionally,
energy Amax (corresponds to the area under the diagram up to Fmax) and crack propagation energy
Ap were specified.
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Figure 47: Schematic representation of fracture mechanics testing device for performance of
instrumented notched tensile-impact tests

The geometric function # was calculated [138,141] from Equation 31, where a is the initial notch
length, and W is the width of the specimen. For unstable crack propagation value characterization
of polymers with thermoplastic and elastomeric matrix according to this procedure, the resistance
against unstable crack propagations is calculated by the following material parameter Jq [208] as
shown in Equation 32. Here Amax is the energy consumed up to a maximum load of Fmax. B is the
thickness; W is the width and a is the initial notch of the specimen.

n = —006+599(%)—7.42(%)" +329(2) (31)
Ja = pope (32)

3.2.5 Aging behavior of plasticized elastomers

This investigation was done to know about the aging behavior of oil mixed elastomer vulcanizates.
According to a previous study [14], elastomers are easily oxidized and exhibit crosslink reactions
under high temperatures. Aging is a normal phenomenon of materials, and aging depends on



Experimental: Materials and methods | 56

different parameters (e.g., temperature, moisture, pressure), including material property [209]. So,
this thesis focused on the aging of oils and oil mixed elastomers individually. In the beginning, the
oil was poured into a transparent glass bottle, then closed the lid and stored in a hot air oven for
six months. The oven temperature was maintained at around 40 °C with circulated air. After
finishing six months, the bottle was uncapped, and get ready for mixing with elastomers. The
mixing vulcanization and sample preparation conditions were kept the same as used, and this aged
oil only replaced unaged oil.

The second part of the aging investigation was done differently; the mixing, vulcanization, and
sample preparation conditions were done with unaged oil mixed elastomers. After that, the samples
were prepared for aging. The samples were kept in the hot air oven to give them a chance to
possible aging, and it was done in the hot air oven at 80 °C temperature for different days. In the
beginning, the samples were taken out after three days and characterized the resistance against
crack under quasi-static, and impact loading. Furthermore, mechanical behavior was characterized
to compare these results to unaged elastomers. Aging was done for fifteen and thirty days and
characterized again to inspect the aging behavior of elastomers as a function of time.
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4 Results and discussion

4.1 Structure and properties of the investigated oils

4.1.1 Structure analysis by FTIR and NMR spectroscopy

The modified bio-oils were investigated to identify the chemical bonds present in their chemical
structures. This is one of the primary criteria to assess the chemical behavior of the oils. Various
analytical techniques were exploited to obtain information about the chemical structures and
functional groups, including attenuated total reflection infrared spectroscopy (ATR-FTIR) and
nuclear magnetic resonance spectroscopy (*H and 3C NMR).

Figure 48 shows the FTIR spectra for oils, where figure 47 (a) shows the assigned peak in the
fingerprint region, and figure 47 (b) was about the assigned peak of wavenumbers from 1500 to
4000 cm ™1, These figures showed the peaks for oils and responsible functional groups. Sharp peaks
of aliphatic hydrocarbons were observed for all oils, at the region of 1460, 2850, and 2920 cm ™.
Additionally, bending vibrations of the CH, at 720 cm™ [210] and (C=)C-H double bonds in the
chain at 2960 cm™* were observed [211] for all oils. Furthermore, from these figures, glycerides
bands within 800-1200 cm™* [212] were observed in all bio-oils, and there are overall similarities
found for the bio-oils.
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Figure 48: ATR-FTIR spectrum of plasticizers, including traditional plasticizers and bio-oils;
fingerprint area (a); wavenumbers of 1500-4000 cm™ (b)

The epoxy group was common in all investigated bio-oils, and presented a characteristic twin band
between 826 and 841 cm* associated with symmetric ring deformation [213]. In addition, a distinct
hydroxyl group (OH) band at 3470 cm™ was also observed for bio-oils, and intensity was higher
for EECO. An absorption band of ether group stretching vibration (C-O-C) in the region 1053 cm™
and a more intense hydroxyl band of EECO at 3470 cm™ [214]. However, the appearance of the -
OH group peak at 3470 cm™, in the case of EECO, can be associated with the decomposition of
the epoxy groups. Due to the side reactions of hydrolysis and acylation taking place owing to the
reaction environment (epoxidation reaction with peroxides), which contains water,

mineral(catalyst), and organic acids [215], and it is confirmed by the NMR spectrum (see Figure
51).

The EECO is slightly different from the other bio-oils with many identified peaks, making it unique
for non-polar elastomers like SBR. Mainly these peaks represent long-chain fatty oils with fatty
acids. Contrary, ROPE has an additional C-O stretching for the alcoholic group, and these polar
alcoholic groups make ROPE unique for fitting polar elastomers. The FTIR spectrum of oils
exhibits several absorption peaks, as shown in Figure 49. However, in some modified bio-oils, the
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peak nearly disappeared in the same range, and an additional peak appeared in the 820-850 cm™
range. A previous study [216] described that the characteristic signals in the FTIR spectrum at 820-
850 cm! represent the quaternary carbons of the epoxy ring, and this is similar to Figure 49 (a).
The appearance of an epoxy peak at 820-850 cm™ provided evidence that the epoxidation reaction
took place [160]. The disappearance of C=C bonds in the epoxide spectra further supported almost
complete double bond conversion to epoxidized [115]. Figure 49 (b) represents the presence of
hydroxyl groups in the bio-oils after their modification. These hydroxyl groups belong to the major
fatty acid in modified bio-oil composition.
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Figure 49: ATR-FTIR spectra with epoxide peaks for bio-oils (a), enlargement of the C=0
signal as an internal reference of ester compound, and magnification of absorption peaks at 3400
cm is frequently diagnostic of O-H stretching (b)

'H and *C NMR spectra of the oils are also collected to further confirm the structure and functional
groups in oils. Figure 50 (a) represents the *H NMR of TDAE. As obvious, the methyl group
protons gave a multiplet signal at § = 0.88 ppm, while the methylene groups presented a strong
signal at 6 = 1.25 ppm. Moreover, the phenyl group signals with methyl and ethyl protons appeared
at § = 2.28 and 2.55, respectively. A weak characteristic signal from the aryl groups was observed

at § = 7.17 ppm, which were also observed in the 3C NMR spectra of the oil at § = 128 ppm as
shown in Figure 50 (b).

These observed signals from NMR spectra also justify claims made using explained FTIR
characterization where weak signals from the aromatic rings were observed above 3000 cm™

wavenumber, and the aromaticity [217] of TDAE is already shown in FTIR analysis (see Figure
48).
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Figure 50: NMR spectrum of TDAE; Proton spectrum (a); Carbon spectrum (b)
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The recorded *H NMR spectra of bio-oils are presented in Figure 51. The characteristic multiplet
signals from the protons of the epoxy group appeared at 0 = 2.80-3.20 ppm [160], and the
methylene group proton adjacent to the epoxy group gave a multiplet signal at 6 = 1.45-1.60 ppm
[6,161]. As ERO (epoxidized rapeseed oil) is a triglyceride, so the number of epoxy groups is
higher in this oil which is obvious in the figure where the peak area from the epoxy group protons
is highest as compared to the other investigated oils. The appearance of weak signals at 6 = 5.5
ppm for EECO, and ROPE indicates the presence of unsaturation.

The appearance of hydroxyl group protons at 6 = 3.5-4.0 ppm, especially in EECO, ROME, and
ROPE, indicates the occurrence of the epoxy ring-opening due to side reactions taking place, as
earlier explained and discussed in a previous study [211]. The appearance of aryl group protons at
0 = 2.39 ppm indicates the presence of carbonyl groups in all the oils except TDAE. The tertiary
proton appears at 0 = 5.2-5.3, proving that the bio-oils contain an inside glycerol structure. The
methylene proton of the -CH,-CH-CHo.- backbone appears at § = 4.1-4.4 for all bio-oils. However,
ERO has higher intensity, and EECO has medium and the terminal -CH3 groups appear at 6 = 0.8-
1.0 region [218] for all bio-oils types, a typical symbol of fatty oils. Nevertheless, the integrated
value of the area for peaks at 4.1- 4.2 ppm (-CH2-CH-CHy>-) is visible for EECO because the EECO
has a partial conversion of epoxidation. All the bio-oil samples depict identical characteristic
spectra at 0 = 5.00-5.50 ppm all unsaturated fatty acids (-CH=CH-) [161], ¢ 5.20 ppm glycerol f-
position (-CH-O-COR), 6 = 4.15 ppm glycerol a-position (-CH2-O-COR), ¢ 2.76 ppm bis-allylic
protons (-CH=CH-CH2-CH=CH-), ¢ = 2.39 ppm all aryl chains (-CH.-COOH), ¢ = 2.08 ppm
allylic protons of all unsaturated fatty acids (-CH2-CH=CH-), 6 = 1.63 ppm all acy! chains (-CH-
CH2-COOH), 6 = 0.88 ppm all acyl chains except for linolenic (-CH2-CH2-CH>-CH3) and 6 = 1.28
ppm all acyl chains (-(CH2)»-) [161].
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Figure 51: 'H-NMR spectra of different bio-oils with conversion intensity of epoxidized parts
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The bio-oils spectra indicate that the unsaturated fatty acids were converted into epoxy groups
classified as monoepoxides and diepoxides, with signals appearing at & = 2.9-3.0 ppm (-CHOCH-
CH2-CHOCH-) and 6 = 3.09 - 3.16 ppm (-CHOCH-CH,-CHOCH-), as well as, at 6 = 1.45-1.60
ppm methylene protons adjacent epoxy group (-CH2-CH>-CHOCH-) and at 2.0 ppm methylene
alpha group to an acyl group (CH,-CH>-C=0-0-) [161]. However, in the EECO, ROME, and
ROPE spectrum, the signals at 6 = 3.40-3.75 ppm (OH-CH2-CH2-OH) methylene hydrogens
bonded, -CH2-(O-CH,-CH2-O-CH2-CH>-OH) alpha-methylene group and (-CH2-CH(OH)-
CH(OH)-CH2-) methine beta group [219], indicated the hydroxyl groups formation, indicating that
the monoepoxide and diepoxide rings were opened.

In summary, FTIR and NMR spectra were informed about the chemical characteristics of oils,
especially the aromatic characteristics of TDAE was shown, and the ratio of the epoxidized
conversion of bio-oils and their glyceride ester of higher fatty acidic characteristics.

4.1.2 Description of polarity, thermal behavior and molecular mass

The elastomer's surface is the first component that comes into contact with the oils. Thus,
compatibility is influenced primarily by the elastomer's polarity, surface characteristics,
particularly the wettability, surface chemistry of the exposed atoms, surface energy, and surface
topography [220]. The polarity of oils was characterized using the contact angle of oils, these were
shown in Figure 52 and 52, and measurement data were summarized in Table 7 and 8. The contact
angle measurement was done on the untreated elastomer's flat surfaces, and the photo of oil drops
was shown in Figure 53. The contact angle of oil drops on flat surfaces reflect the surface tension
on the elastomers, and this figure proves that the wetting behavior of oils is identical for specific
elastomers. The same oil has two different contact angles on the SBR and NBR. A good wetting
can be measured as a low contact angle between oil and elastomer. A variation of contact angles
was observed for bio-oils on the polar and non-polar elastomers. Among those bio-oils, only EECO
has a lower contact angle on the non-polar SBR, and this is confirmed by the FTIR (see Figure 48)
and NMR (see Figure 51) spectra because among bio-oils, EECO has a lower epoxy conversion
and it has additional hydrocarbon chains this makes more non-polar behavior than a polar character
bio-oils. On the other hand, the ERO and ROME have a lower contact angle on untreated NBR. It
was proved that the wetting of oils used in this thesis was high on the ideal non-polar (PTFE)
surface. However, it means a probability of high wetting on the polar or non-polar surfaces. The
value of surface tensons and wetting conditions on PTFE surfaces were listed in Table 7.
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Figure 52: Contact angle of different oils on untreated PTFE surface
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The EECO has a moderate contact angle on the PTFE surface, predicting good compatibility with
non-polar materials. The calculated surface tension of the EECO was slightly higher than other
oils. So, it is perhaps a good choice for non-polar polymers like SBR. Whereas the ROME and
ROPE have comparatively lower contact angles on the PTFE surface and calculated surface tension
of dispersive part was lower than others, this can be recommended to be compatible with Polar

materials like NBR.
@/ 6407
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Figure 53: Contact angle of different oils on untreated SBR surface (a) and untreated NBR
surface (b)

Table 8 depicts the surface tension for the correspondence contact angles of oils on the SBR and
NBR surfaces. A good wetting will count if the contact angle below 90° can be measured, and
according to this concept, all oil can show a good wetting on both elastomers; however, for
selecting an appropriate oil for a specific elastomer, the lower contact angle and surface tension
representing a good wetting [221]. Rubber-filler wetting measurement was done to measure so-
called rubber-layer L to ensure the influence of the oil on rubber-filler interactions. One more point
can be added here: additives containing the vulcanized elastomer can be influenced by the
bounding of the plasticized elastomer. Additive concentration was identical for all samples, and
the surface tension was measured on the untreated and unvulcanized elastomers. The rubbers
bounding can change slightly with additives and fillers, and that is not a noticeable account.
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Table 7: Contact angle and surface tension o, of different oils on PTFE surface

Oils Contact angle oL (MN/m)
TDAE 58°42' 27.9
EECO 70°16' 34.24

ERO 70°44' 34.54
ROME 56°22' 27.00
ROPE 44°14' 23.03

Table 8: Contact angle and surface tension o, of different oils on untreated SBR and NBR

surface
Contact angle (6) oL (MN/m)
Oils SBR NBR SBR NBR

TDAE 64°7' 70°4' 35.3 40.3

EECO 61°1' 68°4' 32.7 38.4
ERO 77°2' 44°8' 48.2 24.6
ROME 75°4' 51°2 45.9 27.2
ROPE 66°4' 64°1' 36.5 34.8

Table 9 shows different physical and chemical data of oils. Information of oils regarding molecular
weight Mw, density p, glass transition temperature Tg, and kinematic viscosity » were listed here.
Among bio-oils, ERO shows higher Mw (1200 g/mol), p (1.05 g/cm?), and v (136 mm?/s). FTIR
and NMR spectra shows the ERO was a triglyceride epoxidized ester and it was the reason for
exceptional values. Whereas p for other bio-oils were around 1 g/cm?, v lies between 12-30 mm?/s
and Mw 350-500 g/mol. In contrast, TDAE has a lower density 0.94 g/cm®and a lower Mw 309
g/mol, although it has a higher v 375 mm?/s. T4 of bio-oil comparatively lower than TDAE, and it
is correlated to the chemical structures of oils. Bio-oils are epoxidized ester of higher fatty acids,
so it contains long chains, especially ROPE has iso-propyl group with epoxidized monoglyceride
ester in their structure contains high free-volume, so it shows lowest T4 (-93 °C), then Tq (-86 °C)
of ROME because of methyl group with epoxidized monoglyceride ester. Tq of EECO was -74 °C
and ERO is a epoxidized triglyceride ester, shows Tgat - 64 °C. Although, T4 of bio-oils are
significantly lower than Tq of TDAE (-50 °C).

Table 9: Chemical and physical analysis data of different oils

il Mw p (g/lcm?®) Tq D
(g/mol) 23°C (°C) (mm?/s)
40 °C 100 °C
TDAE 309 0.94 -50 375.01 20.02
EECO 507 1.006 -71 30.67 7.72
ERO 1226 1.055 -64 136.6 16.55
ROME 360 1.001 -86 12.05 3.03

ROPE 403 1.005 -93 12.63 3.21
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The variation of molecular weight Mw and kinematic viscosity » on the density p of oils were
shown in Figure 54, and it observed that TDAE did not follow orders like bio-oils. The Mw of bio-
oils were increased with increasing the » except for TDAE. » was very high for TDAE, and a
previous studies [222] [223] claimed that the v is higher for aromatic oils than linear or aliphatic
oils. So this could be the reason for TDAE having a higher o although it has a lower Mw. The p of
oils increases when it has a high Mw [224]. The same trend is followed in Figure 54. So molecular
weight plays a vital role in the slightly changes p of oils. According to a previous study [224],
density and kinematic viscosity were correlated. The p of modified bio-oils was higher than its
unmodified bio-oils. Similarly, modified bio-oils v was two and half times higher than unmodified
bio-oils. This is perhaps due to the addition of oxygen molecules amid double bonds, thereby
increasing the intermolecular forces, molecular weight, and polarity [115].
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Figure 54: Dependence of kinematic viscosity and molecular mass on the density of different oils

The molar mass distribution can change the properties of a compound, especially oil-type
compounds. The investigation was done using GPC analysis, and the results are shown in Figure
55. It was clear evidence that, except for TDAE, the bio-oils were multimodal distribution was
shown. TDAE has a simple unimodal but broad distribution, and this means there is no fraction in
a trace amount of other components in TDAE. The multi-molar distribution of bio-oils means there
was no single chain component. Mostly the bio-oils showed clear bimodal or trimodal distributions.
A fraction of the same or different short-chain component could be present with the main structure
in the bio-oils [225]. These characteristics could drive bio-oils properties to predict the excellent
compatibility with elastomers and reduced migration behavior of bio-oils.
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Figure 55: Molar mass distribution of the investigated oils

The thermal behavior of the different bio-oils was determined using DSC measurements given in
Figure 56, while the heating and cooling rate was 10 K min™ was applied. T4 has been obtained
from the DSC heating curve and is mentioned in Table 9. The DSC heating curve of TDAE exhibits
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a glass transition at about -52 °C, followed by a small endothermic peak at 20 °C due to melting
processes. The melting curve of EECO showed different major endotherm regions as shown in
Figure 56 (a), corresponding to endothermic transitions of the unsaturated (lower-temperature
peak) and saturated (higher-temperature peak) fractions. The endothermic region at higher
temperature consisted of a peak with a pair of shoulder peaks, while the endotherm region at lower
temperature contained four overlapping peaks. However, ERO, ROME, and ROPE showed only
one major endotherm in the lower temperature region (unsaturated fraction), and these oil samples
had typical melting curves. EECO shows a melting peak at 12 °C. At the same time, other bio-oils
were observed between -10 to -1 °C. Figure 56 (b) gives the thermal information during cooling at
a rate of 10 K min"t where a sharp exothermic peak has appeared for bio-oils onset temperature,
which means crystallization event. The crystallization peak for EECO appeared in the temperature
range of -2.7 °C with a neck at 0.5 °C, whereas the peak appeared for ERO in the region of -26 °C.
The exothermic crystallization peaks were associated with the temperature of -14 °C and -18 °C
for ROME and ROPE, respectively. The mineral oil TDAE shows a slightly different behavior
than bio-oils, which shows a sharp exothermic peak in the region of -94 °C, and two more small
exothermic crystallization peaks appeared at the temperature range of -12 °C and 28 °C.

In the bio-oil thermograms, small exothermic peaks are attributed to the fatty acids crystallization,
the low density of double bonds, and endothermic peaks lipid melting characteristics [226].
Generally, complex features that were not quickly interpretable during heating in melting curves
of bio-oil samples, such as shoulders not separable from peaks, were noticed. These results
illustrate the complex nature of glycerol in oil samples. This is a general consequence of the known
phenomenon of polymorphism of bio-oils that has interested researchers for many years. Unlike
pure glycerol, the polymorphic form of oils cannot be established unequivocally by DSC, which
can only be evaluated by X-ray diffraction analysis [227]. Therefore, this thesis has not reported
polymorphic transformations in oil samples. Due to the complexity of the measured thermal events,
melting and transition points are read at the maximum/minimum of either endo-or exotherm peaks.
Complex features were not readily interpretable in the DSC melting curves of oils [228].
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Figure 56: Heat flow evaluation of oils in different temperatures measured by DSC analysis;
Heating curves (a), cooling curves (b)

The melting peak of EECO shifted to 12 °C, whereas other bio-oils were observed between -10 to
-1 °C due to the formation of hydroxyl groups in EECO that contribute to intramolecular van der
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Waals interactions [229]. Furthermore, except for ERO, which was shown in the multi-molar
distribution mentioned in Figure 55, the bio-oils have demonstrated two melting peaks. This proved
that bio-oils have some fractional components [165]. The highest peak represents the material
melting temperature, and the lower represents a second phase or maybe a structural change.

4.2 Development of polymer-filler interaction under the influence of
oil

It is known that polymer-filler interaction is strongly related to the final vulcanizate properties.
Therefore, it is important to gain knowledge of how and to what extent the interaction between
polymer and filler is influenced by an oil as a measure of polymer-filler interaction. The rubber-

layer L can be interpreted in this situation. Thus, for selected polymer-filler-oil combination was
investigated.

The dependence on the type of oil of the rubber-layer L for elastomer compounds is presented in
Table 10. With changing the oil type, the infiltration of SBR and NBR molecules into carbon black
agglomerates and aggregates and the dispersion of carbon black take place simultaneously
according to the infiltration model proposed by Manas-Zloczower [230]. Infiltration/dispersion
takes place every time and not only by changing the oil type. The variation of rubber-layer L for
the same concentrated filler reinforced elastomers follows the same trend. SBR/EECO has a higher
rubber-layer L, which means the rubber-filler-oil interaction is higher than in SBR/TDAE shown
in Table 10. However, the rubber-layer L is not a very pronounced change in filled NBR systems
when the type of oil is changed.

Table 10: Rubber-layer L of raw mixtures of polymers when mixed with a different type of oils

Oil Rubber-layer L
SBR-21/12.5 phr oil NBR-39/12.5 phr oil

W/O 0.360 £ 0.010 0.698 + 0.002
TDAE 0.338 £0.015 0.685 + 0.006
EECO 0.370 £ 0.018

ERO 0.179 £ 0.015
ROME 0.216 £ 0.017 0.699 + 0.004
ROPE 0.233 £0.012 0.707 £ 0.005
EESS - 0.703 +0.003

The data of Table 10 were put in Figure 57 and compared them with surface tension of oils. This
shows that the rubber-layer L decreased with increasing oil's surface tension and happened for SBR
raw mixtures. On the other hand, for NBR raw mixtures, no significant change was observed if
considered the error margins. The comprehensive study on the rubber-layer L stated that the type
of oil is an essential factor to influence, and low surface tension of oil can develop the rubber-layer
L. There is an inverse and linear relationship between rubber-layer L and surface tension of oil
noticed. So, the surface tension measurement of oil can be the first step to predicting a good rubber-
layer L, which is a cheap and less time-consuming method. Rubber-layer L for NBR raw mixtures
have much higher than SBR raw mixtures although the mixing recipes, time, curing characteristics
were maintained in same condition. Type of elastomer and their molecular structure is a factor that
influence the rubber-layer L. NBR is a polar elastomer that contains dipoles and the surface of the
filler contains several functional groups that help them bond well and increase the thickness of
their primary layer, which remains almost the same after adding 12.5 phr of oil in this matrix.
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Figure 57: Variation of rubber-layer L of uncured polymer-filler raw mixtures with different oils
as a function of surface tension of oil

A study by Sékmen [4] claimed that TDAE had influenced rubber-layer L of silica-filled SBR/BR
blend and this thesis also proved that the rubber-layer L dependent on the mixing time. The research
on the influence of oil on rubber-layer L of carbon black-filled elastomers was insufficient. So,
comparing the results to previous work is not easy. Nevertheless, some factors can be assumed for
the influence of oil on the rubber-layer L of carbon black-filled elastomers. The carbon black
surface contains active groups, including acid, phenolic, quinonic, carboxyl, ketone, pyrone, and
lactone groups (see Figure 11) [24,33] that can involve the interaction among rubber and filler.
These active groups may change the wetting behavior, and oils can also be a significant cause for
changes. Based on the wetting behavior, a correlation was observed between the rubber-layer L of
elastomer raw mixture and the surface tension of oil.

Polarization microscopy was performed as a helpful tool for better understanding the spread of the
oils that influenced the dispersion within carbon black-reinforced elastomer vulcanizates. Low
concentrated oil (12.5 phr) in elastomer mixture has been chosen for this investigation. The mixing
time was 10 minutes, as other investigations were selected for this thesis. Quantitatively, the carbon
black agglomerates are assumed to be more than 6 um in diameter. Figure 58 and Figure 59 show
the cross-section areas of plasticized elastomer vulcanizates.

Figure 58 (a), (b), and (f) showed a cross-sectional view of the unplasticized SBR, SBR/TDAE,
and SBR/ROPE, respectively. Fewer carbon black agglomerates are noticed in these pictures, and
homogenous dispersion of carbon black aggregates is visible through the elastomer matrix. A
cross-sectional view of SBR/EECO was shown in Figure 58 (c). It was clearly shown that the
number of carbon black agglomerates was higher in SBR/EECO matrix, and the carbon black
agglomerates and aggregates were homogenously dispersed through this matrix. A couple of
coagulated oils are visible on the cross-sectional area of the SBR/ERO vulcanizates, as shown in
Figure 58 (d). In Figure 58 (e), oil droplets (glaireous black spots) were visible on the cross-
sectional surface of SBR/ROME vulcanizates.
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Figure 58: A cross-sectional view in the light microscope of SBR with 12.5 TDAE (a) EECO (b)
ERO (c) ROME (d) ROPE (e) and W/O (f) vulcanizates

The visibility of oil droplets in the elastomer matrix and cross-sectional surface have indicated the
immiscibility between elastomer-oil. Petrovi¢ [151] showed that when oil droplets were visible on
the surface, this decreased the mechanical efficiencies. The number of filler agglomerates is
decreased, which means the shear stress during mixing was high, and this usually happens for
unplasticized filled elastomers. A compatible oil should decrease the shear stress because it
increases the chain mobility of elastomers. A previous study [67] stated that the oil reduces the
shear stress between the carbon black occluded by the polymer chain. When the oils were
immiscible with the matrix, the number of agglomerates decreased [76]. Many agglomerates were
present in the SBR/EECO vulcanizates. An optimum number of filler agglomerates indirectly
influences the efficiency of the material. When the elastomer is mixed, the elastomer chains have
to slip over each other, which is the reason for more agglomerates remaining [74]. From this point
of view, the resistance against crack and strain at break of SBR/EECO vulcanizates should give
higher values, and partially the arrangement of carbon black agglomerates and aggregates was the
reason behind these characteristics. SBR/EECO system has been assumed to show higher
efficiency in resistance against stable and unstable crack propagations because the stiff filler
agglomerates resisted the crack propagation when they insisted on passing through filler
agglomerates.
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Figure 59 shows the cross-sectional view of plasticized NBR vulcanizates. The NBR-34
incorporated TDAE, ERO, ROME, and ROPE were investigated and presented in Figure 59 (a),
(b), (c), and (d), respectively. It was challenging to see the filler dispersion through NBR matrices.
However, the number of visible filler agglomerates was comparatively lower for NBR/TDAE
vulcanizates. Bio-oils in NBR influenced the homogenous filler dispersion, and the number of
agglomerates was higher and very difficult to distinguish.

Figure 59: A cross-sectional view in the light microscope of NBR with 12.5 TDAE (a) ERO (b)
ROME (c) ROPE (d) vulcanizates

An article [3] on NBR materials was published in 2020, which showed that the oil droplets were
visible on the edges of the cross-sectional area of NBR/15 phr TDAE vulcanizates, and a few
numbers of carbon black agglomerates were left in the NBR matrix after mixing. This phenomenon
partially describes the immiscibility of TDAE in NBR materials where the concentration of TDAE
was 15 phr, although, at 5 phr concentration, no TDAE droplets were visible in the cross-sectional
area. In contrast, the filler arrangement in the presence of EESO (bio-oil) helps to enhance the
mechanical behavior of NBR vulcanizates [3]. In the presence of bio-oils in NBR vulcanizates,
crack resistance and mechanical efficiency assumes to be influenced by the homogenous dispersion
of aggregates and the optimum number of agglomerates.

4.3 Influence of oils on the vulcanization behavior and crosslink
density

NMR measurements were done in the Solid-state NMR group of Martin Luther University Halle-
Wittenberg under the supervision of prof. Kay Saalwdchter. The crosslink density of selected
materials was determined by NMR measurement. According to a previous study [35], the residual
dipolar coupling Dress/27 is proportional to crosslink density. So, this thesis only measured the
Dress/2m and represented the crosslink density of plasticized elastomers shown in Table 11. The
results show that the crosslink density decreased slightly when oil was added, and this behavior
was found for both polymers.
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Table 11: Influence of network system of elastomers after oil addition

SBR-21/12.5 phr oil SBR-21/37.5 phr oil
SBR-21 Dress/27 (KHz) Polymer defects Dress/21 (KHz) Polymer defects
W/O 0.25 0.015 0.25 0.015
TDAE 0.24 0.028 0.15 0.16
EECO 0.19 0.072 0.14 0.13
ERO 0.21 0.061 0.17 0.13
ROME 0.20 0.060 0.15 0.07
ROPE 0.20 0.036 0.16 0.03
NBR-39 NBR-39/12.5 phr oil NBR-34/37.5 phr oil
W/O 0.32 0.038 0.32 0.05
TDAE 0.30 0.11 0.16 0.13
ROME 0.22 0.097 0.16 0.15
ROPE 0.24 0.092 0.15 0.09

Plasticized rubber vulcanizates exhibited minimal changes when a low content of TDAE was
introduced. However, the addition of bio-oils in low quantities resulted in a reduction of crosslink
density by approximately 0.05 kHz for SBR and approximately 0.10 for NBR. On the other hand,
the incorporation of a high content of oils in the rubber matrix led to a significant decrease in
crosslink density, without showing notable differences among the various types of oils used. In the
case of SBR vulcanizates, the absence of oils inside resulted in a crosslink density of 0.25 kHz,
which closely resembled the findings of a previous study [35]. Conversely, NBR demonstrated a
higher crosslink density, indicating a greater prevalence of polymer defects such as entanglements.
These outcomes were comparable to those reported in a previous investigation [231]. It is worth
noting that NBR vulcanizates cannot be considered equivalent to SBR vulcanizates due to the
distinct material properties inherent to each polymer. Overall, the introduction of oils in varying
quantities had differential effects on the crosslink density of plasticized rubber vulcanizates, with
SBR and NBR displaying distinct behaviors in response to these additives.

Previous authors [4,5] stated that the crosslink density decreased with increasing plasticizer
concentration, and the same trend followed in both elastomers in that the crosslink density
decreased when oil was added. The dependence of crosslink density with oil concentration was
shown in a previous article [232]. The part of this thesis noticed that the same trend was obtained
for both polymers. A low crosslink density leads eventually to a low hardness value [232] and a
high strain at break [98]. At the same time, SBR/EECO combination showed a low hardness value
and comparable tensile strength with high strain at break.

The crosslink density of rubber/bio-oil vulcanizates were reduced up to 25% although the rubber-
layer L of NBR/bio-oils raw mixtures remain unchanged (see Table 10). In general, the rubber-
layer L in the raw mixture can affect the degree of crosslinking in the vulcanized elastomer. For
example, a high degree of filler-rubber interaction can lead to more efficient crosslinking, resulting
in a higher crosslink density in the vulcanized elastomer [233]. This is because crosslinks act as
chemical bonds that hold the polymer chains together, and thus reduce the amount of unbound or
free rubber. A higher crosslink density also reduces the mobility of the polymer chains, making it
more difficult for the rubber to deform or flow. Although, the relationship between rubber-layer L
in raw mixtures and the crosslink density of vulcanized elastomers is complex and depends on
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several factors, including the type and amount of filler and plasticizer, the curing system, and the
processing conditions. Sometimes the involvement of oils does not have a major impact on rubber-
filler interactions, but they can disrupt the cure of filled elastomers and this depends on molecular
size and structure of oils [4]. In this thesis, the proportions of fillers, mixing and curing parameters
were kept unchanged, with the exception of oil types, which only interfere curing system for
crosslinking but slightly affect the rubber-layer L, especially for SBR/EECO and NBR/bio-oil
systems. The molar mass of bio-oils was slightly higher than TDAE (see Table 9), and these large
molecules interrupt during network formation of rubber/bio-oil systems.

SBR/EECO combination resulted in a high tear resistance as well as resistance against stable and
unstable crack propagation. According to some previous studies [3,49,98,210,232,234], it was
proven that optimization of crosslink density is important for higher efficiency of mechanical
behavior. This means the SBR/EECO system was very close to optimum values of crosslink
density. A previous study [35] on SBR shows that the polymer defects were slightly higher.
Nevertheless, a high fraction of polymer defects reflects more mobile materials, and that value is
highest for the SBR/EECO material. The SBR with bio-oil systems had a high fraction of polymer
defects affecting the lower hardness with a high strain at break. However, its optimization is also
essential to get a higher mechanical behavior.

4.4 Thermo-mechanical and mechanical properties of rubber
vulcanizates and their dependence on plasticizing oils

4.4.1 Influence of oil type on temperature-dependent linear viscoelastic
behavior

This thesis employed dynamic mechanical analysis (DMA) to assess the viscoelastic properties
and modulus of rubber vulcanizates with varying oils, as a dependent variable of temperature.
DMA, being a thermo-mechanical analysis technique, enables the acquisition of valuable data,
which can subsequently be utilized to anticipate the performance of these materials across diverse
application domains and temperature ranges. It was observed that the alterations in viscoelastic
behavior and modulus were particularly pronounced in elastomers featuring higher concentrations
of oil. Consequently, the evaluation focused on elastomers that were blended with 37.5 phr of oils,
aiming to ascertain the influence of oil content on the viscoelastic characteristics of the elastomers.
Figure 60 shows the variation of storage modulus E’ of SBR and NBR vulcanizates as a function
of temperature. The typical dependencies of the E’ with the high modulus (glassy state), glass
transition temperature Ty (sharp decrease in E’), and entropy-elastic range above T4 with low
modulus were obtained. It can be seen that after oil was added to the elastomer, the storage modulus
E’ curves shifted to Tq. The E’ value in the property-elastic range, where application takes place,
decreases with the addition of oil. Thus, the highest storage modulus for SBR and NBR was shown
when there was no oil inside.
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Figure 60: Dependence of storage modulus E’ of SBR (a) and NBR (b) materials on the
temperature at the frequency of 10 Hz

A series of bio-oils in rubber matrix used to the lowest E' comparatively for both elastomers, and
they with different oils show E’ very close to each other. It can be stated that the E’ of oil filled
elastomers have sharply reduced but Dres is decreases a little as shown in Table 11. Oil types and
concentrations are the key factor that reduces storage modulus by 5 times over unplasticized
elastomers. In accordance with expectations, the addition of oil has resulted in a decrease in the
volume fraction of the elastomer, consequently leading to reductions in both the Dres and the E'. In
particular, the incorporation of specific bio-oils, namely ROME and ROPE, significantly
diminishes the modulus of SBR to a considerable extent. Conversely, the addition of oils in the
NBR matrix also leads to a significant reduction in the modulus. The underlying rationale for this
outcome proved to be unexpected, as the filler network within the elastomer matrix experienced a
breakdown due to the presence of oils with a high content, even at a mere 0.2% strain.

The Payne effect of elastomers can only be observed with a large deformation, so no Payne effect
is expected to influence elastomers during linear behavior although bio-oils partially destroyed the
filler network due to Payne effect, as a result the modulus reduced. During the measurement of
stress-strain behavior (tensile test), a large deformation is possible, which can distinguish the
modulus at low and high strain. Table 12 shows the values of the storage modulus E' (DMA) and
the stress at 200% strain o200 (tensile test) with normalized decrease factor. For a reasonable
comparison, the elastomers filled with a high concentration of oils (37.5 phr) were selected. Table
12 shows that E’ and 200 Were higher for unplasticized elastomers with a normalized decrease
factor 1. Although E' was higher where the low strain was applied, at 200% strain, o200 decreased
by half. When oil introduced in the polymer network then both elastomers were shown that the
reduction of E’ and o200 Were very high. However, E' and o200 varied by oil type, particularly E' for
plasticized elastomers containing bio-oils were comparatively low and in all cases a large reduction
in o200 When oil was blended with elastomers.

During measurement of 200, applied strain was 200%, and it was a large strain where no more
filler network remains and it was partially or completely break down due to Payne effect [237].
o200 Was comparatively lower and was reduced when high content oil was blended into the
elastomer network. At high strains, there is negligible influence of the filler network, but only a
dependency on the elastomer network and hydrodynamic effect. This relationship was nonlinear
due to the variation in crosslink density as oil mixes into the elastomer network. The oil molecules
act as lubricants, reducing the friction between polymer chains and increasing their dilution effect.
This increased mobility can reduce the o200 of the elastomer, leading to hydrodynamic
reinforcement and partial filler network. This measurement used a high concentration of oil in the
polymer matrix which depicted the high degree of dilution effect. As the oil concentration
increases, the elastomer chains become more mobile due to higher entanglement, leading to a
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softening during deformation. When a filler-reinforced plasticized (37.5 phr) elastomer is subjected
to stress at 200% strain, it can have a significant effect on the material's dilution.

Table 12: Storage modulus E’ and stress at 200% strain 200 Of elastomers after oil addition

SBR-21/37.5 phr oil E'(MPa) Normalized 0200 (MPa) Normalized
decrease decrease
factor factor
W/O 13.03 1 6.48 1
TDAE 6.04 0.46 2.17 0.33
EECO 3.70 0.28 1.16 0.18
ERO 3.55 0.27 2.83 0.44
ROME 2.89 0.22 2.04 0.31
ROPE 2.88 0.22 2.21 0.34
S-25T 6.13 0.47 1.83 0.28
NBR-34/37.5 phr oil
W/0 20.21 1 13.9 1
TDAE 6.46 0.31 2.39 0.17
ROME 5.55 0.27 1.99 0.14
ROPE 5.56 0.27 2.00 0.14

Figure 61 illustrates a correlation between the actual modulus of the material (Epma), the modulus
of the rubber matrix (Enmr), and o200, in relation to the crosslink density of SBR vulcanizates (a).
Where for NBR samples the correlations of modulus and stiffness were based on linear (Epma) and
nonlinear o200 behavior. The figures are demonstrates that unplasticized elastomer exhibits a higher
modulus when the filler networks remain active. However, with the addition of a high content of
oil, both the crosslinking density and modulus decrease. It is important to note that no linear
relationship is observed among these samples, as certain oils, specifically ROME, ROPE and ERO,
can disrupt the filler networks. Consequently, o200 is comparatively lower (hydrodynamic
reinforcement) due to the high strain, which causes partial or complete destruction of the filler
network. This reduction in o200 0ccurs linearly with decreasing crosslinking density, as anticipated,
since the volume fraction of rubber and filler decreases with a high oil load in the recipe. In
particular, of SBR/oil and NBR/oil systems were shown that o200 was linearly increased with
increasing crosslink density. Conversely, the Enmr demonstrates a lower modulus because it solely
represents the modulus of the rubber matrix without any reinforcement. Furthermore, the Enmr
also decreases as the crosslink density decreases following the addition of oil.

According to the Payne effect [238-240], the strain-like 200 % dependence of filled elastomer can
be explained as the filler network is mostly destroyed. At the high strain, van der Waals bonds
between carbon black aggregates are broken and reformed. So, the carbon black has a small
remaining effect. As a result, the correlation between crosslink density and 6200 might not be linear.
A previous study [241] claimed that due to the hydrodynamic effect of elastomer, stress at 200 %
strain of unfilled elastomers were linearly increased with increasing crosslink density.
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Figure 61: Correlations of modulus and o200 with crosslink density of SBR (a) and NBR (b)
vulcanizates

A more detail can be found out about Payne effect at high strain due to filler network breakdown
and suffering of hydrodynamic reinforcement of elastomers as seen in a graphical representation
in Figure 62. This shows the correlation between the storage modulus E’ and stress at 200% strain
o200 (data already given in Table 12). Figures for both elastomers Figure 62 (a) and (b) showed that
the E’ and o200 correlations were mostly nonlinear and a very similar way. These were shown to

inform the activity of filler network with the elastomer network and properties of hydrodynamic
effect.
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Figure 62: Correlations between stress at 200 % strain o200 and storage modulus £’ of SBR (a)
and NBR (b) materials

The hardness of elastomer can be influenced by the Payne effect at high strain. In consequence,
Figure 63 shows the correlation between elastic modulus obtained by Shore A hardness and o200,
and it shows that the elastic modulus is linearly proportional to the o200. This response observed
same as for both elastomers as shown in Figure 63 (a) for SBR/oil, and Figure 63 (b) NBR/oil
system. As previously discussed, the filler network absents in the strain at 200% due to Payne
effect so only the elastomer network, additives and hydrodynamic effects are contributing the
relation between hardness and o200. However, filler, additives, and oils were mixed in the

elastomers, so those might have influenced the correlations. Practically it was noticed that these
additives and oils slightly influenced the linearity.



Results and discussion | 74

8 16
7 El @ NBR-39/12.5 phr oil
. <

o & 97 8 < 121
2> S~
ERS 5 e 8«
SIS = e
g o 4 5 8-
o 5 ROME TDAE 2 2
= S 31 Q@ 99cro N TDAE
1%0K%) o]
o] w E rome ROPE
5§ 2 g 4

1 SBR-21/12.5 phr oil

0 T T T T T T T O T T T T T T T

0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 16

o, (MPa)

200

o, (MPa)

200
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Figure 64 shows the variation of loss modulus E™ with plasticized polymers as a function of
temperature. With oil addition, E" values decrease with an increase in the modification level. A
salient feature is that both SBR and NBR without oil show the highest E™ value. Nevertheless, bio-
oils comparatively show the lowest E" value for both vulcanizates. It is also noticeable from SBR,
bio-oils lead to lower E" values than TDAE. The decrease of modulus, also indicated by lower
crosslink density, was measured by NMR measurement. Therefore, it must be due to changes in
the filler network.
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Figure 64: Variation of loss modulus of SBR materials (a), and NBR (b) materials as a function
of temperature at the frequency of 10 Hz

Figure 65 represents the tan 6 curves as a function of temperature. Figure 66 shows the T4 of
selected materials determined from the tan 6 maxima (see Figure 65). Additionally, in Figure 66
the Tq of the used oils is given with the corresponding Tg of the materials.

SBR vulcanizates with EECO and ERO show higher tan ¢ values than TDAE and without oil,
which ROME and ROPE show lower tan ¢ than TDAE. So, ROME and ROPE containing SBR
represent the elastic property as they reported the lower tan ¢. On the other hand, bio-oils show the
tan ¢ value almost close to each other with TDAE. For SBR, vulcanizates without oil show the
lowest tan 6.
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Figure 65: Variation of tan ¢ of plasticized SBR materials (a), and NBR materials (b) as a
function of temperature at the frequency of 10 Hz
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Figure 66: T4 of different oils (colors) and SBR-21 vulcanizates (a), NBR-34 vulcanizates with
oils (b)

NBR-34 shows a higher Tq than the SBR, and T4 decreases with increases in the oil content because
of mostly the plasticization effect on SBR and NBR vulcanizates. With 37.5 phr, ROPE shows the
lowest Tq value for SBR, and 37.5 phr ROME shows the lowest T value for NBR. This is because
bio-oil is the branched and high molecular weight plasticizer that makes higher free-volumes. The
oil increases the free volume that reduces the Tg4. The lowest Ty was obtained with bio-oils for both
SBR and NBR than conventional TDAE. The same result was observed by Chen [150], and the
previous study [87] claimed that plasticizers' chemical structure and molecular weight control the
free-volume within the elastomer. According to free-volume theory [86], the plasticizer with low
Ty is more efficient for reducing the T4 of the plasticized elastomer, so the Tq investigation of this
thesis was followed the free-volume theory. The high molecular weight and branched plasticizer
have higher free-volumes and increased free-volume which decreases the T4. The application area
of compounded elastomer can be predicted according to the Ty.
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4.4.2 Influence of oil type and content on the mechanical properties

Figure 67 shows the variation of hardness with plasticizer concentration, and it was presented that
the hardness of the materials continuously decreases (gray area) when the oil concentration
increases for polymer vulcanizates. However, the type of polymer is an essential factor in the
hardness behavior, and it was a clear vision of the figure that the material showed higher hardness
value when NBR was vulcanized without oil, although SBR showed higher hardness values when
no oil was added in the series of SBR vulcanizates. Nevertheless, due to materials property, both
polymers cannot be compared. Furthermore, both polymers showed higher hardness when they
were mixed with low-content TDAE.
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Figure 67: Dependence of hardness values of polymers with changing the oil types and
concentrations; solid symbols represent SBR and open symbols for NBR vulcanizates

It was hard to make differences when NBR mixes with low content bio-oils and makes some
differences at high concentration of bio-oils where NBR/ROME shows a bit higher hardness value.
In contrast, the hardness of SBR materials was almost the same except for EECO when low content
oil was mixed, where SBR/EECO vulcanizates had a bit lower hardness, and the variations were
higher for high content oils. Hardness values of S-25T were almost similar to other SBR/oil mix
materials. Furthermore, Table 13 shows the dependence of hardness values on the ratio of
monomer was changed, and it was measured that the hardness values of the NBR-34 show lower
hardness compared to NBR-39.

According to the previous study [152], the hardness is higher without the addition of oil, and when
the materials containing a higher amount of oils tend to have a lower hardness value than the
compound without oil. Petrovi¢ [66] and Pechurai [126] also found that the materials with higher
oil content tend to have a lower hardness value. An excess amount of oil also increases the coupling
action between the Carbon black and polymer, making the polymer chain in the polymers less
compact, thus reducing the hardness value.
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Table 13: Dependence of hardness values of NBR materials with changing the ratio of
acrylonitrile and type of oils; results compared to SBR materials

Oil Shore A (-)
SBR-21/12.5 phr oil NBR-34/12.5 phr oil NBR-39/12.5 phr oil

W/O 64.7+1.7 73.1+£0.9 77.4+£0.5
TDAE 56.6 +1.3 63.9+0.8 68.1+£05
EECO 52.1+£0.7

ERO 55.9+0.6
ROME 55.7+0.6 60.3+0.8 61.0+£05
ROPE 55.2+0.7 60.9+0.3 63.4+0.6

Crosslink density is correlated to the hardness values, which decrease with increasing the oil
content [98,232]. If the hardness values are compared to Table 11, a correlation between structure-
property of crosslink density-hardness can be claimed where they have a direct proportion relation
[242]. The excess amount of oil gives better plasticization to the polymers. According to
plasticization theories, this excess amount of oil increases the freedom of movement of the polymer
chain due to polymer-polymer breakdown interaction, thus reducing the crosslink density and
hardness value. For both NBR, vulcanizates with all types of oils were not influenced of the
hardness; this is perhaps because of the active contribution of oils during the vulcanization of NBR.
Kukreja [72] stated that the highest hardness might be attributed to the high crosslinking
participation. This is attributed to the better filler dispersion with bio-oil. This is perhaps attributed
to bio-oil containing a higher amount of free fatty acid [92]. However, the hardness of rubber
vulcanizates containing different bio-oils was more or less the same. A high crosslink density of
elastomers correlates to high hardness behavior [242]. According to the previous research [152],
the compound containing a higher amount of oils tends to have a lower hardness value than the
compound without oil. Hardness of unfilled elastomers were linearly increased with increasing
crosslink density [241].

Influence of bio-oil type and concentration on the tensile behavior

The tensile behavior of the investigated plasticized elastomers is shown in Figure 68, which gives
the dependence of the tensile strength of the elastomer vulcanizates with oil loading. Tensile
strength om variation was shown in Figure 68(a), and this depicted that om decreased when the
concentration of oil increased in the elastomer matrix. om 0f NBR vulcanizates was noticeable
higher when no oil was added, and it decreased much more than SBR vulcanizates at low content
oil. om of SBR had decreased except TDAE when low content of oil was added, and it gradually
decreased when oil concentration increased for both polymers. Nevertheless, SBR has a higher om
when a high concentration of EECO is mixed. S-25T shows higher om compared to other high oil
content SBR samples. For most NBR compounds, the om is slightly dependent or remains nearly
constant when the type of oil has changed and even though it continues when high content of the
oil is added. The dependence of strain at break eg of polymers on the type and content of the oil is
shown in Figure 68(b). es of SBR materials was higher when no oil was added compared to NBR
material. However, due to the variation of material property, the comparison between SBR and
NBR was omitted in this thesis. For both polymers, the eg has increased when the low content of
the oil is added. Although at high content oil, eg decreased and was almost the same compared to
the polymer samples when no oil was added except for SBR, which has higher ¢g when EECO
mixes, and it is almost similar to S-25T.
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Figure 68: Dependence of tensile strength om (a) and strain at break ¢g (b) of elastomers with
changing the oil types and concentrations; solid symbols represent SBR and open symbols for
NBR vulcanizates

Table 14 summarized tensile behavior when low content of oil mixed with elastomers was
monitored the dependence of tensile behavior when the monomer ratio has changed for NBR
materials. om of NBR-39 is slightly higher than NBR-34, as shown in Table 14. Nevertheless, when
high concentrated EECO is added to SBR, &g is increased. The same trend follows for NBR when
mixed with bio-oils.

Table 14: Tensile behavior of polymers when it mixed with different types of oils

Oil Tensile strength om (MPa) Strain at break e (%)
SBR-21/12.5 NBR-34/12.5 NBR-39/12.5 SBR-21/12.5 NBR-34/12.5 NBR-39/12.5
phr oil phr oil phr oil phr oil phr oil phr oil

W/O 21.4+0.91 229+3.12 22.0+1.65 437+13 311+32 275+ 14
TDAE 24.0+1.89 17.1+1.90 18.8 +£0.81 584 + 26 410+ 36 404 + 35
EECO 17.4+1.37 - - 589 + 23 -

ERO 16.7 £ 0.98 - - 475+ 37 -
ROME 17.9+£2.59 17.7 £3.09 235+12 558 + 49 448 +73 569 + 20
ROPE 21.1+0.63 19.6 £ 0.96 186+11 557 + 16 503 +43 445 + 30

A likely reason for higher om is the higher polarity of NBR-39 due to the higher content of
acrylonitrile compared to NBR-34 [8]. Generally, a decrease in om is often combined with an
increase in the eg [243]. In detail, some differences can be seen between the different oils. However,
with high concentration oils in both elastomers, the ¢g has decreased in most cases. This is perhaps
due to not having optimal filler dispersion or the antiplasticization effect [87]. If oils are added, the
om decreases, contributing to more homogenous filler dispersion in the rubber matrix, as reported
in [98], also observed in this thesis that the reduction of storage modulus E’ mentioned in Table
12. However, the macro-dispersion index study gave no correlation with the om values for
increasing plasticizers. TDAE does not contain any OH groups, and therefore, compatibility with
a polar polymer-like NBR [76] is restricted, leading to a lower om. NBR with higher polybutadiene
(NBR-34) shows the higher om and eg when it contains no oils; this is perhaps due to the higher
proportion of the lower Ty polybutadiene in the polymer chain. A similar effect was reported by
Rahman [3], Jiaxi [244] and Khalaf [48].
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Oils are changing the tensile properties of whatever elastomeric or thermoplastic monomer's
contribution to polymer, and results fluctuate according to specific plasticizers. Especially when
NBR was mixed with ROME, the tensile properties were enhanced. There is a common trend of
increasing deformability with a rising amount of oils until a certain concentration was found in this
thesis. According to the study by Petrovi¢ [66] and Anis [245], g also increases significantly as a
function of oil content. The structure-property investigation shows the lower polarity of TDAE and
SBR, and this correlates with the tensile behavior. In addition, a continuous decrease in om but an
increase in eg With increasing the oil loading is attributed to the macro-plasticization effect, which
dominates over micro-plasticization and coupling action [26]. From the results, a strong lubrication
effect of the bio-oils might be derived; in other words, bio-oils might promote more polymer chain
motion in the vulcanizates [100]. Concerning any concentration of oils, for SBR, bio-oils loaded
SBR show somewhat lower tensile strength than TDAE; this may be attributed to relatively higher
flexibility and lower hardness values discussed before. Due to the lower surface tension of the SBR
and bio-oils, the plasticizing effect becomes higher, resulting in proper filler dispersion. The same
results were measured by Raju [49] and Anis [245].

Tear resistance variation of elastomers with bio-oil type and concentration

This thesis evaluated the tear resistance behavior of plasticized elastomer vulcanizates. The target
of this study was to find the correlation between the tear strength Ts of plasticized elastomers and
the oil concentration. Additionally, the measurement goal was to find the Ts of plasticized
elastomer when the type of oil and elastomer were changed. The dependences Ts of oil mix
elastomers are shown in Figure 69. It describes the unplasticized elastomers have a poor Ts and a
significant increase of Ts in the case of elastomer mixes with some of the oils, especially at lower
oil loading. For SBR-21 modified with TDAE, ROME, and ROPE, the Ts remains almost constant
at around 12.5 N/mm. In contrast, the Ts of the SBR/EECO compound increased noticeably at a
12.5 phr loading range. Increasing the amount of TDAE does not much influence the Ts, and it
tends to increase with the addition of 12.5 phr oil. For SBR vulcanizates in all cases, independent
of the oil content, EECO results in higher Ts than TDAE. Moreover, this result was comparable
with S-25T, which shows the result between TDAE and bio-oil. In terms of NBR, in every case,
whatever the oil content, bio-oils show higher Ts than TDAE.
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Figure 69: Dependence of tear strength of polymers with changing the oil types and
concentrations; solid symbols represent SBR and open symbols for NBR vulcanizates
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In addition, Table 15 was added to an easy understanding of how the tear strength Ts had changed
when the elastomers were mixed with different types of oils. Additionally, the table depicted the
changes of Tsof NBR vulcanizates when the types of NBR were different. It is a strong remark that
the oil and elastomer types are both key factors for the Ts changes.

Some previous studies [98,125-127,246] claim that Ts increased with a further increase in the
loading of oil up to a certain concentration. The improvement can explain this increase in polymer-
filler-oil compatibility and the decreased crosslink density and better filler dispersion due to
increased plasticization. Tearing of SBR vulcanizate occurs due to the propagation of cracks
initiated at the stress concentration point through the wearing of rubber molecules at the SBR-
Carbon black interfaces [127]. The micro-plasticization of the interfaces using an effective
plasticizer can hinder the propagation of cracks [247]. According to a previous study [3], higher Ts
were obtained with better filler dispersion, and a similar result was observed by Chokanandsombat
[248] and Raju [232]. Because of the polarity of NBR, bio-oils show a much higher Ts than TDAE
(see Table 15), especially at higher oil loadings.

Table 15: Tear strength of elastomer vulcanizates with changing the oil types and ratio of
acrylonitrile monomer in NBR vulcanizates

Qil Tear strength Ts (N/mm)
SBR-21/12.5 phr oil NBR-34/12.5 phr oil NBR-39/12.5 phr oil

W/O 5.99 + 0.67 9.34+0.40 8.090.20
TDAE 7.12+0.36 9.99 +0.60 11.00.25
EECO 9.43£0.50

ERO 7.58 £ 0.40
ROME 6.76 £ 0.48 12.0+0.38 14.9+0.29
ROPE 6.33+£0.73 11.3+0.34 12.8+0.14

In addition, as expected, the NBR vulcanizates have higher Ts than those of the SBR, respectively,
due to their ability to strain-induced crystallization [249]. However, the polarity of elastomer can
influence the tear resistance behavior, and oils enhance the tear resistance behavior to a large
extent. In the case of NBR materials, the ROME plays a vital role in enhancing the tear resistance
when the polarity of NBR switches to a high level with increasing the acrylonitrile content.

Compression set variation of elastomers with the bio-oil type and concentration

A low compression set (CS) value represents a better recovery behavior after load release. The
materials like NBR have a vast application in keeping it under stress, such as O-rings, gasket, and
seals. So, the CS value investigation is so essential for NBR vulcanizates. This thesis only
evaluated the CS of NBR vulcanizates and tried to find a correlation between CS and oil
concentration in NBR matrices. Two different types of NBR were used in this thesis according to
the recipe shown in Table 6. Figure 70 shows the graphical presentation of CS as a function of oil
content for both types of NBR vulcanizates.

It is shown that the CS increases somewhat with increasing the oil content. Unplasticized NBR-34
vulcanizates reported higher CS than unplasticized NBR-18. For NBR-18 vulcanizates with lower
oil content, the synthetic plasticizer Mesamoll® shows the lowest CS among all results. For both
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NBR vulcanizates with low oil content, bio-oils show the higher CS values, and both types of NBR
vulcanizates with 15 phr bio-oils reported the higher CS values. In contrast, the CS of both NBR
vulcanizates is nearly independent of the concentration of TDAE shown in this figure.

A study [3] on this material was published in 2020, where it was shown that CS is correlated to
crosslink density. NBR/Mesamoll® shows the lowest CS because it has a high network density
claimed by this thesis, whereas the NBR/bio-oils had a low crosslink density and resultant high CS
values. A study by Raju [125] also proved that the lowest hardness value represents the highest CS
value. In addition, the relation between hardness value and crosslink density is linearly proportional
[121]. So, the hardness values, crosslink density, and CS values are dependent on each other. The
lower hardness values of NBR/bio-oils were measured in this study, and in parallel, the crosslink
density of NBR/bio-oils was shown lower, and these are perhaps the basic reason behind the higher
CS values.
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Figure 70: Dependence of compression set (CS) of NBR vulcanizates in different oil types and
concentrations

The difference between unplasticized copolymer NBR-34 and NBR-18 were the ratio of monomer
in their polymer chain, so the reason for the higher CS of unplasticized NBR-34 than unplasticized
NBR-18 is the higher contribution of thermoplastic acrylonitrile monomer in NBR-34 polymer
chain. So, recovery behavior after load release was poor than NBR-18. Both NBR vulcanizate with
low oil content shows a lower CS, and a previous study [98] claimed the rubber vulcanizate with
low oil content reported the filler dispersion was poor. Whereas the plasticizing effect and
segmental mobility were pronounced at higher oil content, leading to higher compression set
values. However, the bio-oils show the highest CS value of ~12%. In general CS of material as the
application of a gasket should be below ~40% [250].

Rebound resilience behavior of elastomers on bio-oil type and concentration

It is important to know the information on rebound resilience for both plasticized elastomer
vulcanizates. The rebound resilience is informed about the amount of kinetic energy of an
elastomer specimen gives back after an impact trial. When the elastomer deforms, it absorbs energy
and partly recovers when it regains its original shape. The energy which is not restored as
mechanical energy is wasted as heat in the elastomer. Hence, the energy is dissipated as heat. If
the elasticity is high, less deformation energy is dissipated as heat [126]. This thesis was aimed at
finding the correlations between rebound resilience and the oil concentration in elastomer matrices.
The rebound resilience of the elastomer vulcanizates is depicted in Figure 71. It represents the
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rebound resilience behavior of elastomer vulcanizates as a function of oil content. The
unplasticized elastomers showed lower rebound resilience; specifically, unplasticized SBR showed
the lowest rebound resilience.

It is clear that the rebound resilience of bio-oils containing elastomer vulcanizates was increased
with increasing the oil concentration. A noticeable higher rebound resiliences were visible for bio-
oils than TDAE for both types of elastomers. Precisely it was exhibited that the rebound resiliences
were higher when elastomers were mixed with ROME and ROPE, whereas with TDAE, the
changes were slightly low. SBR/EECO showed a slight increase when the EECO concentration
increased.
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Figure 71: Variation of rebound resilience of SBR-21 with variable concentrations of different
oils

A study by Rios [251] claimed that there is an inverse relationship between hardness and rebound
resilience. When the hardness values are achieved high, this means the rebound resilience
decreases, and this thesis has found the same trend. Generally, the hardness values decreased with
increasing the oil concentrations, as shown in Figure 67, and unplasticized elastomers showed high
hardness and low rebound resilience. NBR/TDAE has shown the high hardness value among
plasticized elastomers, and it has the lowest rebound resilience. The hardness of elastomer/bio-oils
was low, and they have shown high rebound resilience. A study [126] proved that the rubber
vulcanizates with bio-oils had higher rebound resilience than that of the rubber vulcanizate with
aromatic oil and same characteristics were noticed in this thesis.

4.5 Fracture mechanics parameters of oil-containing rubber
vulcanizates

Resistance against stable crack propagation behavior

The influence of oil types and concentrations on the carbon black-filled elastomers’ resistance
against the crack initiation Ji and stable crack propagation T;" was evaluated in this thesis. Within
quasi-static tests, a single specimen method was applied. Only one specimen was loaded from zero
up to the point of complete fracture, so error margins of the parameters for quasi-static
measurement was absent. Ji and T, were determined from the crack resistance curve (R-curve),
which describes the correlations between crack resistance values (J-value) and crack opening
length Ir. Figure 72 (a) and (b) show R-curves describing the stable crack propagation process are
shown for filler-reinforced, plasticized SBR elastomers with three different amounts of oils.
Generally, in these figures, it can be seen that the type and the amount of oil influence the crack
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opening and slope of the R-curves and higher J-values of the plasticized SBR vulcanizates.
Unplasticized SBR has a very small Ir (inset) because of early break under stress as their strain at
break eg also very small (see Figure 68). J-values and Ir of SBR/EECO vulcanizate is
comparatively higher than SBR/TDAE vulcanizate. J-values for SBR vulcanizate are observed
higher when a low concentration (e.g., 12.5 phr) of oil is mixed, and it continuously decreases with
increasing the oil concentration. In contrast, Ir has increased with increasing oil content.
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Figure 72: Crack resistance curves J-Ir of SBR/TDAE vulcanizates (a), SBR/EECO vulcanizates
(b) with different oil concentrations (Inset shows the region where T, measured)

Different behavior of the SBR vulcanizates can be observed when the various but same
concentrations of oils are mixed as shown in Figure 73. Due to the different polarities of SBR and
NBR, not the same interaction with the used oils is expected. Figure 74 shows the difference in J-
values when changing the polarities in NBR materials, where the interesting responses have
recorded changing the polarities of NBR materials. However, depending on the oil content, not the
same ranking of the R-curves are given for SBR and NBR materials, and this means there must be
a further factor influencing the crack propagation. Here, the idea of an internal migration process
due to the high strain and stress in front of the crack resulting from these different friction
conditions at the molecular scale may deliver one additional explanation.
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Figure 73: Crack resistance curves J- Ir of SBR/12.5 phr oil vulcanizates

Concerning SBR materials with 12.5 phr oils was shown in Figure 75, and SBR/EECO shows a
higher efficiency in improving the resistance against stable crack propagation T;" than TDAE.
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When the oil amount is increased to 37.5 phr, the R-curves of SBR/EECO and SBR/TDAE are
similar, but SBR/EECO has a larger crack opening. Interestingly, the stable crack propagation
behavior of the SBR vulcanizate with 37.5 phr TDAE (mixed in) is different from that of the SBR
material S-25T, based on an oil-extended SBR; this is shown in Figure 72, 69 , and 71. No
additional oil was added during mixing, but the amount of TDAE is comparable to the compound.
S-25T vulcanizate shows the highest J-values.
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Figure 74: Dependence of oil types on crack resistance behavior J-Ir of NBR vulcanizates

In some cases, this difference is not as pronounced for mechanical properties. The conditions for
energy dissipation at the molecular level in S-25T are different from the vulcanizate with TDAE
mixed. The result of the unplasticized SBR is almost similar to previous results [252], it could be
stated that the oil influences crack propagation positively. It means the J-values of the plasticized
materials are high the crack opening Ir values, and it is related to strain at break es, which was
measured in tensile behavior investigation around 770 %.
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Consequently, the crack resistance of S-25T is higher. Here, the internal migration in the area
around the crack tip can be a reason for the difference. For material S-25T, oil migration is expected
to be lower due to the mixing of oil in the polymer chain. The crack initiation J; values are different
for the SBR and NBR materials with plasticizer content, as mentioned in Table 16. However, the
stable crack propagation value T;" shows significant differences between EECO, ROPE, ROME,
and TDAE. One reason for the high crack propagation values is the higher deformability of the
material.

Table 16: Crack initiation Ji and stable propagation values T;" of polymer materials with different

oils
Qil SBR-21 NBR-39
Ji T Ji LRl

W/O 5.27 16.16 11.26 20.05
TDAE 6.05 19.01 13.43 19.98
EECO 7.01 25.55

ERO 7.58 10.08 - -
ROME 6.33 10.93 10.39 31.94
ROPE 7.07 12.58 10.86 22.23

Therefore, a much higher elastic deformation is possible/necessary to reach a critical value in front
of the crack tip. Again, the idea of internal migration is pointed out as one possible reason for the
different crack propagation. However, the stiffness of the materials may also contribute to the
increase in crack resistance. If the deformation controls the stable crack propagation, a decreased
stiffness combined with higher deformability will increase crack resistance. The crack initiation
values J; and stable crack propagation T, values of the investigated two different polarities NBR
materials are shown in Table 17, respectively. For both elastomers, the influence of the oil type is
much more pronounced for the crack propagation value.

Further, the different oils lead to different crack resistance T;" levels for both series. For practical
application, the crack resistance of the material should be high enough to prevent or slow down
crack propagation. NBR vulcanizates generally have higher crack initiation values than SBR.
However, NBR is generally known as a material with a low tear and cut resistance, so it was
expected to have lower crack initiation values than the SBR vulcanizates. In contrast to the crack
propagation, the crack initiation J; is higher for the unplasticized NBR material than the SBR
vulcanizate. While the crack propagation value of the SBR vulcanizates is relatively less influenced
by the type of the oil and oil content except for EECO, in NBR, this quantity is strongly stabled
with plasticizer addition except for ROME. EECO is a product having a comparatively low polar
percentage [92] due to low conversion of epoxidized. The higher proportion of oleic acid [110] in
the fatty acid chain of the chemical structure of EECO is one possible reason for the high level of
crack resistance, and other mechanical properties were found in this thesis. Part of this
investigation was published in 2021 [5].

Table 17 shows the influence of oil and NBR polarity on the resistance against crack properties.
When the polar acrylonitrile monomer increased in materials (NBR-39), it was found that the
efficiency of crack initiation Ji and stable crack propagation T," value was high. Concerning T,
behavior of high polar NBR, the bio-oils, especially ROME, show excellent efficiency compared
to the mineral oil-based TDAE.
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Table 17: Crack initiation Ji and stable propagation values T;" of different NBR materials with
different oils

Oil NBR-34 NBR-39
Ji T Ji T
W/O 8.91 8.83 11.26 20.05
TDAE 6.59 10.63 13.43 19.98
ROME 5.70 13.31 10.39 31.94
ROPE 4.19 14.09 10.86 22.23

Higher efficiency of resistance against stable crack propagation obtained when ERO mixes with
low polar NBR materials, which was discussed in the previous article [5] published in 2021.
According to a previous study [76] on bio-oils, it contains OH groups most compatible with polar
polymers like NBR. Another study [26] claimed that during elastomeric materials' vulcanization,
the bio-oil could be co-vulcanized to the elastomer matrix, and the oils may consume sulfur. In this
case, the crosslink density would be reduced, which may also explain, e.g., higher deformability.
The crosslink density from NMR measurement was investigated in this thesis that the lower
crosslink density of elastomers when bio-oils mixed. Although, crosslink density has a large effect
on E’" and it was noticeable.

Resistance against unstable crack propagations behavior

Besides the quasi-static fracture mechanics investigation, the fracture behavior under impact-like
conditions was also characterized. Figure 76 shows the resistance dependence against unstable
crack propagation Jq for carbon black-filled SBR and NBR vulcanizates when the type of oil has
changed.
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Figure 76: Dependence of unstable crack propagation Jg-values of polymer materials on the oil
concentrations

The Jq becomes higher for all SBR/oil combinations or remains constant with a plasticizer content
of 12.5 phr. The further increase in plasticizer content leads to a relatively substantial decrease in
Ja, except for EECO. This vulcanizate shows continuously increasing Jg-values. This contrasts with
the quasi-static fracture mechanics test, and it was related to viscoelasticity was measured and
showed in Figure 59 and it was claimed that low E’ shows high J4. The Jg¢-value of carbon black
filled SBR is similar to previously reported results [140] when no oil is added.
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Table 18 shows the Jg-values for the polymer vulcanizates depending on the oil content and type.
The data for SBR-21 and NBR-34 were already given in Figure 72, here added only to see the
difference with NBR-39. The polymer type has a more significant influence on the unstable crack
propagation behavior of the compounds whenever oils are the same. It appears that the addition of
oils increased Jq, although, at a high concentration of oils, Ji¢ decreased except for ERO. Jg-values
had changed for specific oils when changes the polarity of NBR was shown in Table 18. Highly
polar NBR (NBR-39) enhanced its efficiency when ROME was added instead of ERO. So, it could
be a possible clear statement that the polarity of elastomers is a big concern in choosing the oils
for it.

Table 18: Dependence of unstable crack propagation values Jq of polymer materials when the
type of oils has changed

Oil Unstable crack propagation value Ja (N/mm)
SBR-21/12.5 phr oil NBR-34/12.5 phr oil NBR-39/12.5 phr oil

W/0 184+8 179+ 13 1777
TDAE 227 %12 20021 23719
EECO 270 £ 25

ERO 179+ 16
ROME 183+ 14 235+18 303+10
ROPE 204 +12 221+19 254 +20

Furthermore, it is concluded that EECO leads to much higher Jq¢-values of SBR vulcanizates than
TDAE, and again, this shows the replacement potential of this bio-oil. The reason for the high level
of crack resistance of the EECO material is apparent, and further investigations were clarified. A
low crosslink density of SBR/EECO was obtained and was shown in table 11, and this could be
the strong possible reason for the high elongation of this system, also presented in Figure 68. The
Ja-values were calculated according to load-extension diagram (see Figure 46), and due to the high
extension (eg = 770%) of the SBR/EECO system, the overall J¢-values were noticeably higher than
other systems. According to gel theory, plasticizer like EECO containing long aliphatic chains are
more potent than plasticizers containing bulky cyclic groups like TDAE, especially at low
temperatures and short time investigations [79].

The percolating arrangement of fillers seen at the length scale of micro-dispersion, especially at a
high filler loading level, is called a filler network. It is assumed that the filler dispersion and the
arrangement of the filler network [34,191] are influenced by EECO, ERO, and ROME and make
the carbon black more compatible with the polymer matrix. These bio-oils destroyed the filler
networks, so very less filler aggregates (see Figure 58) remains and this means more dispersed
filler particles, better dispersion and therefore less filler network. The presented comparison figure,
Figure 61, demonstrates that the filler network undergoes significant deterioration in multiple bio-
oil blended elastomers, exhibiting varying degrees of damage. However, it is noteworthy that the
fracture mechanics analysis fails to exhibit analogous patterns among the bio-oil blended
elastomers. Consequently, this indicates that the filler network's contribution to the fracture
phenomenon is not of substantial significance.
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4.6 Dependence of aging characteristics on oil type
Thermo-oxidative aging of highly plasticized rubber vulcanizates

Thermo-oxidative aging was investigated in selected materials based on SBR vulcanizates. This
experiment was carried out on the plasticized SBR vulcanizates when a high content (e.g., 37.5
phr) oil mixes. A high concentration of oil was chosen because the changes can be more visible
due to their high amount in the SBR matrix. TDAE was chosen as a conventional plasticizer, and
EECO was selected because of the higher resistance against crack propagation found during the
investigation. S-25T samples were also used for this investigation because they have 37.5 phr
TDAE content and showed comparable mechanical and fracture resistance efficiencies. Figure 77
(a) shows the resistance against stable crack propagation T," behavior of SBR materials as a
function of aging time. It was visible that T," increases up to 15 days for EECO-loaded SBR with
increasing the aging time. After that, it decreases. Whereas SBR with TDAE T, decreases little
when aging time increases. In contrast, for S-25T, T, changes over aging time. In the beginning
T," decreases, when aging time prolonged, then it was noticed that T, slightly increased, and when
aged up to 30 days, then T, decreased noticeably. Parallelly, Figure 77 (b) shows the dependence
of resistance against unstable crack propagation Jq over the aging time. Remarkable changes in Jq
were observed. It was evidently noticeable that Jq decreased continuously with aging time, and this
characteristic happens for all plasticized SBR vulcanizates. The reduction of J¢ was so sharp for
all samples over 3 days of aging, and then Jq reduced but almost linearly and not intensely.
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Figure 77: Influence of thermo-oxidative aging of high concentrated plasticized SBR at 80 °C
on the fracture mechanics behavior; stable crack propagation value (a), unstable crack
propagation value (b)

Tensile behavior of unaged and aged SBR vulcanizates were listed in Table 19. Changes in tensile
strength om, strain at break eg, and stress at 200% strain o200 Were mentioned over aging time. A
general trend was followed for changing es and o200 OVer aging time was noticed in this thesis. All
plasticized SBR samples were shown that ¢g decreased over aging time, although the values were
different. The ¢g difference between unaged and 30 days aged plasticized SBR samples was 150
to 200 %. A considerable reduction was visible for S-25T, and it was 203 %, whereas the difference
was smaller, around 150 % for SBR/TDAE system, and SBR/EECO has a 180 % diminution. a200
slightly increases for plasticized SBR samples over aging time, and the difference was between 1
to 2 MPa. A sharp increase of o200 Was visible for SBR/TDAE and SBR/EECO systems, and the
differences were 1.2 MPa recorded. Changing tensile strength om was not noticeable over aging
time for SBR/TDAE, although for SBR/EECO system, om changes slightly. For the S-25T system,
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up to 15 days of aging, there was no noticeable change of om observed, but a slight reduction of om
was recorded after 30 days of aging.

Table 19: Summary of selected characteristic values from the tensile test for carbon black
reinforced SBR compounds with 37.5 phr of different plasticizers

SBR-21/TDAE SBR-21/EECO S-25T
Days 0200 Om &B 0200 Om &B 0200 Om &B
(MPa) (MPa) (%) (MPa)  (MPa) (%) (MPa)  (MPa) (%)

Unaged 2.17+01 6.4x0.1 441+70 1.16+01 115+1 771+23 1.80+0.0 19.0+x2 727+30
3 270+01 7.0%+05 416 +21 150+03 125+2 713+45 220+0.1 18.0+2 699+26
15 3.60+ 0.2 6.6+0.5 329+ 20 216+01 13.0+1 635+22 3.17+01 175+1 600+27

30 420+01 6.3+0.0 287 90 235+02 120+1 590+38 366+01 155+2 524+33

Table 20 shows the changes in tear strength Ts and hardness values over the aging time of different
plasticized SBR vulcanizates. A common statement can be expressed here because a general trend
was observed in this table. Ts for all plasticized SBR samples has been decreased when aging time
increased. The reduction of Ts varied from 2 to 3.5 N/mm after 30 days of aging. Ts of the
SBR/TDAE system and for S-25T were reduced by 2 N/mm after 30 days of aging, whereas
SBR/EECO system was reduced by 3.5 N/mm. An inverse relation was observed for hardness
behavior than Ts over aging time. For all samples, it was noticed that the hardness values
continuously increased with increasing aging time. The hardness difference of plasticized SBR
between unaged conditions and 30 days aging was 8 to 11. Hardness value increases for
SBR/TDAE system was 8, whereas for SBR/EECO system was 9, and for the S-25T system, it was
around 11.

Table 20: Summary of characteristic values from the tear test and Shore A hardness values for
carbon black reinforced SBR compounds with 37.5 phr of different plasticizers

SBR-21/TDAE SBR-21/EECO S-25T
Days Ts Shore A Ts Shore A Ts Shore A
(N/mm) ) (N/mm) ) (N/mm) )
Unaged 7+05 45+ 0.8 9.5+£05 35+0.5 6.5%£0.7 40+ 0.4
3 6+0.3 45+ 0.5 8.0+05 38+15 6.0+07 45105
15 6+0.1 50+ 0.5 7.0+0.1 43+01 50+03 47106
30 5+0.1 53+0.5 6.0+0.9 44+05 45+03 51+05

When SBR mixed with EECO, the NMR measurement detected the chemical crosslinking was
comparatively lower than with TDAE. So, the rate of post-curing of EECO is probably higher
compared to TDAE. Therefore, an increase of T, and assumed to increase o200 (see Table 19). After
that, T, slightly decreased due to degradation because of keeping the sample at a high temperature
for a long time. om also slightly reduced and followed the same order as the fracture resistance
behavior. The decrease of strain at break &g is perhaps due to the high crosslinks formation and
oxidizing skin, which results from oxygen uptake at the surface of the specimen, as stated by Brown
[253]. Ts have decreased because of the oxidative degradation developing rapidly, leading to this
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marked decrease, and this phenomenon is more pronounced as the aging temperature increases, as
stated by Budrugeae [254]. A high temperature accelerates post-curing of EECO-loaded SBR and
is due to the high crosslink's formation and the oxidizing skin, which results from oxygen uptake
at the surface of the specimen. Jhao [14] described the rapid increase of crosslinking density
because of butadiene segments of SBR vulcanizates. Elastomers are easily oxidized and exhibit
crosslink reactions under high temperatures like 80 °C. As a result, the Jg-values consistently
decrease with increasing aging time and a post-curing is the reason for reducing Jg-values. In
oxygen-containing environments, the mechanical strength of rubbers can be significantly affected
by oxidation, especially at relatively high temperatures. A previous study by Coran [255] stated
that, after vulcanization, if the materials are kept at a high temperature for a long time, post-curing
happens during this time. Shore A hardness increased over aging time because of the post-curing
[26],[66] it happened during the aging time at a high temperature like 80 °C. A previous study [14]
showed that elastomers are generally becoming stiff and brittle during the thermal oxidation
process at high temperatures due to the predominant oxidation and crosslinking reactions
facilitated by the double bonds are easily attacked due to electron shifts. This work found the same
incident, whether no oil or added low or high content of oil. So, overall, many factors can affect
the SBR vulcanizates during aging, especially the type of oil and concentration, aging temperature,
aging time, and the presence of oxygen in the atmosphere. These factors can be changed in the
resistance against stable and unstable crack propagation, tensile strength, strain at break, tear
strength and hardness behavior of plasticized SBR vulcanizates.

Influence on crack resistance behavior of materials when mixed with stored bio-oils

Crack resistance behavior of elastomers was investigated when they mixed with stored bio-oils
instead of unaged oils. However, selected materials were chosen and investigated. Figure 78 shows
the FTIR peaks of the TDAE and different bio-oils. This is interesting to investigate the bio-oils in
fresh and after stores. This investigation has been done to discover possible chemical changes
during bio-oil storage. The FTIR was measured for the stored oils, including bio-oils and TDAE.
The enlargement of changed peaks is shown in Figure 78.
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Figure 78: The enlarged ATR-FTIR spectrum of the oils in fresh conditions (black lines) and
stored for six months (red lines); (a) TDAE, (b) ERO, (c) ROME, (d) ROPE

There were not well-noticed peaks changes, and the figure depicted that the intensity of peaks has
changed in some cases. There is no evidence peaks corresponding to new functional groups. This
means only weak evaporation has mostly happened here without any chemical reactions. However,
the fracture mechanics behavior can be assumed to be influenced when some of the portions of
components were changed. Nevertheless, the stored bio-oils can be positively influencing the
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behavior of fracture mechanics when they stored for six months. This thesis was only focused on
the changes in peak intensity and the missing peaks were not recognized as changes had been made.

Table 21 shows the Tq as a result of DSC analysis of different oils in a fresh state and after being
stored. No considerable difference was noticed in the concern of Tg. According to the FTIR
measurement, it was proved that the intensity of some hydrocarbon chains in the fatty oils has
slightly changed, but it did not influence the T4 of the compound a lot. As a result, there was no
visible change in the compound's molecular mass nor made it more or less branched. These are the
criteria that the Ty did not influence much.

Table 21: Glass transition temperature T4 of fresh and stored oils

Oil Tq (°C)
Fresh Stored
TDAE -50 -52
ERO -64 -65
ROME -86 -87
ROPE -93 -92

Figure 79 shows the rubber-layer L for plasticized elastomer raw mixtures. The rubber-layer L of
raw mixtures with unaged and stored oils were compared. The influence on the rubber-layer L has
noticeable visibility only in Figure 79(a) and especially for the SBR/ERO mixture and a little
change for the SBR/ROPE. Uncured materials' rubber-layer L behavior can predict vulcanized
materials’ fracture and mechanical behavior. The materials with higher rubber-layer L values
should have higher fracture and mechanical efficiencies.
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Figure 79: Influence of stored oil on bound-rubber fraction of different types of 12.5 phr oil
loaded raw mixtures of SBR-21 (a) and NBR-39 (b)

Crack resistance behavior was investigated for the elastomers mixed with oils before and after
stored was shown in Figure 80. The crack resistance (J-values) for SBR materials were surprisingly
enhanced when bio-oils were stored for six months, and the values are shown in Figure 80 (a).
Furthermore, Figure 80 (b) shows that NBR materials did not influence the crack resistance
behavior much.
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Figure 80: Crack resistance behavior of plasticized SBR (a) and NBR (b) materials where fresh
oils (solid symbols) and stored oils (open symbols) were compared

Crack initiation values Ji and stable crack propagation values T,” were written in Table 22, and the
results show that it was correlated to the changes in chemical characteristics describing FTIR
analysis and mentioned in Figure 78. However, the exact prediction was made for getting rubber-
layer L values depicted in Figure 79. After storage, ERO and ROPE have slightly changed their
chemical behavior, enhancing the rubber-layer L of uncured SBR raw mixtures. The resistance
against crack behavior followed the same trend and enhanced the resistance against crack behavior
when they were added into SBR vulcanizates. Table 22 also describes the crack resistance behavior
of NBR vulcanizates. As ROPE changes, some component concentrations (see Figure 78) enhance
the T, of NBR vulcanizates. However, rubber-layer L of NBR/ROPE did not follow the trend for
unknown reasons.

Table 22: Crack initiation Jiand stable crack propagation values T, of SBR and NBR materials
when it was mixed with fresh and stored oil

SBR-21 NBR-39
oil Fresh oil Stored oil Fresh oil Stored oil
(12.5 phr)
Ji " Ji T Ji T Ji IFS
(N/mm) (N/mmZ) (N/mm) (N/mmZ) (N/mm) (N/mmZ) (N/mm) (N/mmZ)
W/O 5.27 16.16 x X 11,26 20.05 X X
TDAE 6.05 19.01 9.18 18.5 13,43 19.98 11.08 21.56
ERO 7.58 10.08 9.77 24.93 X X X X
ROME 6.33 10.93 8.52 24.15 10.39 31.94 11.50 32.05
ROPE 7.07 12.58 8.72 22.50 10.86 22.23 13.48 32.03

Resistance against unstable crack propagation (Js-values) for plasticized elastomers followed a
different trend, as shown in Table 23. As discussed before, ERO have some chemical changes (see
Figure 78) during storage time, and the resistance against stable crack propagation has been
enhanced for this reason. The rubber-layer L of uncured SBR predicted the same, but resistance
against unstable crack propagation has decreased for SBR after storage of ERO and ROPE
mentioned in Table 23. Furthermore, it shows that the NBR vulcanizates were not influenced as
SBR when mixed with stored ROPE. Overall results show the characteristics changes of ERO, and
ROPE only influenced the non-polar elastomers like SBR but not polar elastomers like NBR.
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Table 23: Unstable crack propagation value Jq of SBR and NBR materials when it was mixed
with fresh and stored oil

Jda (N/mm)
ol SBR-21 NBR-39
(12.5 phr)

Fresh oil Stored oil Fresh oil Stored oil

W/O 184 + 80 - 17770 -
TDAE 227 +12 213+13 237+19 249 + 33

ERO 179+ 16 172 £ 22 - -
ROME 183+ 14 186 + 13 303%10 324 + 28
ROPE 204 £12 129+ 24 254 £ 20 255 + 27

The investigation proceeded intensively, where the mechanical behavior was also investigated. The
mechanical data for elastomers were mentioned in Table 24 and 25. Changing characteristics of
oils slightly negatively influenced the mechanical behavior. The overall mechanical data for
plasticized SBR vulcanizates was written in Table 24. SBR vulcanizates' hardness increased after
being stored for bio-oils, where tensile strength om and strain at break eg decreased for SBR when
mixed with stored oils. The tear strength Ts increased for SBR vulcanizates when mixed with stored
oils
Table 24: Dependence of mechanical behavior of SBR materials on the type oils mixes before
and after stored

SBR-21/ Shore-A Om &B Ts
12.5 phr oil Fresh oil Stored oil Fresh oil Stored oil Fresh oil Stored oil Fresh oil Stored oil
wW/0 64.7+12 x 21.4+09 «x 437 +13 X 599+06 x

TDAE 56.6+1.3 56.6+04 | 240+19 215+32 584+25 566 + 53 712+03 81610
ERO 55.9+0.6 579+03 | 16.7+10 151+17 475+36 412 +31 758+04 6.30+01

ROME 55.7+0.6 56.3+0.6 | 17.9+26 17.8+10 559*49 474 +13 6.76£05 6.08+0.7

ROPE 55.2+0.7 56.6+06 | 21.1+06 185+11 557+16 467 + 19 6.33+0.7 6.53+0.7

The mechanical behavior of plasticized NBR vulcanizates was compared in Table 25. The hardness
values and Ts are not much influenced. On the other hand, om and g slightly decreased for NBR
when it was mixed with stored oils.
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Table 25: Dependence of mechanical behavior of NBR materials on the type oils mixes before
and after stored

NBR-39/ Shore-A Om B Ts
12.5 phr oil
S phroi Freshoil  Stored oil | Freshoil  Stored oil Fresh oil Stored oil Fresh oil Stored oil
wW/O 774+£05 x 220+£16 x 27514 X 8.09+£0.2 x

TDAE 68.1+05 66.0+08 | 188+0.8 16.0+14 40434 405+ 40 11.0+02 946+0.1
ROME 61.0+05 61507 | 23.5+12 195+17 56920 501 + 41 149+03 153+14
ROPE 63.4+06 63.8+05 | 186+11 142+13 445+30 370+ 33 128+01 13.7+x04

EESS 719+06 628+16 | 11.5+0.7 226+3.0 240%20 523 +43 13.3+09 144+04

The main objective behind the modification of bio-oils was to modify its chemical structure by
eliminating unsaturation content into an oxirane oxygen ring, thereby improving the prepared
epoxide’s thermo-oxidative stability. The use of modified oil is possible as a lubricant base liquid
due to its good lubricity and higher thermo-oxidative stability than its structurally unmodified
methyl esters [256], and unsaturation content in the oil restricts its direct use as lubricant base
stock. Therefore, bio-oil was modified via epoxidation structure to convert unsaturation in oleic,
linoleic, and linolenic acids into epoxy-groups, thereby improving the thermo-oxidative stability
[216].
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5 Structure-property correlations

Structure-property correlations link structure to the behavior of a material and are central to
polymer science, product development, and design. For example, understanding the relationship
between structure and specific physical properties is crucial for the development of advanced
materials such as elastomers with bio-based compounds such as vegetable oil-based plasticizers.
For traditional elastomers, finding structure-property relationships is easier because some specific
properties are well-defined (e.g., chemical properties, fracture behavior, filler dispersion),
measured with precise instruments, and are usually inherent in the final structural product. The
composition of elastomers creates more and more different new types with different physical
properties, such as entanglement length or glass transition temperature. There are several attempts
that attempt to estimate properties from microscopic modelling.

Styrene butadiene rubber (SBR) is a non-polar polymer. Measuring the surface tension of oil is a
primary option for selection as a plasticizer for SBR vulcanizates. The structure of SBR is
favorable for absorbing non-polar oils, while polar oil reduces its general properties. The change
in crosslinking density of SBR with changed oil type and concentration was determined in this
work using NMR spectra. The rubber layer L of the SBR raw mixture is influenced by the type of
oil addition.

In contrast, acrylonitrile butadiene rubber (NBR) is a polar polymer. Information on the surface
tension of oils helps to find suitable oil as a plasticizer for NBR vulcanizates. NBR is accepted as
a plasticizer by more polar oils, and NBR's general properties decrease when insisting on being
blended with non-polar oils, as observed in this thesis. The type and concentration of the oil affect
the crosslink density of NBR. The type of oil influenced the rubber layer L of NBR raw
compounds. Oil migration from the NBR matrix depends on the type and concentration of the oils.

This chapter aims to establish some important structure-property correlations from this
comprehensive study that can help to adopt other material compositions for fracture and
mechanical behavior.

The structure-property correlation was established between the epoxidation rate of oil and the crack
propagation behavior of polymers as shown in Figure 81. The presence of the epoxide group in oil
influenced the cracking behavior of polymers, which was measured in this work.

300 El SBR-21/125 phr oil ) 240+ EI NBR-39/12.5 phr oil
E l =210 3, (N/mm)
S 250 é . (N > ) 0
mm c w
So00{ & 3 K S 1801 7Ty 5
= * * < 1 = x 1
S P2 w o 2 ©)
& 2 >3 g 12{ ,@ A
8‘ A w 8 x o /
5 20- S 9 T (NI
S . A g 61 g (/mm)
£ 104 Ty (Nmm’) T A——A7 G 39
0 T T T T T T T 0 J J ! ! J
15 20 25 30 35 40 45 405 410 415 420 425 430
Relative peak area of epoxy group (-) Relative peak area of epoxy group (-)

Figure 81: Correlation between the fraction of epoxidation in bio-oils and crack propagation
value of SBR (a) and NBR (b) vulcanizates
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The low epoxy group content in the oil correlated with the high resistance to crack propagation of
SBR. However, when the presence of the epoxy group in bio-oil is high, the effectiveness of
resisting crack propagation of SBR is made to be poor. NMR spectroscopy showed that ERO,
ROME and ROPE have a higher relative peak area for the epoxy group ranging from 3.4 to 4.4.
This does not significantly affect the resistance to crack propagation in SBR vulcanizates.

In contrast, it has been reported that the resistance to crack propagation of NBR is proportional to
the level of epoxy groups in the bio-oil. Epoxide rings are polar [107] and more active [104] with
polar polymers. So if epoxide conversion is high, this could predict a better fit with polar elastomers
like NBR. A study [257] was conducted to find these relationships and showed that the low
transformation of the epoxide rings could improve the resistance to crack propagation for non-
polar elastomers.

Figure 82 (a) and (b) shows the correlation of the crack resistance behavior of elastomer
vulcanizates with their chemical crosslink density as detected by solid state NMR. The influence
of resistance to crack propagation behavior was pronounced when the crosslink density of
elastomer was changed. In this thesis it was found that lower crosslinking of the SBR/EECO and
NBR/ROPE system is essential for higher resistance to crack propagation. When the crosslink
density is high then the resistance to crack propagation is as low as unplasticized elastomers shows.
However, the linear crack resistance-crosslink density correlations only followed the elastomer
when blended with oils, showing low surface tension and better hydrodynamic reinforcement in
the elastomer matrix. The fact that the oil disrupts crosslinking during vulcanization has been
demonstrated previously [72] and was visible in this study. However, optimization of crosslink
density is essential to achieve higher resistance to crack propagation. Some previous studies
[241,258] found a correlation between cracking behavior and crosslink density of elastomers,
showing that optimizing crosslink density is very important to improve resistance to cracking.
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Figure 82: Correlation between crosslink density and crack propagation value of SBR (a) and
NBR(b) vulcanizates

In this thesis, an attempt was made to find correlations between the resistance to crack propagation
and the rubber-layer L. Figure 83 suggests that the resistance to crack propagation in SBR materials
is linearly proportional to the rubber-layer L. The correlation of the rubber-layer L was determined
for stable and unstable crack propagation. It was very optimistic that the correlations for both types
of loads applied for the crack resistance study followed the same. That means it opens up the
possibility of choosing a test method to know the material properties, which can reduce time and
material costs.
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Figure 83: Correlation between rubber-layer L and crack propagation values of plasticized
elastomer vulcanizates

Figure 84 shows the relationship between crack resistance and surface tension of oils. It is a
correlation to see how the resistance to crack propagation behaves when measuring the surface
tension of oils on the same elastomers. It shows an intriguing relationship between the resistance
to crack propagation and the surface tension of oils, where it was observed that crack propagation
values decreased linearly with increasing surface tension. The correlation was independent of the
polarity of the elastomers and the mode of crack propagation. Both polymer types (e.g. SBR and
NBR) and each test method for crack propagation were applicable for this correlation. Some
necessary steps like predicting the mechanical behavior and crack resistance of elastomers can be
decided to get out of this correlation. The process of selecting oils as plasticizers can be performed
first to measure the surface tension on the untreated elastomer surface. Low surface tension can
predict high crack resistance, reducing testing cost and time. However, the presence of fillers and
additives can create some differences, so this can be a constraint when making a decision. Although
this thesis claims a weak influence of fillers and additives, the lower surface tension of oils showed
higher resistance to cracking.
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Figure 84: Correlation between surface tension and crack propagation values of SBR (a) and
NBR(b) vulcanizates
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There are some general results to be gained from structure-property correlations.

Conversion of high epoxidation to bio-oil correlated with high crack resistance of the polar
elastomer. The polar elastomers are compatible with those bio-oils that have a high epoxidation
conversion.

A thick rubber-layer L correlates with the high efficiency of crack resistance. Therefore, if a
plasticized elastomer has a large rubber-layer L, then it is normal to expect high crack resistance
performance from that elastomer.

The low surface tension of oils correlates with high crack resistance. This information can help
predict the crack resistance behavior of plasticized elastomer when the oil on that elastomer has
low surface tension under untreated conditions.

The structure-property correlations are the only important tool emerging from findings to
characterize the elastomers plasticized with bio-oils. In general, the structure-property correlation
is built to reveal some relationships that help to prepare new materials with advanced ideas. The
crack resistance behavior can be assumed if the structure and the material behavior of elastomers
and their impact on the oils are known. This thesis helps to establish structure-property
correlations, so just knowing some general properties of the oil can presume that it is a match for
the desired polymers.
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6 Summary

This thesis is part of an investigation of the carbon black-filled elastomers based on their polarity
and tried to fit with appropriate bio-oils as plasticizers. Initially, bio-oils are characterized
according to physical, chemical, thermal, and aging behavior. The crack resistance information of
the materials was a significant concern. Physical, structural, thermal, mechanical, and aging
behavior was considered during the investigation. This thesis was divided into four steps, as
discussed in the beginning. These were summarized according to their results.

Step 1: Bio-oils have been studied in a number of ways. Chemical, thermal and physical tests have
mainly been carried out to ensure compatibility with the appropriate elastomers capable of
developing mechanical behavior and breaking strength. Some important findings have been
highlighted and shown in Figure 85. Density and viscosity were part of the physical properties of
the tests performed. The density of bio-oils was around 1 g/cm? except that ERO was 1.05 g/cm?,
The viscosity of ERO was 137 mm?/s while the viscosity of other bio-oils stayed between 12-31
mm?/s. The density and viscosity of TDAE were 0.94 g/cm® and 375 mm?/s, respectively. The
surface tension measurement was taken to see the polarity of the oils. EECO was low polar, hence
the surface tension on the SBR was low, whereas ERO, ROME and ROPE were comparatively
high polar and low surface tension was observed on NBR materials. GPC, FTIR and NMR
measurements were carried out for chemical characterization. The molar mass of ERO was 1226
g/mol, while the molar mass of other bio-oils was 350-500 g/mol. In the FTIR and NMR tests, a
high conversion of the epoxidation was observed, while EECO showed a low conversion of the
epoxidized ester compound and the decomposed and formed OH group. Thermal DSC analysis
was performed and it was found that the Ty of bio-oils was comparatively low and several melting
peaks were observed. DSC was measured after storing it for six months to find that the T had
changed slightly.

Kinematic viscosity (40 °C)
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Figure 85: Results from oil investigation

Step 2: Determination of plasticized elastomer raw mixture was done in Step 2 as shown in Figure
86. This investigation was called structural analysis and the rubber-layer L was measured in part
of this thesis. The influence of oils through the rubber-layer L was found in this investigation,
especially in SBR. NBR raw mixtures have a higher rubber-layer L compared to SBR raw mixtures,
and oils had little or negligible effect on the rubber-layer L of NBR, and stored bio-oils showed no
changes in the rubber-layer L on plasticized NBR stocks. The blending of EECO slightly increased
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the rubber-layer L of SBR raw mixtures, except that these other oils decreased the rubber-layer L.
Mixing stored oil in SBR raw compounds slightly changed the rubber-layer L.

N
Raw mixture Structural ]
Rubber-layer L
W
\\/—
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Unaged oil Unaged oil
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Step 2

Figure 86: Results from structural property investigation of plasticized raw mixtures

Step 3: In an important step of this work, the mechanical, fracture resistance, thermo-mechanical,
structural and physical properties were investigated. The results have been compiled and shown in
Figure 87. This thesis proved that elastomers exhibited higher resistance to crack initiation and
propagation when 12.5 phr oils were blended into elastomers. When non-polar SBR is incorporated
with EECO, resistance to crack initiation and stable crack propagation improve. Crack resistance
and stable crack propagation of NBR is developed when mixed with 12.5 phr ERO, ROME and
ROPE. Consequently, it has been observed that SBR exhibits higher resistance to unstable crack
propagation when blended with EECO. Resistance to unstable crack propagation was developed
for NBR when blended with approximately 12.5 phr of ERO, ROME and ROPE.

Tensile performance was examined, with SBR showing higher tensile strength when blended with
TDAE and lower tensile strength when blended with EECO. Also, this thesis showed that the strain
of SBR was higher when blended with EECO. In the case of polar elastomer, NBR showed higher
tensile strength when blended with ERO and, interestingly, higher strain was observed when NBR
was blended with ERO. However, blending NBR with ROME or ROPE showed more developed
tensile behavior than TDAE. A highly polar NBR (NBR-39) showed higher tensile strength and
strain at break when blended with ROME. SBR showed higher tear strength when blended with
EECO and NBR had higher tear strength when blended with ROME and ROPE. It has been
observed that NBR-39 has higher tear strength than NBR-34. NBR with bio-oils has a higher
compression set than TDAE. It was found that elasticity was higher with increasing oil
concentration in elastomers and that bio-oil exhibited higher elasticity compared to TDAE. In
particular, both elastomers had higher elasticity when blended with ROME and ROPE. SBR/EECO
and NBR/ERO are comparable to TDAE. It was observed that the crosslink density was reduced
by the oil blend, which mainly decreased with increasing oil concentration. Crosslink density was
higher when low concentrated oil was used. SBR shows high crosslink density when blended with
TDAE and blending with EECO shows lower crosslink density. In contrast, the crosslink density
of NBR decreased when blended with bio-oils and was higher when TDAE was used. Elastomers
blended with a highly concentrated oil were used to determine the viscoelastic behavior of
plasticized elastomers to find thermomechanical properties. SBR/TDAE had a higher storage
modulus and loss modulus than SBR/bio-oils were measured. At the same time, NBR shows a
higher modulus when blended with bio-oils.

In addition, the glass transition temperature of oils was measured using DSC. It has been confirmed
that when elastomers are blended with bio-oils, the glass transition temperature of plasticized
elastomers is significantly reduced. Filler macro-dispersion was measured as part of the structural
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analysis. A clear view of the filler dispersion of the plasticized SBR was observed on the light
microscope. When blending SBR with commercial TDAE, a small number of filler agglomerates
were visible, while the number of agglomerates was higher when SBR was blended with EECO.
In contrast, with plasticized NBR it was very difficult to see the filler agglomerates, but it was
observed that the filler dispersion was homogenized when NBR was mixed with bio-oils, but the
filler network was still compromised.
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Figure 87: Results from structural, mechanical, crack resistance, and physical characterization of
plasticized elastomer vulcanizates

Step 4: Some significant results have been condensed and mentioned in Figure 88. In this step, the
main focus was on the aging behavior of oils and plasticized elastomers. A high oil content (e.g.
37.5 phr) was blended into SBR to see how it affects crack resistance and mechanical behavior
over aging time. It was found that the aged plasticized SBR developed resistance to stable crack
propagation when blended with EECO where crack resistance performance decreased with TDAE.
The resistance to unstable crack propagation decreased slightly when SBR was mixed with oils.
Tensile strength, strain at break, and tear strength were reduced over aging time for plasticized
SBR. Hardness values are higher for plasticized elastomers over time. It was also observed that the
resistance to crack initiation and stable crack propagation was surprisingly higher when SBR was
blended with stored bio-oils. NBR was not very responsive to stored bio-oils. Resistance to
unstable crack propagation for plasticized SBR materials has not been developed when blended
with stored bio-oils. Hardness values increased slightly for plasticized SBR and were not greatly
affected for plasticized NBR. Tensile strength decreased with SBR/stored bio-oils and was not
affected as much with NBR/stored bio-oils blends. When mixed with stored bio-oils, the tensile
strength and strain at break of both elastomers decreased slightly.
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Figure 88: Results from mechanical, and crack resistance characterization of plasticized
elastomer vulcanizates when mixed with stored oil

The results of this thesis contribute to the illumination of the relationships between plasticized
polar and non-polar elastomers and crack resistance behavior. The chemical structure, polarity, and
modification process of bio-oils were a significant concern. The plasticized elastomers' physical,
structural, thermal, mechanical, and aging properties were considered. From an application
perspective, the application of plasticized elastomers can enhance its resistance against its crack
behavior by employing an appropriate modification of fatty oils. The results will be verified by
producing different bio-oils with the same properties. Bio-oils have consistently demonstrated
advantageous qualities in terms of crack resistance. Nevertheless, it is imperative to conduct a more
thorough examination of the effects within the filler network, as its behavior remains challenging
to anticipate. The occurrence of filler network breakdowns, which could have occurred or not, still
lacks clarity.
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Manufacturing and characterization of a rubber mixture and vulcanizate, Polymer Material
Science (MLU), Room: 131/E/4, 130A/1/202B. 26.01.2018 (2 h), 02.02.2018 (2 h).

Lab supervisor (German medium)

Elastomere Praktikum “Polymerwerkstoffe”. Studiengang BKT3 (HOME), Room: 131/E/4.
20.11.17 (4 h), 27.11.17 (4 h).

Ermittlung mechanischer Kennwerte bei Zugbeanspruchung “Kunststoffpriifung”. Schwerpunkt
Kunststofftechnik im Studiengang MMP, (HoMe), Room: Fo/1/06. 30.11.2021(1.5 h).

Ermittlung mechanischer Kennwerte bei Zugbeanspruchung “Werkstoffcharakterisierung”.
Studiengang BGE 2, (HoMe), Room: Online. 21.06.2021 (1.5 h).

Ermittlung mechanischer Kennwerte bei Zugbeanspruchung “Werkstofftechnik-Nichtmetalle
(WT2)”. Studiengang BMMP 2, (HoMe), Room: Online. 18.06.2021 (1.5 h).

Kerbschlagbiegeversuch “Werkstofftechnik-Nichtmetalle (WT2)”. Studiengang BMMP 2,
(HoMe), Room: Fo/1/04. 05.05.2022 (1.5 h), 19.05.2022 (1.5 h), 02.06.2022 (1.5 h), 09.06.2022
(1.5 h), 16.06.2022 (1.5 h), 23.06.2022 (1.5 h), 30.06.2022 (1.5 h).

Elastomere: Verarbeitung und Priifung “Polymerwerkstoffe-Vertiefung (PWS 2)”. Studiengang
BMMP 6: Schwerpunkt Kunstsofftechnik, (HoMe), Room: Online. 08.06.2021 (1.5 h). Room:
Fo/1/06. 07.06.2022 (1.5 h).

Management and leadership skills (Advanced training module supervisor)

Toughness testing and fracture mechanical characterization of polymeric materials, Advanced
training module (ATM), “Functional polymers, International Graduate School (AgriPoly),”
Room: Online. 06.05. 2021 (3 h).



Academic training

06/02/2020 and 22/02/2020

Academic Writing Course. Lecturer: Anne Wegner (Write English) LLZ, Hoher Weg 8,
Gebdude A, 4th floor / Room 4.14, 06120 Halle (1st lecture) and Von Seckendorff Platz 1 Room
1.03, 06120 Halle (2nd Lecture)

21/02/2020
Good Scientific Practice lecture. Lecturer: Thomas Michael (Martin-Luther- Universitat Halle-
Wittenberg), Von Seckendorff Platz 1 Room 1.29, 06120 Halle

6/11/2019
Poster Design Workshop. Lecturer: Birgit Lukowski (Grafikburo Suedstern) VVon-Seckendorff-
Platz 4, SR 4 (1.34), 06120 Halle.

Scientific training

14/03/2019 — 15/03/2019

NMR spectroscopy for the characterization of macromolecular and soft materials. Advanced
training module (ATM) functional polymers, International Graduate School (AgriPoly).
Lecturer- Prof. Kay Saalwéchter (MLU), Betty-Heimann-Str.7, Room: 201.2, 06120 Halle

05/12/2019 — 06/12/2019

IR and Raman spectroscopy for the characterization of macromolecular and soft materials.
Advanced training module (ATM) Functional polymers, International Graduate School
(AgriPoly). Lecturer- Prof. Valentine Cepus (HOME), Eberhard-Leibnitz-Str.2, Room:
Hg/C/1/14, 06217, Merseburg.



