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1 Introduction

Since the accidental discovery of rubber vulcanization with sulfur in 1839 by
Charles Goodyear, rubber usage is suitable for various applications.[1] The
invention of the automobile in 1886 by Carl Benz [2] and the development
of the first practical pneumatic tire by John Boyd Dunlop in 1890 [3] paved
the way for the present days sophisticated mode of transportation. However,
criticization is that this sector is having a negative impact on the environment.
For instance, in the year 2010 in Europe, 33% of final energy consumption and
26% of greenhouse gas emissions are because of road transportation.[4, 5] To
mitigate these negative impacts, government institutions and environmental
organizations are introducing campaigns to reduce the tire’s rolling resistance,
which accounts for approximately 30% of fuel consumption.[6] In this regard,
one of the approaches implemented in 2012 to motivate tire manufacturers and
raw material producers in the EU is the tire label. [7, 8] To provide information
and bring awareness among the consumers about the performance of the tire.
The ambition is to produce tires with optimal dynamic properties to ensure

safety on the road, improve the tire mileage, and reduce the rolling resistance.

The rubber nanocomposites used for manufacturing tires generally contain a
large volume fraction of nano-sized particles to enhance the mechanical prop-
erties such as reinforcement, which leads to a parallel increase in dissipative
property, as both of the phenomena are related with each other.[9-16] Although
there are tremendous empirical developments over the last decades,[17] a col-

lective understanding of enhanced mechanical properties is still missing. In
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particular there is a serious lack of understanding about the molecular mecha-
nisms causing the dissipation in rubber nanocomposites with complex internal
structure used in tire treads. That is of major importance for the rolling resis-
tance on the one side and the grip of the tire on the other side. Many research
studies identify the two essential parameters filler-filler interaction and rubber
filler interaction as the main reason.[18-21] However, information about the
molecular origin is still lacking and a deeper understanding of the origin of
reinforcement and dissipation would be a big step towards rational designing
of tire composites.[22-27] To contribute to this goal was the central motivation
for this PhD work, which is also very interesting from the viewpoint of fun-
damental research, since the topic is touching basic questions regarding the
segmental dynamics of polymers,[28-31] constraints at interfaces or structure

property relations in nanocomposites.[24, 32-37]
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2.1 Rubber compound for tire tread application

Rubbers are one of the most versatile types of materials known for their re-
silient property. Usually, they can undergo large deformation under load and
return almost to their original shape. This particular property facilitate them
for special applications, like in the automotive tire. However, they possess low
mechanical properties for such engineering applications and are often com-
pounded with a large fraction of nanosized fillers and additives, for instance,
to enhance the stiffness. The general term for the mixture of rubber, fillers,
and additives is rubber composite, and the application requirements drive the
designing of a composite compound. In this section the approaches towards
meeting the functional requirements of the tire tread component are reviewed

from rubber compound design perspective.

Requirements for tire tread compounds. A tire is the interface part between the
vehicle and the road. In an operational mode of a vehicle, a tire’s tread compo-
nent undergoes dynamic deformations at different frequencies due to repeated
rotational and braking forces. A tire’s essential requirement is to carry the ve-
hicle’s load, roll forward by overcoming the retardation forces, and simultane-
ously maintain sufficient grip with the road.[38] Overcoming the retardation
forces is related to the adhesion mechanism between the tread and road sur-
face and is an energy-intensive process. In this respect, the stiffness of the tread
compound is beneficial. On the other hand, the contrary requirement from

the same tire compound is appropriate dissipative property to have sufficient
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grip and ensure safety. Rolling resistance and wet grip are the two parameters
quantifying the loss of mechanical energy. Former is associated with the heat
production as a tire rolls a unit distance and the latter is attributed to dissi-
pation due to deformation-induced on the tire tread’s surface under braking
conditions by the road surface roughness. [39-43] Generally, on a laboratory
scale both the functional requirements are estimated in the frequency range of
10 to 100 Hz for rolling resistance and in the range of ~ 1 kHz to 1 MHz for wet
grip.[12, 18, 22, 44-46] Vehicle manufacturers and the regulatory bodies have
expectations to reduce the rolling resistance of a tire, improve its wet grip rat-
ing, without compromising the abrasion resistance. To achieve such contrary
expectations in different frequency ranges for a single tire tread compound is
complicated and generally represented by a Magic triangle, as shown in the

figure 2.1. [7, 42, 47-49]

This multi-parameter optimization approach involves a compromise, a fun-
damental task to design the rubber compound is finding most appropriate
combinations of rubber and filler systems, as they are the main components
of rubber composites. In this regard, continuous research to solve the complex
problem has been directed toward innovative material development concepts.
In the following sub-sections, recent developments are briefly summarized for

rubbers and fillers.

Optimization approaches based on rubber. Traditionally in the tire tread, NR based
composite is used due to its intrinsic self-reinforcement as the 100 % cis config-
uration of linear polyisoprene chains favor strain-induced crystallization.[50]
Post first world war the usage of synthetic rubber such as cis-1,4 polybutadi-
ene rubber (BR), Styrene-butadiene rubber (SBR) either as a single matrix or in
combination by blending technique is continuing as it provides several advan-
tages over NR. Commonly the truck’s tire tread consist of NR and BR, whereas

the car’s tire tread is composed of SBR and BR.[51, 52] Categorically the choice
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FIGURE 2.1

The three vital functional requirements of the tire tread are rolling resistance, wet grip, and
abrasion resistance. The optimization approach is often a compromise, as represented by the
Magic triangle. Since the involved frequencies are too high to be covered under isothermal
conditions, the dynamic properties of the rubber compound are characterized at a given fre-
quency, following the principle of time-temperature superposition equivalence. For instance,
at a given frequency of 10 Hz, the rolling resistance is related to Tand at 60° C, and wet grip at
0° C. Understanding the microscopic origin to dissipation is crucial to optimize the properties,
for instance, to achieve low rolling resistance without compromising the wet grip and abrasion
resistance as represented in the red triangle in comparison with the blue triangle.

of rubber depends on the application conditions or depends on a single func-
tional requirement. For instance, the rubber with lower dissipation value at
the lower frequency regime ( 10 to 100 Hz) relevant in the rubbery plateau re-
gion far above the alpha relaxation process or glass transition temperature (Ty)
is a preference to prepare the low rolling resistance tire tread compounds. For

the case of wet grip, the expectation is contrary, higher dissipation is desired

in the transition zone, as shown in the figure 2.2. [18, 22, 53]
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FIGURE 2.2

Schematic of dynamic shear storage modulus G’ and loss modulus G” for unfilled and un-
crosslinked rubber as a function of frequency (a), the frequencies of interest are outside the
limit of dynamic mechanical analysis, and the master curve construction is often complex
due to the rheological complexity (particularly for filled composite). The most convenient
and faster method of characterization is temperature-dependent measurement (b) . The arrow
shows the desired dissipation for rolling resistance and wet grip in the relevant frequencies
and temperature regime.

So in this regard, generally glass transition temperature of the rubber from
DSC or from relaxation spectrometers like DMA might be considered to pre-
dict the behavior of the rubber in the application relevant temperature range.
However, the capability of this type of prediction is rather limited. Extensive
work from Heinrich et al. focusing on wet grip rating for different kinds of
rubber has clearly shown that as a rule of thumb, i.e., glassy transition temper-
ature correlation to predict the functional requirements, is not always valid.[22,
54] For instance, T, identified by DSC would not be appropriate, as shown in
the figure 2.3. The suggestion is to consider average dissipation over the entire
transition zone that would provide better correlation, as the relevant frequency
range for wet grip is mostly dependent on the surface roughness of the road.
The shape and width of the transition zone depend on the micro-structure and
chemical composition of the rubber. In this regard, there are continuous devel-

opments related to the polymerization techniques with a special class of cata-

lysts that facilitates to control the sequence and content of the microstructure
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FIGURE 2.3

Glass transition temperature (Ty ) and tand for various vulcanized rubbers used in tired tread
application, butadiene based rubbers fall in the characteristic trend that higher Ty is associated
with higher tand, exception is the NR and CIIR, that do not fall in this trend. Figure taken from
reference [51].

units of the rubber. For instance, anionic polymerization technique to produce
solution SBR (5-SBR) has certain advantages to control the microstructure se-
quence and content over the free radical polymerization technique to produce
emulsion SBR (E-SBR). Nevertheless, the choice of a single rubber does not
meet the functional requirements, and a way forward to match the criterion
described in figure 2.1 is by rational approaches. In the tire industry, the most
popular technique is blending different kinds of rubbers in different propor-
tions. A further aspect is to control or achieve the required morphology of the
rubber matrix in composites as most of the rubber blends are immiscible, the
mixing procedure could assist in tailoring the dissipation at different frequency
regimes. [55] Although the blending approach is a step forward in the rational
design of the rubber composites, the drawback is that their phase morphology

could vary during and after the processing steps. [56] Such processing depen-

dent changes in phase morphology are not advantageous as they can lead to
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quality problems. An alternative approach to overcome the situations of the
rubber blends and to achieve diverse viscoelasticity is by using block copoly-
mers synthesized in a controlled manner to achieve specific phase morphol-
ogy by varying the composition and microstructure sequence. Recent studies
by Cecilia Aguiar da Silva et al. have shown the morphology of different BR-
SBR block copolymers is robust and only weakly affected by the processing
steps.[53]

Optimization approaches based on filler. Carbon black (CB) and silica are the most
commonly used filler system to prepare rubber composites for tires. Their in-
fluence on the dynamic properties of rubber composites have been continu-
ously investigated by many researchers.[13, 18, 47, 57-64] As shown in figure
2.4 with increase in carbon black and silica content the storage modulus G’ in
the rubbery plateau region is increased. Simultaneously, the loss modulus G"
is also increased, indicating that filler particles contributing to reinforcement
also lead to an increase in dissipation. The situation is favorable to improve the
wet grip but in contrary regarding the rolling resistance. The general consen-
sus is that filler loading and their specifics such as surface area, size, structure,
and surface activity are the parameters to consider while designing and pre-
dicting the properties of the rubber composites.[17, 18, 20, 46, 47, 65, 66] In this
view, for the rational designing of the rubber compounds is to reduce the filler
loading, that results in lower overall dissipation at higher temperatures above

the glass transition, without compromising the mechanical properties.

The shape and structure of the filler particles as studied by electron microscopy
techniques and scattering techniques specify that carbon-black particles are
spheroidal in shape with typical dimensions of 10 to 90 nm, and their sur-
face is paracrystalline.[67-69] They form aggregates with dimensions of 100 to
300 nm driven by electrostatic interactions.[70] Further during the production

process they form tenuous secondary aggregates called agglomerates due to
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FIGURE 2.4

Temperature-dependent dynamic shear storage modulus (G’) and loss modulus (G” ) data
for carbon black filled SSBR (a), and silica filled SSBR (b) show the dependence of dynamic
properties with filler fraction. The SSBRs used in both studies have different styrene and vinyl
butadiene content. However, their glassy transition temperature is almost comparable. Mean-
while, the measurement frequency is different. However, the position of glass transition is not
changed due to either carbon black or silica particles for comparable silica and carbon black
content. For instance, 80 Phr of filler loading at 60°C far above the glass transition tempera-
ture and relevant for rolling resistance, the G’ values is almost the same for both composites,
on the other hand, the G” value is lesser for silica filled SSBR. Another interesting observa-
tion is the temperature dependence in higher filler content composites, both silica and carbon
filled SSBR show decrease in G’ and G” with temperature. The dependence seems stronger for
carbon black filled S-SBR. This comparison shows that multiple factors are overlapping and
influencing the dynamic properties, and they depend on filler type and content and matrix
composition. Figure (a) is adapted from reference [18].

Van der Waals'’s force of interaction.[71] Earlier studies by Medalia to charac-
terize the structure of carbon black by the dibutyl phthalate (DBP) absorption
and electron microscopy technique suggests that aggregates of carbon black
are porous and anisotropic.[72, 73] Following the Medalia’s work, Herd et al.

based on TEM measurements described carbon black structure are self-similar

objects at different length scale (fractal objects) and classified them into four
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different shapes: Spheroidal, ellipsoidal, linear and branched. The scaling law,
that relates an aggregate (figure 2.5) of size R to the number of particles N of
size r by a mass fractal exponent F is given by N = a(®)F. [74, 75] Typically, F
is in the range of 2.19 to 2.85 for various kinds of carbon black and « the front

factor is ~ 1.[71]

FIGURE 2.5
Schematic representing the effective filler aggregate as a spherical object.

Similar to carbon black, the manufacturing process influences the size of the
silica particle. Generally, precipitated silica of dimensions 10 to 20 nm is the
preferred choice in the tire manufacturing industry, and its structural hierarchy
is almost similar to carbon-black particles.[15, 16, 76] Interest in silica usage, es-
pecially in tire tread compounds has largely grown after the green tire concept
was introduced by tire manufacturer "Michelin".[77] In the present days, silica
has almost replaced the carbon black in passenger tire tread compounds. Sig-
nificant difference between silica and carbon black are the surface properties,
which lead to different aggregation behavior of silica as compared to that of
carbon black. The surface properties of both silica and carbon black were in-
vestigated by Wang and coworkers through the inverse gas chromatography
technique, which described that surface energy of fillers 7, constitutes of two
components 7? and i/, where former is the dispersive component and latter
is the polar component. The surface energy values would allow to understand

the rubber filler interaction.[18, 78]
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FIGURE 2.6
Schematic showing the chemical group on surface of carbon black (a) and Silica (b). Figure

Quem T

adapted from reference [46].

Carbon black shows a high dispersive component proportional to the acces-
sible surface area evaluated by nitrogen or iodine absorption method. The
dispersive component reported in the literature are in the range of 100 to 270
mJ/m? and the polar component is 120 to 60 m]/m? at 150°C.[79] Whereas,
commercial silica particles have a lower dispersive component in between 20
to 60 mJ/m? and higher polar component. [80, 81] Strong aggregation ten-
dency and filler-filler interaction observed for silica particles is often attributed
to its higher polar component. Heterogeneous surface of the carbon black con-
sists of hydrocarbon molecules such as as carboxy, and carboxylic acid group
etc., as shown in the figure 2.6, and they interact via Van der Waals force that
is approximately 4 kJ /mol. [82] While silica has silanol and siloxane groups on
its surface, they tend to form aggregates by strong hydrogen bond interaction
forces that are approximately 20-40 k] /mol. Apparently, the surface activity
seems to define the filler-filler and filler rubber interaction. There is continuous
development in this regard from methodological and materials science point

of view, aimed to understand different parameters and their influence on the
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dynamic properties.[21, 24, 25, 47] As most of the rubbers used in tire manu-
facturing are weakly or non-polar hydrocarbon rubbers, silane coupling and
covering agents are used to facilitate the interaction of silica with rubber and
reduce the filler-filler interaction. The most common type of coupling silane is
TESPT, and the covering agent is OCTEQO.[19, 20, 83, 84] Approaches towards
modifying the rubber that interact better with filler particles are in progress.
For instance, during S-SBR synthesis steps, functional groups like carboxyl,
epoxide, hydroxyl, and alkoxysilane are attached to the rubber chains.[85-88]
These attempts are basically to reduce the filler loading, as this factor along
with surface area seems to directly influence the dissipative property of the

compound.

Optimization approaches based on filler dispersion. Filler dispersion is another pa-
rameter that directly influences the dissipative properties of the compound.
It is generally observed that poor dispersion leads to higher dissipation.[18,
89, 90] Few approaches have been developed to improve the dispersion of the
filler particles by adapting different processing steps, like two-stage mixing
process.[91, 92] In this method, a premixed filler particle in rubber or latex is
used as masterbatch to incorporate filler in the rubber matrix.[93-95] Other
methods, such as using intermeshing mixers or high-temperature mixing pro-
cedures, are used. However, there is concern about the material degradation
etc.[96, 97] Recent developments are towards modifying the surface of filler
during filler production. For instance, Cabot has proposed a technology to
modify the surface properties of carbon black particles with silica to enhance

filler dispersion.[12, 98]

The common basis for these approaches is not clear as several factors are over-
lapping, and there is no consensus on the question how the filler particles in-
fluence the dynamic properties of rubber nanocomposite, one of the reason is

lack of appropriate models describing the situation in general.
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2.2 Reinforcement and dissipation in rubber com-
posites

In the past few decades, substantial work has been focused on understand-
ing the role of fillers and their specific properties on the performance of rub-
ber compounds. Central aim of many studies was, in particular, to identify
the reason behind the significant increase in storage modulus for compounds
containing large filler fractions. Figure 2.7 highlights the general consensus
about contributions to reinforcement in highly filled rubber composites.[64,
99] Although filler network is identified as the primary contribution to rein-
forcement, it has been impossible until today to understand the influencing
factor determining it’s strength and to provide a clear picture on how to opti-
mize its properties, as there are several overlapping factors at the microscopic
level that are difficult to assess,isolate and quantify. Nevertheless, there are
various models, and experimental approaches that discuss special aspects of
reinforcement in the light of filler-filler interaction and rubber filler interaction.
Conversely, models focusing on the origin of dissipation as well as experimen-
tal studies regarding the strain amplitude-dependent loss modulus are scarce
although of particular importance, as understanding the mechanisms causing
dissipation are of extraordinary importance for optimizing the properties of
rubber composites for tire treads. The state of the art in modeling reinforce-

ment and dissipation in rubber composites will be the focus of this section.

Hydrodynamic models describing reinforcement. In 1944, Smallwood adopted Ein-
stein’s hydrodynamic modeling of the viscosity of liquids containing suspended
particles and provided a limiting law to describe the reinforcement in rubber

nanocomposites being.[100, 101]

G = Gj(1+2.5®) 2.1)
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FIGURE 2.7
Schematic representation of the contributing factors to dynamic shear storage modulus of
highly filled rubber composite. Through Payne effect, filler network contribution is distin-
guishable with other contributors that are dominant at large strain amplitudes.

where G(’) is intrinsic modulus of the rubber and ® is volume fraction of filler.

According to the equation 2.1, the filler particle dispersed in the rubber ma-
trix would increase the storage modulus linearly with volume fraction of filler
particles (®) due to hydrodynamic effects. The proposal is based on the as-
sumption that filler particle is spherical, isolated, and is completely wetted
by rubber matrix. Guth and Gold extended the Smallwood suggestion by an
additional quadratic term and proposed equation 2.2 is made for the use at
higher concentration of filler particles and hydrodynamic interaction between

filler particles. [63, 102]

G' = GH(1 +2.5fD + 14.1fD?) 2.2)
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Further, they introduced an additional shape factor “f” (aspect ratio) for cases

where the filler particles are not spherical, but anisotropic.

However, the prediction for G’ from equation 2.2 would be much lower than
the experimental data for highly filled rubber composites containing huge amounts
of nanofillers. Considering the porous structure of carbon black aggregates,
Medalia speculated that fraction of rubber would be captured in the voids of
the aggregates and when subjected to deformations, the occluded rubber is
shielded from the shear field and acts as a filler rather than part of the rub-
ber matrix.[73] He proposed to include the effective filler volume fraction (i.e.
volume fraction of filler plus the volume fraction of occluded rubber that can
be calculated according to his approach by DBP absorption experiments)in the

Guth Gold equation according to 2.3.[72]

G = Gy(1 + 25D, 57 + 141D, 457) (2.3)

Later, the equation have been further modified by other researchers introduc-
ing changes in prefactor, higher order contributions etc. However all the so-
phisticated models to describe the hydrodynamic effects in rubber composites
significantly underestimate the experimentally observed reinforcement or de-
scribe only composites containing a small volume fraction of filler. The mech-
anisms and models developed to explain the hydrodynamic contributions de-
pending on the filler volume fraction neglect contributions of filler network,

which dominate in highly filled rubber composites. [16, 59, 103-106]

Payne effect and Kraus model. Rubber composites designed for tire tread appli-
cations, generally contain a significantly large fraction of filler particles. Such a

large fraction of filler leads to the formation of a so called filler network, which
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modifies the dynamic properties of the rubber composites strongly. Main fea-
ture is the the non-linear dependence of the storage modulus with strain am-
plitude as shown in figure 2.8. Following the pioneering work by Payne, the
phenomenon is famously known as the Payne effect. [9, 57, 65] He studied
strain amplitude dependence of the shear modulus from dynamic measure-
ments on different rubber nanocomposites containing varied fractions of car-
bon black with different surface area. The storage and loss modulus for un-
filled and low filled composites showed no dependence on strain amplitude.
Whereas, the composites containing a large fraction of carbon black showed
a significantly different behavior. A sigmoidal decrease in storage modulus
is observed as the strain amplitudes increase from from small to large defor-
mation accompanied by a peak in loss modulus at the intermediate strain am-
plitude. By connecting these phenomena with a filler network breakdown,
Payne inferred that in highly filled rubber composites, filler aggregates are suf-
ficiently close to each other, such that due to Van der Waals’s force, the aggre-
gates interact among themselves and form a percolating solid structure called
the filler network. Similar phenomena are found in non-rubber composites
such as liquid paraffin, decane, and carbon black. The magnitude of the Payne
effect in storage modulus has been attributed to the filler network contribution
to the reinforcement and the peak in loss modulus as energy dissipation due

to continuously breaking and reforming contacts between the filler particles.

Payne proposed that

G) =a+b(G)— Gu) (2.4)

with G{, being the storage modulus at small strain amplitude, G, at large strain

amplitude and Gj,, is the maximum in the loss modulus as seen in figure 2.8.

To further support the proposal, Payne performed time-dependent mixing
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studies and observed that, with increase in mixing time the Payne effect re-
duced and its amplitude attained consistent for optimally dispersed compounds.
In general, the Payne effect starts to appear if the filler fraction exceeds a
certain filler-dependent volume fraction called percolation threshold ®c re-

lated to the occurrence of the first cluster of infinite size in macroscopic sam-

ples.[107]
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FIGURE 2.8

The storage modulus G’ (a) and loss modulus G” (b), dependence with strain amplitude and
filler content. The unfilled rubber is not showing strain amplitude dependence. Likewise,
the composites containing a small fraction of filler and the modulus increment would be due
to hydrodynamic effects. For composites containing high loading of filler sigmoidal decrease
in storage modulus and a peak in loss modulus is observed, strain amplitude dependence is
known as the Payne effect. Figure adapted from reference [18]

Where, G|, the storage modulus at small strain amplitude, G/, at large strain

amplitude and G;,, identifies the peak in loss modulus in the figure 2.8.

The most frequently used approach to approximate the Payne effect is from
Kraus.[108] The Kraus model is an attempt to quantify Payne’s suggestion that
Van der Waals interaction between the filler particles as a source of energy stor-
age in the filler network. The model considers, soft spheres, as filler particles
positioned to each other in equilibrium such that a small displacement from
their positions results in interacting forces (repulsive and attraction) similar
to the Lennard-Jones potential. Further, to describe the strain amplitude de-
pendence of dynamic properties, the mechanism of deagglomeration and ag-

glomeration is considered. The rate constants of these phenomena are related
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to potential change due to the soft sphere’s displacement from their equilib-
rium position and, consequently, softening of the filler network is projected.
The detailed derivation given below establishes a relation between the strain
amplitude dependence of G/, and G’ and the number of effective contacts be-

tween the filler particles.

Basic assumption is that the rate of filler contact breakage (deagglomeration)
Ry is proportional to strain amplitude 9 and the number of surviving contacts

N according to

Ry = ky10™N, (2.5)

where k;, is rate constant of deagglomeration, m is an exponent that describes

the amplitude dependence.

On the other hand rate of filler contact formation (reagglomeration) Ry, is pro-
portional to the broken number of contacts Np-N and strain amplitude pow-

ered by negative m, i.e.

R, = km’)/()_m<N — N()) (2.6)

It is further postulated that at equilibrium both the rate of filler contact break-
age and formation are equal (R, = R;;) . At the critical strain amplitude v, =

(km /ky)*™ the number of surviving contacts is then given by

_ kwyo™"No Np
kpvo™ +kmyo™™ 14 (22)2m

2.7)

Further, by relating the excess modulus, i.e. the contributions from the filler



2.2. Reinforcement and dissipation in rubber composites 19

network, at any given strain amplitude to the number of existing contacts be-
tween the filler particles. The equation 2.7 can be written in terms of the stor-

age modulus as.

oy — G0 G o

G'(70) = T (22 Geo (2.8)
For dissipation, Kraus has accounted for excess frictional forces between the
particles or between the particles and rubber matrix as contacts are broken.
By considering the basis for equation and the point made by Medalia, the filler
contact breakdown and reformation occur at all strain amplitudes during a de-
formation cycle.[58] If the steady-state population of elastically effective con-
tacts is small, then the rate of reformation and breaking of such contacts may be
large, i.e., deagglomeration and reagglomeration process are deemed to dissi-
pate energy in addition to the energy dissipated by straining the rubber. Then

the excess loss modulus is assumed to be proportional to the rate of deagglom-

eration process, giving the equation.

G" (o) — G, = ckyyo™N (2.9)

Where c is a constant of proportionality, substituting for N from equation 2.7

and approximating G'(yg) — GL, & Np.

Cy0™(G'(70) — Goo)
G" -Gl = = 2.10
(70) () 1+ (%)2711 ( )
The function 2.10 has a maximum value G), when 7y = 7.. So,

m( ! ey

70
1+ (30)>
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Which gives constant C,

= 12
C = 2 G r0) — Gl 212
Substitution of C in equation 2.11 gives
" el 2 (Xoym

G—GL 14 ()

By Validating the Payne data by above equation 2.8 and 2.13 for storage and
loss modulus respectively.Kraus suggests that the parameters m, 7., and the
ratio of rate constants are independent of rubber, filler type, and extent of dis-

persion.

Payne demonstrated that at constant carbon black loading and optimal mixing
time, the modulus at small strain amplitude and the Payne effect magnitude
increases with a surface area of the carbon black. [9] This seems reasonable
through Kraus equation, as the number of contacts would also depend on a
surface area of the filler particles. Payne also suggested that adhesion between
the rubber and filler could be one of the contributors to reinforcement. How-
ever, its consideration in Kraus attempt to describe the dynamic properties is
unclear as the nature of contacts between the filler particles or between the

rubber filler is not specified and clear.

Kraus model is extensively used to approximate the experimental results as
it gives a good description of the Payne effect, especially for storage modu-
lus. The loss modulus is more seldomly considered and the equation for loss
modulus fails to approximate the dissipation at a small strain amplitude. Ul-
mer assessed the Kraus equations with different rubber nanocomposites and

highlighted the poor fitting competence of the equation 2.13 and proposed
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different modifications with an additional component to hold the Kraus ap-
proach of the deagglomeration and agglomeration process of filler contacts.
[109] These attempt were, however, unsuccessful as the fitting parameters (m
and 7yc) deviate largely with fitting parameters of storage modulus. Finally,

Ulmer suggested to use the equation 2.14.[110]

2(2)™(Gy, — GX,) —
G"(v0) — GG = %1 () + AGQ’e(E) (2.14)
Ye

With an empirical extra-term AG) decaying exponentially with a different criti-
cal strain 1y, that is not associated with the filler network but related to the used
rubber type. The model proposed by Kraus is phenomenological and is formu-
lated with two empirical parameters . and m. The exponent m is found to be
independent of temperature, frequency, filler type, and content for (& > ®c),
i.e., it is determined to be approximately 0.6 for various rubber composites by
many authors. Even 7, is often found to be a constant and depends basically

on the investigated rubber composite.[13, 110-112]

Although the Kraus model provides qualitative correlations to Payne’s discus-
sion for strain amplitude dependence of storage modulus, the drawback of this
model is that it fails to explain the temperature dependence of small strain am-
plitude modulus G,. Kraus disregarded the Payne speculations that adhesion
between the filler and rubber as one of the contributor reinforcement. Never-
theless, the Kraus approach strongly convinced that increasing the filler frac-
tion above the percolation threshold leads to an increase in reinforcement at

small strain amplitudes and dissipation at the intermediate strain amplitudes.

More recent approaches to model reinforcement and dissipation. Huber and Vilgis
[113] have attempted to describe the Payne effect by considering the fractal
feature of carbon-black aggregates, which scale up with connectivity exponent

C to form a filler network for loading above the percolation threshold. In this
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regard, the Zener model is used to evaluate the excess energy stored by the
filler network at a small strain amplitude, and an exponent C to capture the
amplitude dependence of stored energy above 1% deformation. The value of
exponent estimated through the model is approximately 1.625, allowing them
to connect the strain amplitude dependence exponent and fractal network con-
nectivity exponent C. Following this proposal, the Payne effect’s description
is that the filler network extent reduces by disintegrating into smaller entities
for strain amplitude above 1% deformation, and consideration for large strain
amplitude is that the rubber matrix supports the deformation. The approach
is similar to the Kraus equation for storage modulus, shape fitting parameter
m in the equation is interpreted as a geometric parameter that tells about the
filler networks fractal nature through connectivity exponent C. As the value of
m is universal in different kinds of rubber composite systems, the conclusion

is that the filler network structure is basically independent on the specific filler
type.

The filler particles fractal nature is also considered in Heinrich and Kliippel’s
[13, 71, 114] attempt to understand the filler network formation through the
kinetic cluster-cluster aggregation (CCA) model. It is proposed that filler par-
ticles embedded in the rubber matrix after the optimal mixing period floccu-
late from their mean position to form clusters termed as primary structures,
for filler loading below the percolation threshold @, i.e., assigned as gel point
in this model, the primary structures are well separated, represented by the
shaded circles in figure 2.9a. In this situation, the applied deformations are
considered to be carried by the rubber matrix surrounding the clusters. Fur-
ther, for filler loading above the percolation threshold (® > ®(), the floccu-
lated clusters form a tenuous infinite cluster called the filler network, as shown
in figure 2.9b, due to space-filling conditions that hinder the earlier situa-

tion driven by diffusion. By approximating several experimental results, the
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FIGURE 2.9
The shaded circles in figure (a) and (b) indicate cluster formed due to flocculation process, for

filler loading above the gel point ®* the clusters are connected to each other forming filler
network (b). Figure taken with permission from reference [[13]. Copyright (2002) Springer.

trend in storage modulus increment at small strain amplitudes for filler frac-
tion above the percolation threshold is suggested to be universal, as the model
predicts (G} ~ ®>°). Through this observation, the proposal is that clusters
connectivity path defines the modulus, and the values can be estimated based
on the elastically stored energy at the connecting points between the clusters.
The approach further specifies that the Payne effect is the consequence of the

dislocation of clusters from the network configuration and predicts that

G'(70) = Gl + (Gh — GL) [1 + (L2)2m)) 7, (2.15)

Ye
where ¢ is the critical strain amplitude that defines the stability of the filler

network against cyclic deformations. It is discussed that -y is probably related
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to rubber filler interaction and 7 is constant = 3.6 for various rubber compos-

ites.

In the equation 2.15, the strain amplitude dependence is similar to that of the
Kraus approach, and the only difference is an exponent that signifies the frac-
tal feature of the filler network. The excess energy stored (G| — GJ,) is related
in this approach to the filler-filler bonds that lead to the formation of a filler
network formed due to flocculation. The parameter 7, is associated with the
stability of the filler network by considering the dynamics of flocculation that
depend for e.g. on the molecular weight and vulcanization temperature. The
proposal is that filler-filler bond formation is by squeezing out the bound rub-
ber (i.e., a fraction of rubber not extractable from unvulcanized rubber com-
pound by a suitable solvent of the matrix). The filler-filler contact strength
supposedly depends on gap size and is considered to be high for compos-
ites containing high molecular weight matrix, and fillers with small particle
size, that interact weakly among themselves, but strongly with the rubber ma-
trix. Further, the fraction of the rubber confined at the contact point is claimed
to be immobilized rubber, which is in the glassy state. To validate the hy-
pothesis, the activation energy obtained from the vertical shift factors used
for frequency-dependent measurement to construct a smooth storage modu-
lus master curve at a low-frequency regime is related to the stiffness of the
intact cluster-cluster contact, and the same obtained from loss modulus shift-
ing is related to damaged soft cluster-cluster contacts. [36, 115] This idea is
developed referring also to Vieweg’s work and related studies,[34, 116, 117]
that showed earlier that the glassy bridges undergo sequential softening sev-
eral 10K above the rubber matrix glass transition temperature. The fundamen-
tal proposal from Heinrich and Kliippel work is that in the regime of lower
frequencies or higher temperature above the alpha relaxation, the filler-filler

bonds formed due to flocculation disappear to a state similar to the dislocation
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of filler network at large strain amplitudes. Consequently, it is expected that
the rubber compound at this state shows rubber elasticity phenomena, which

are common for unfilled or low filled rubbers.

The flocculation phenomenon is considered by many researchers to describe
the formation of filler network.[61, 118-121] A famous work in this line is from
Meng-Jiao Wang.[18, 79, 81, 122] Measuring various rubber composites con-
taining conventional carbon black grades, graphitized carbon black, surface
modified, and non-modified silica by the dynamic mechanical analysis. He
highlighted that filler network formation is related to filler-filler and rubber-
filler interactions from thermodynamic and kinetic points of view. The inter-
pretation is supported by inverse gas chromatography results that provide in-
formation about filler surface activity and bound rubber measurement results
that tell about the rubber filler interactions. Through these studies, the rec-
ognization is that the Payne effect is due to multiple overlapping mechanisms
that depend on the molecular weight of the rubber matrix before vulcanisation
and its interaction with the filler. Further, to describe the mechanism, rubber
shell and joint shell model is proposed. In the rubber shell model, the bound
rubber fraction around the filler is shown and is related to the rubber filler in-
teraction parameter. The joint shell model represents the filler particles with
rubber shell are connected to form a filler network due to the flocculation pro-
cess (figure2.10). The presumption is that during the flocculation process, a
fraction of rubber gets trapped in the filler network and eventually acts as a
tiller by losing its identity, and thus leading to increased storage and loss mod-
ulus at small strain amplitude regime due to hydrodynamic effects. The Payne
effect is associated with the disruption of joint shells in the filler network. The
amplification of storage modulus and loss modulus at small strain amplitude
is related to the hydrodynamic effects, a sigmoidal decrease of the former is

related to the release of the trapped rubber, and the peak in loss modulus is
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related to internal friction caused by the deagglomeration and agglomeration
of joint shells in the filler network as described by Kraus.[108] Within the joint
shell model for the temperature dependence of the Payne effect, the discussion
is that at a temperature well above the rubber glass transition temperature, the
modulus of the rubber in the junction of the joint shell is equivalent to the
bulk rubber modulus, that the filler network is less rigid leading to reduced

contribution to absolute modulus values.
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FIGURE 2.10
The joint shell model by Wang, The schematic describes the change in modulus away from the
filler surface and the modulus at the center of the joint shell is smaller is less, indicating that
the filler network is soft due to joint shell. Figure taken from reference [18]

The junction gap in the joint shell model, i.e., distance between the filler ag-
gregates, denoted by delta in Figure 2.10, is deduced by considering the ran-
dom spatial arrangement. The argument is that delta value depends on the
filler content, and it would reach a minimum or critical value for filler loading
equivalent to loading at which the small strain amplitude modulus deviates

from the Guth-Gold approximation. As the delta value is related to filler size
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or surface area but not to its structure in highly filled rubber composites, this
study proposes to hinder the formation of filler network in order to reduce
dissipation at higher temperatures or lower frequency. Some of the ideas pro-
posed to inhibit the flocculation process based on thermodynamic, and kinetic

(processing) approaches are as follows,
Thermodynamic approaches:

* Reduce the differences in surface characteristics, especially in surface en-
ergy, between rubber and filler by filler surface modification and rubber

modification.

¢ Increase filler-rubber interaction and compatibility by filler surface mod-

ification, rubber modification, by chemical or physical coupling agents.
Kinetic approaches:

¢ Improve the initial filler dispersion in the compound.

¢ Increase the mean surface-to-surface distance between aggregates by chang-

ing filler morphology.

¢ Increase bound rubber to increase the effective aggregate size and the

viscosity of the rubber matrix.

Although the Payne effect is generally seen as a consequence of filler net-
working, there are various ideas about filler networking. Depending on the
approach it is related to filler-filler interactions or rubber-filler interaction or
both.[123, 124] It remains challenging to identify the microscopic origins re-
lated to nano-sized fillers since neither filler-filler interaction nor filler rubber
interaction can be neglected. Some authors have explicitly claimed that the
primary mechanism of the Payne effect is not the filler-filler interaction or per-
colation but, instead due to rubber filler interactions. [125-130] Sterstein and

Zhu [125] propose that the primary mechanism of the Payne effect is not the
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filler-filler interaction or percolation, but it is due to rubber filler interaction by
observing the Payne effect in composites containing a small fraction of filler
particles. Reinforcement in this case is related to trapped rubber chains in the
vicinity of filler surfaces that are physically entangled and show near field re-
striction on the bulk rubber as they are not behaving like a Gaussian chain. Fur-
ther, reduction in reinforcement due to disentanglement of the trapped chains
from the filler surface under applied strain amplitudes and loss of energy dur-
ing the process is suggested to be influencing the dissipative property of the

composites.

A famous approach that also considers the rubber attachment on the filler sur-
face due to adsorption and detachment due to desorption is from Maier and
Goritz.[127] This model assumes that rubbers chains on the filler surface have
a probability to form stable and unstable contact points. In accordance with
the model the detachment of rubber chains from unstable contact points un-

der deformation results in reduced reinforcement seen as the Payne effect.

A similar kind of approach is the network junction model by Ouyang [129] de-
veloped on the suggestions made by Wang et al.[18, 79, 81, 122] The junction
rubber that connects the filler aggregates is considered to describe the dissipa-
tion. It is hypothesized that inward and outward movement of rubber chains
from the junction region due to applied deformations induce friction between
the rubber chains that results in loss of energy through the Payne effect. The
rubber filler interactions are mostly physical in nature, due to rubber chains
physical adsorption on the filler surface. Exceptions are found when chemi-
cal interactions are induced, for instance, in silica-filled rubber composites in
which silane is used as a coupling agent. The adsorption should then depend
on the surface activity of the fillers. The fraction of rubber is assumed to have

restricted mobility and is in this case generally termed as bound rubber.
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Unfortunately, there is much confusion in the literature about the terminol-
ogy as a uniform definition is lacking. The quantification of the bound rubber
is often done by solvent extraction method,[131] which is no measure for the
mobility restriction. This is one of the severe misunderstandings while corre-

lating the bound rubber content with mechanical properties.[20, 132]

Dannenberg [133] has shown that multiple factors influence the volume of
bound rubber formation like filler specifics( surface activity, particle size, and
structure), rubber specifics (chemical composition), additives used in the com-
pound formulation, and processing conditions like temperature, time, equip-
ment, and also the extent of dispersion. With the lack of correlations with
the mechanical properties, he raised a dilemma, whether the filler network
and bound rubber actually exist in vulcanizate or whether it is merely a test
method dependent on known reinforcement factors! An additional question
raised from this work are whether bound rubber is indicative or operative? By
invoking this dilemma, Litvinov et al. [132] has studied the EPDM compound
containing carbon-black particles through ' H NMR to answer the rubber chain
molecular mobility questions in filler’s vicinity. By analyzing the T2 relaxation
experiments, bound rubber is distinguished into two rubber fractions with dif-
ferent chain mobility. Immobilized rubber and the loosely bound rubber, the
former fraction is substantially smaller compared to the latter, and its forma-
tion is due to the strong physical adsorption on the filler’s surface. The role
of immobilized rubber is to act as a junction between the filler surface and
loosely bound rubber that interconnects the carbon-black particles and glues
them to the rubber matrix. At small deformations regime in strain amplitude
measurement, the loosely bound rubber is speculated to distribute the applied
strain. With higher strain amplitudes, the junction chains slipping from the

filler surface is discussed as the source for dissipation,[134] and eventually
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seen as reason for the reduction of the storage modulus observed as Payne ef-
fect. Although the heterogeneity in the mobility of different rubber fractions
is mentioned, it is explicitly pointed out that immobilized rubber fraction is
independent on temperature. The lack of temperature dependence is specu-
lated to be due to adsorption, and desorption equilibrium as the surface energy
of carbon- black particle is heterogeneous.[135] Further, the immobilized rub-
ber fraction volume is assessed with filler surface area to provide information
about the layer thickness, approximately being 1nm. However, the possible
discrepancies in the estimated thickness value are directed to questions about

filler particles microdispersion.

The spatial arrangement of the filler particles in the rubber matrix at the mi-
croscopic scale is one of the most critical parameters that could influence the
rubber composite mechanical properties, as they directly influence the surface

available for rubber filler interaction.[90, 136-138]

Unfortuntely, there is no standard technique to evaluate the microdispersion.
Commonly used techniques are the TEM, USAXS, SANS.[37, 139-141] How-
ever, the data evaluation is complex, and no model or theory is available to
quantify the complex situation completely. There are open questions about
how to evaluate the data as well as methodical limitations. Especially in the
case of TEM image analysis, the quality of the image and the extractable infor-

mation depend very much on the preparation method.[140]

Baeza et al. [139, 142] have provided an approach to understanding the re-
sults from USAXS measurements. They have shown through a series of un-
crosslinked SBR-Silica composites that type and concentration of the silane
do influence the silica particle microdispersion. Conclusion is that the silane
agents alter the aggregate size and interaggregate interactions. Further, the hy-
pothesis is proven by studying model composites prepared by grafting small

molecules of different lengths on the silica particle surface. Very recently,
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Musino et al. has highlighted that small molecule additive, which are used
in rubber compounding do also influence the microdispersion of silica parti-
cles.[143] This has been concluded from studies on SBR-Silica composites with
silanes of different chain lengths together with Diphenylguanidine (DPG) and
without DPG. The extent of silanization is quantified through bound rubber
content. Note that this method is seen critical by other authors as there are
much harder challenges due to chemistry involved in the silanization process
and it is already known to fail for in carbon-black filled composites. There are

competing results in the literature.[16, 20]

For instance, Ramier et al. [20, 144] in his early studies on SBR filled with silane
treated silica particles correlations between bound rubber, Payne effect and
filler dispersion evaluated by TEM and USAXS. The results show no significant
influence of silane type and concentration on the dispersion of silica particles.
Nevertheless, the Payne effect measurement results showed dependence on
silane concentration. The Payne effect’s magnitude decreased with an increase
in the concentration of reactive silane up to specific coverage and then showed

an inverse trend.

Another example comes from Litvinov et al. !H NMR investigations on natu-
ral rubber filled with hydrophilic silica.[145] The fraction of immobilized rub-
ber quantified based on mobility for the untreated silica-containing composite
was relatively higher than that for silane treated silica-containing composites.
Understanding the physical state of the immobilized rubber is crucial to dis-
tinguish it from the bound rubber. The terminology immobilized refers to a
fraction of rubber that is strongly adsorbed on the surface and has a segmen-
tal dynamics that is significantly slowed down compared to that in the bulk
fraction of the rubber a few nanometers away from the filler surface.[25, 26]
The immobilized fraction certainly depends on the type of filler system, but its

occurrence seems to be common although competing information is present
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in the literature. A few representative studies are referred below. Vieweg et
al. [146] has shown the existence of immobilized rubber in SBR filled with
different hard polymeric filler particles with sizes ranging from 25 to 75 nm.
The fraction of immobilized rubber is quantified based on reduced mobility as
criterion using DSC measurements. Delta C, values of composites containing
different amounts of polymer fillers are evaluated. The thickness of immobi-
lized rubber layers on filler surfaces is deduced to be in the range of 1.5 nm.
Pissis and Klonas et al. [147, 148] observed similar values for different types of
composites containing surface treated and untreated filler particles. It is shown
through DSC measurements that the fraction of immobilized rubber is varying
with filler fraction and its slow segmental dynamics is evaluated by dielectric
spectroscopy An increase of the relaxation times by 2 to 3 orders of magnitude
in comparison to the bulk fraction is reported. The immobilized rubber on the
filler particle surface is suggested to be in glassy and rigid form relative to the
bulk fraction and is termed rigid amorphous fraction (RAF) in the recent pub-

lications in certain analogy to immobilized material close to crystal surfaces.

Long et al.[34, 149] has developed a micromechanical model to describe the re-
inforcement in nanocomposites by considering interfacial material on the filler
surfaces, which is physically in a glassy state due to confinement effects. The
idea in the model is that when filler aggregates are sufficiently close to each
other, the glassy interfacial material could overlap and act as a bridge that con-
nects the filler aggregates to form a filler network. It is highlighted that glassy
bridges are the primary components that contribute to the reinforcement at
small strain amplitudes in Payne effect measurements. At higher strain am-
plitudes yielding of glassy bridges is considered as a reason for the Payne
effect. However, the thickness of the glassy bridges computed through this
model is few ten times more than that quantified by experimental studies indi-

cating commonly 1-3 nm under ambient conditions. Much larger fractions of
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glassy rubber in composites seem to be unconsistent with various experimen-
tal results in particular from DSC and NMR. The Long model has been further
used to evaluate data for model composites filled with polymer-modified sil-
ica particles. The existence of the glassy fraction is supported by analyzing the
FID from NMR measurements.[150, 151] The temperature-dependent measur-
ments suggest that glassy bridges thickness reduces sequentially. Papon et
al.[138] have supported the model proposed by Long through her extensive
studies for understanding the phenomena of reinforcement. In these studies,
NMR spectroscopy is used to evaluate the polymer-filler interactions in terms
of immobilized rubber, and SANS is used to describe the dispersion of the filler
particles in the matrix. The proposal is that the immobilized rubber layer is 7 to
10 nm thick and contains two components with a different degree of mobility:
(1) glassy immobilized rubber and (2) intermediate mobility immobilized rub-
ber. By analyzing SANS data, she suggests that the number of glassy bridges
in the percolated filler network defines the Payne effect’s amplitude, and is in-

dependent on rubber filler interaction microdispersion, filler size, and content.

A similar two component picture for the immobilized rubber is also discussed
by Litonov et al.[132] However, he suggests that the dynamics of second com-
ponent that is having intermediate mobility is not much different than the bulk

rubber.

Gusev et al.[152] have shown through FEM simulations that enhanced rein-
forcement and dissipative properties of the rubber composites can be realized
by a tiny fraction of immobilized rubber acting as bridges between the filler
particles in a percolated filler network. Nevertheless, the existence of immo-
bilized rubber is not generally accepted and strongly criticized by many other
researchers.[61, 66, 153-156] The reason behind this is often wrong interpreta-
tion, misunderstanding and confusion with the terminology.[157] Finally, one

should note that the existence of a homogenous immobilized layer on filler
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Viscoelastic nature of the filler network is demonstrated :Strength of the filler network at differ-
ent frequencies with respect to temperature dependence for SSBR containing 21 vol% of silica
show (a), Strength of the filler network from temperature and frequency dependent measure-
ments for varied fraction of silica above the percolation threshold is plotted with respect to
fraction of immobilized rubber evaluated by NMR (b). Figure taken from reference [46]

surfaces seems to be unlikely due to distance dependence of surface-induced
interactions. Hence, a uniform relaxation dynamics of the immobilized rubber
layer is not expected. Instead, the relaxation spectrum should be broadened
and softening should occur over a wide temperature range due to the gradient
in mobility, which could be related to structural inhomogeneities. The extent
of broadening could be influenced by different factors, such as the microstruc-
ture of rubber and its interaction with the filler.[158] In addition it is crucial to
understand that bound rubber is different from immobilized rubber. Bound
rubber is a fraction of rubber occurring in filled composites and is dependent
on different factors such as processing conditions, the molecular weight of the
rubber etc. In contrast, the immobilized rubber is a fraction which is prob-
ably much smaller than the fraction of bound rubber and is formed due to
adsorption on the surface. From the view point considered in this work its
segmental dynamics is mostly influenced, and it should show a broad soften-
ing behavior such as density gradients on the nanoscale. Results which are
consistent with this idea has been reported recently by Mujataba et al.[25, 26]

Figure 2.11 shows data from strain sweeps performed at different temperatures



2.2. Reinforcement and dissipation in rubber composites 35

and frequencies on SBR-silica composites demonstrating a clear dependence
of te filler network strength AG’ on these parameters like expected for glassy
bridges softening sequentially depending on the distance from the filler sur-
face. Additional low field NMR experiments showed that these tremendous
changes in the dynamics are caused by a immobilized rubber fraction of about
1-3 % decreasing with increasing temperature. Unfortunately, more direct in-
formation about the features of immobilized rubber is still lacking so far due to
limitations of existing experimental techniques providing the most important
quantities directly.[141, 154] Hence, experimental methods giving only indirect
information have to be further used in order to deepen the knowledge. Even
more important is in this situation to combine the results for different rubber

composites with systematically varied properties to come to new insights.
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3 Working hypothesis and aim of the work

The starting point of this work is a continuation of the previous study that
showed the significant reinforcement property observed in highly filled rub-
ber composites is due to a tiny fraction of immobilized rubber. It is proposed
that immobilized rubber is a part of the filler network, and it acts as a bridge
connecting the filler particles.[26] Due to its glassy state, the viscoelastic nature
is induced to the solid filler network. Based on temperature-dependent double
quantum NMR measurements, the volume of immobilized rubber is observed
to be decreasing with increasing temperature. When correlated with the strain
sweep measurements, it shows that glassy bridges are the load-carrying units
in the filler network, and strength of filler network reduces either with an in-
crease in temperature or decreasing frequency as a consequence of sequentially
softening of the glassy bridges. Filler surface to volume of immobilized rubber
provides the thickness of the glassy layer to be around 2 nm, and the estimated
modulus is in the range of GPa. If this tiny fraction of immobilized rubber is
contributing to reinforcement significantly, then it could also have a significant
influence on the dissipative properties of the rubber nanocomposites. The cen-
tral part of this work is to know the contributions to dissipation and visualize
the possible parameters that would define the dissipative and reinforcement
properties of the rubber composites and to look for general trends that mirror
the correlation between reinforcement and dissipation through the proposed
physical picture 3.1.[159] For this purpose, a methodical approach is instigated
by DMA to evaluate the reinforcement and dissipative properties depending

on temperature and strain amplitude for different kinds of rubber composites.
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Glassy rubber bridge T,

FIGURE 3.1
Schematic representation of the viscoelastic filler network. The filler particles are in contact
with each other through glassy rubber bridges, different colored layers represent the sequen-
tial softening behavior of the glassy bridges at temperatures higher than the bulk rubber glassy
transition temperature. Figure taken with permission from reference [159]. Copyright (2017)
Elsevier
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4 Materials and methods

4.1 Composite description and processing conditions

In this section, a detailed description of the rubber nanocomposites studied in
this work is provided. Intending to isolate and understand the parameters that
influence the reinforcement and dissipation, the composite series are designed

systematically by varying specific parameters.

Natural rubber and its blend with polybutadiene rubber filled with carbon
black. Series of natural rubber (standard Vietnamese rubber — SVR 10) based
nanocomposites (NR-CB) are prepared by introducing different fractions of
carbon black (N234 — STSA surface area 113 m?/g). The volume fraction of the
carbon black (®¢p) ranges from 0 to 21 vol%. The crosslinking system contains
sulfur (Carl Roth GmbH) along with N-Cyclohexyl-2-benzothiazylsulphenamide
(Rheogran CBS - 80, Rhein Chemie Additives) and diphenylguanidine (Rhenogran
DPG, Rhein Chemie Additives) as accelerators, together with zinc oxide (pu-
rity 99%, Carl Roth GmbH) and stearic acid (purity 98%, Carl Roth GmbH) as
activators. The volume fraction of vulcanizing additives is constant for all the

NR-CB composites.

To evaluate the influence of matrix composition, in a second composite se-
ries, 30 mass fraction of SVR 10 is replaced by cis1,4 polybutadiene (Trinseo
Deutschland GmbH Schkopau with the trade name of BUNA™ cis 132) to
prepare 70:30 natural rubber /polybutadiene rubber (NR/BR) blend nanocom-

posites. The grade of carbon black N234 and vulcanization system are the same
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as those used for the to composites of the NR-CB series.

Both NR-CB and NR/BR-CB composites are prepared under identical condi-
tions. The mixing process is done in two steps. The first step involves the in-
corporation of carbon black into the rubber matrix along with additives (Zinc
oxide and Stearic acid) except for vulcanizing agents. The kneader equipment
used for mixing rubber and carbon black is HAAKE PolyLab kneader™, the
mixing chamber volume is 78 cm?® and it is equipped with a pair of Banbury
rotors. The entire mixing unit is heated up to initial mixing temperature of
80°C with electricity. The mass of rubber, carbon black and other additives are
weighed corresponding to fill 68% of the chamber. First, the rubber is intro-
duced into the chamber and masticated for 1 min as the Banbury rotors rotate
at 75 rpm. Next, the carbon black is introduced in two steps at different time.
3/4 of the carbon black is added right after the mastication process, followed
by 1/4 of carbon black together with zinc oxide (5 phr) and stearic acid (3
phr). The temperature increases due to high shear forces involved during the
mixing process, during the complete mixing process of 10 mins, the torque is
monitored, which is almost steady after 6 to 7 mins depending on carbon black
content. The dumped compound is allowed to cool down, and vulcanizing ad-
ditives, sulphur (2.25 phr) and TBBS (0.7 phr) are added in the second step of
mixing on a two-roll open mill at a temperature lower than 80°C for 2 to 3
mins. The vulcanizing time is measured using MDR (Mooney disk rheometer)
at iso temperature of 150°C. The samples are pressed into a rectangle plate of
thickness approximately 2 mm, in hydraulic pressing equipment at 150°C to

determine Tos that corresponds to curing time obtained from MDR.

Variation of carbon black introduction method in NR/BR blends. To evaluate
the influence of filler incorporation method on dynamic properties, natural /
polybutadiene rubber blend (NR : BR ratio is 70 : 30) nanocomposites (NR/BR-

CB) are prepared not only conventionally but also by using masterbatches of
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carbon black (N234 with STSA surface area 113 m?/g). Two types of master-
batch, carbon black premixed in NR matrix and BR matrix denoted by NR-MB
and BR-MB respectively are used to prepare composites containing varied vol-
ume fractions (5% < ®cp < 15%) of carbon black. The reference composites
are prepared by conventional method of carbon black incorporation with same
filler content as that of composites belonging to 100 NR-CB and 50 NR/BR-CB
prepared by NR-MB and BR-MB. The number in the prefix represent the pro-
portion of NR-MB used, i.e. 100 NR-CB composites are prepared by 100% of
NR-MB and 50 NR/BR-CB composites contain 50% of NR-MB and 50% of BR-
MB. The method of filler incorporation is varied with an intention to influence
the dissipation and reinforcement of the produced NR/BR composites with-
out changing the recipe. NR-MB and BR-MB contain 36 wt% of carbon black
and their proportion is adjusted to achieve a defined volume fraction of carbon
black and to maintain the blend ratio of 70 NR/ 30 BR. The average molecular
weight of NR (SVR 10) is 2.200 kg /mol and for BR (BUNA™ cis132-Schkopau)
is 650 kg/mol. The glass transition temperature measured by DSC is -67°C for
NR and -107°C for BR (1,4 cis % of 95). Other additives used to in the formula-
tion are again zinc oxide (3phr), stearic acid (2phr), sulphur (1.5phr) and TBBS
(1.5phr). Two step mixing procedure is followed. In the first step carbon black
was added directly or through masterbatch into the rubber and curatives were
added on a open mill in the second step. The mixing machine used is HAAKE
PolyLab kneader™ a volume of 379 cm® and with Banbury rotors. The pro-
cessing parameters used for reference composites and masterbatch based com-
posites (100 NR-CB and NR/BR-CB) are identical. The fill factor used is 0.68,
rotor speed 75rpm, the initial set temperature is 80°C and the mixing time 10
mins. The second step is to introduce accelerators and vulcanizing agents, and
this process is done in a two-roll mill at a temperature lower than 80°C for 3
to 5 mins. The crosslinking of all the composites is done at 160°C and time

corresponding to t95 as obtained from cure curves measured in moving disc
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rheometer (MDR).

polybutadiene - styrene butadiene rubber diblock copolymers filled with sil-
ica. A BR-SBR (polybutadiene - styrene butadiene rubber) diblock copolymer
containing 46 vol% SBR blocks with a styrene content of 45 mol% are filled with
different amounts of silica. The total molecular weight of the block copolymer
is My=210 kg/mol and 1,2 vinyl contents are low (= 8,3mol% in BR and ~
15mol%). The sample has been synthesized by Cecilia Agiuar da Silva at the
Fraunhofer PAZ.[53] Further details are reported in refs and as reference a SBR-
BR blend with (50 vol% solution SBR SE 6233 (S-SBR, SUMITOMO-JAPAN)
and 50 vol% polybutadiene BUD 1207 (GDYR-CHEM-BEAUMONT)) is filled
with variable volume fractions silica (¢s;;ic, = 0.082, 0.152, 0.212 and 0.264) cor-
responding to 20 to 80 phr using a three step mixing procedure. The machine
used for processing the rubber composites was an internal mixer (Brabender
Plasticorder) of 83cm? volume. In the first stage, the initial mixing temperature
was set to 80 °C with a rotor speed of 19 rpm. Here, rubber strips, silica (Zeosil
1165MP from Solvay with surface area of 165 m?/g), anti-oxidant (0.75 phr, 6-
PPD), oil (TDAE oil) and silane (Si 266 from EVONIK) were mixed. For the di-
block copolymers, the oil to silica and silane to silica ratios used were 0.25 and
0.08 phr per 1 phr filler, respectively. On the other hand, for the SBR-BR blend
the oil to silica ratios used were 0.94, 0.47, 0.31 and 0.29 per 1 phr filler, respec-
tively. Since the commercial SBR samples is 0il 37.5 phr oil extended, it was not
possible to keep the oil/filler ratio constant for the different sample compos-
ites. Upon complete filler and additives incorporation, the temperature rose
to about 110 °C. After that, the rotor speed was increased to 40 rpm for 2 min
until the temperature reached about 130 °C. Consecutively, the rotation was
increased to 60 rpm and consequently an increase in temperature up to few
Kelvins was observed depending on the silica loading. Afterwards, the rotor

speed was set to 80 rpm for 1 min and finally to 100 rpm for more 1 min. In this
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last step the mixing temperature was approximately 150 °C at which silaniza-
tion reaction takes place. Thereafter, the mixed batch was discharged and a
relaxation time of about 1.5h was given prior to the second non-productive
stage. This batch was further mixed at comparable conditions. Later, the cu-
ratives were added zinc oxide (2.5 phr), stearic acid (2 phr), sulphur (1.4 phr),
CBS (2 phr), DPG (1.5 phr). In this mixing step, temperature was not higher
than 110 °C in order to avoid pre-mature vulcanization. Thereafter, the mixed
batch was discharged and taken to the mill. It was passed through the roll mill
four times with the back and front rotor speeds of 21 and 25 rpm, respectively,
and a gap between them of 1.65 mm. Temperature in the roll mill was 50 °C.
The milled sheet was vulcanized into a 2mm thick sheets at 150 °C applying
a hydraulic pressure for 32 min. The chosen cure time was for all crosslinked

samples larger than tgs.
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FIGURE 4.1
AFM images of BR-SBR diblock copolymer samples showing a lamellar morphology in vul-
canized state. Unfilled sample (a) and samples filled with 20 phr (b), 40 phr (c) and 60 phr (d)
silica particles are compared. The silica particles appear white and are mostly in the styrene
rich phase (orange). The dark brown regions in the image corresponds to BR phase. Reprinted
with permission from reference [160]. Copyright (2018) American Chemical Society.

Lamellar morphology expected due to nearly symmetric architecture of block
copolymer is confirmed by SAXS and AFM. AFM images in figure 4.1 display
lamellar morphology of the diblock copolymer and also demonstrate that sil-
ica particles preference for the SBR phase. The AFM images indicate that av-

erage SBR lamellae thickness is not altered significantly for filled composites

in comparison with unfilled SBR-BR block copolymer. SAXS data reported in
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Ref. support this finding. Periodicity in the range 77 to 80 nm are obtained by
SAXS and FFT from AFM images for all investigated composites. Remarkable
is that the phase morphology of the self-assembled block copolymer is neither
destroyed by crosslinking nor by the processing steps needed to incorporate
the silica particles. However, the long-range order is obviously reduced with

increasing filler content.[160]

FIGURE 4.2
AFM phase images for SBR-BR blends filled with 20 phr (a) and 60 phr (b) silica. In (a) the
BR domains appear in brown and SBR domains in orange and silica appear in white color.
In (b) both the phases of SBR and BR are not distinguishable, due to limited differences in
the mechanical properties. Reprinted with permission from reference [160]. Copyright (2018)

American Chemical Society.

Composites based on BR-SBR blends incorporated in this work show as ex-
pected a much coarser morphology as seen in figure 4.2. Typical SBR domain
sizes are larger than 250 nm in this cases. Selective incorporation of the silica
particles in the SBR phase is also indicated in case of blends and the macrodis-

persion seems to be uniform.
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4.2 Experimental methods

In this work, the mechanical properties are evaluated for different rubber nanocom-
posites composites by Dynamic Mechanical Analysis. In this technique, the
response of the specimen to the applied perturbations is analyzed. Generally,
deformations in the form of sinusoidal strain or stress are applied, and the re-
sponse is sinusoidal stress or strain, which is out of phase due to the viscoelas-
tic characteristic of the rubber. As shown in the figure 4.1 (e), the response to

the applied sinusoidal strain is stress with phase lag é.

v = Yo sinwt (4.1)

o = op sin(wt 4 0) (4.2)

where, v and oy are the strain and stress amplitudes, respectively.

Deconvoluting the response function into in-phase and out of phase compo-

nents with applied strain, we get,

o = 0p(sin wt cos § + cos wt sin d) (4.3)

Further one can express the equation in terms of dynamic shear storage mod-
ulus G’ and loss modulus G” corresponding to the in-phase component (cp/

7o) cos d and out of phase component (¢p/ o) sin é, respectively. One gets

o = 709G sinwt + 9G" cos wt. (4.4)

The energy loss per cycle of induced deformation can be calculated by

2/ w
AE = / iy = / 47 4 (4.5)
0 dt
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Further substituting equation 4.1 and 4.4 into 4.5 we get

2w/ w
AE = w'y(%/ (G'sinwtcoswt + G"cos’wt)dt = my3G". (4.6)
0

At a given strain amplitude (), the energy loss (AE) over a deformation cycle

is directly proportional to the dissipative component, i.e., loss modulus (G”).

Temperature sweep.Temperature-dependent mechanical properties in the lin-
ear response region are measured using Rheometrics dynamic analyzer ARES
equipped with FRTN (Force rebalance transducer with normal force). The
specimens of about 2x8x30 mm? clamped in a torsional tool were first cooled
down below the glassy transition temperature by liquid nitrogen, and the spec-
imen was heated up to the temperature range of interest with a temperature
step of 3°C. At each temperature step, the specimen was equilibrated for 60
sec, and oscillatory deformation of 0.1% was applied at three different angular
frequencies (w = 1, 10, 100 rads—!). The measurements were set and controlled
using Orchestra Software, and the obtained data points were plotted and ana-

lyzed using Origin software.

Strain sweep. Dynamic shear measurements with variable strain amplitude
were done using an Anton Paar MCR501 Twin-Drive rheometer. Rectangular

specimen of dimension 2 * 8 * 30 mm?

were stamped out of rubber composite
sheets and clamped with approximate length of 20 mm in the rheometer tools.
Strain amplitude was increased logarithmically from 0.001 to 40 % at a fixed
angular frequency (w) of 10 rad/s. The normal force was maintained close
to zero during the soak time of 600 sec before the measurement. Note, that
for each measurement temperature T = 0, 25, 60 °C a new specimen is used.
Storage modulus G'(y) and loss modulus G”(7y) are measured depending on

strain amplitude and used afterward to quantify the different contributions to

reinforcement and dissipation.
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For morphological characterization of the rubber composites and to evalu-
ate the micro and nano-dispersion Transmission Electron Microscopy (TEM)

is used.

Transmission electron microscopy. TEM studies were performed by means
of a FEI Tecnai G2 TEM operated at 200 kV and the cell’ software (Olympus
Soft Imaging Solutions GmbH) and Image ] was used for image processing
and evaluation. Ultrathin sections having a thickness of approximately 60 nm
were prepared by cryo-ultramicrotomy using a RMC Power Tome with CRX

cryo chamber equipped with a Diatome diamond knife.
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5 Results

This section presents the results from dynamic mechanical measurements, in
conjugation with morphological information obtained by microscopic image
techniques for selected samples. As the main aim of this study is to isolate
different contributions to dissipation. At first, the approach developed by
modifying the Kraus equation for loss modulus depending on strain ampli-
tude is described. Further, the approach is validated based on strain sweeps
measured at different temperatures for various rubber composites. Addition-
ally, the filler network related contribution to the storage modulus is studied
and evaluated by Kraus equation to develop a common understanding of the
molecular origin to dissipation and reinforcement. The results are compared
between the relevant series of composites in order to find important factors

influencing dissipation and reinforcement.

5.1 Modeling dissipation contributions in strain sweep

A sigmoidal decrease in storage modulus G’ and simultaneously occurring
peak in loss modulus G’ with strain amplitude <y are indicators for the exis-
tence of filler network in a rubber composite that forms for filler fractions (P)
above the percolation threshold (®.). It has been demonstrated that its con-
tribution to reinforcement, i.e., the load-carrying capacity of the filler network
(AG" = G — GL,), can be approximated by the Kraus equation 5.1 for storage
modulus.[108]
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= 4G 51

with, G, is the storage moduli at small (y —0) and G, at very large (y — co)
strain amplitudes. The difference AG' = G| — G, determines the overall filler
network contribution to reinforcement corresponding to the load carrying ca-
pacity of the filler network. Other parameters are the critical strain amplitude

7 and the exponent m describing the shape of the sigmoidal decrease in G’ (7y).

The Kraus model is considering agglomeration and deagglomeration phenom-
ena and it approximates the storage modulus data over the complete strain
amplitude range quite well (8.1).[46, 161, 162] This applies also to the rubber
composites investigated in this work at different temperatures. An analogous

derivation leads the loss modulus to equation 5.2.

2AGh -GG, .
X)2 ® )
T+ (L)

"o
Gv_

A fit of loss modulus data over the complete strain amplitude range based on
equation 5.2 is given by the black line in figure 5.1. It is clearly visible that the
approximation fails. Although equation 5.2 describes the peak at G, relatively
well, it is not taking into account that the plateaus at small and large strain

amplitudes are different.
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FIGURE 5.1

Strain amplitude dependent dynamic shear loss modulus G”(-y) measured at (T=25°C and
w=10 rads~!) for (a) NR containing 20.4 Vol% of CB, (b) NR with 6.5 vol% CNT, (c) NR/BR
blend filled with 13.7 Vol% CB, (d) NB/BR blend with 13.7 Vol% CB introduced via master
batch, (e) a BR-SBR block copolymer filled with 26.4 vol% silica as well as (f) a SBR-BR blend
containing 26.4 vol% silica. Further details about these samples are discussed later in this sec-
tion. The data fitting of G”(7y) by equation 5.2 according to the Kraus model, are represented
as black lines. The modified Kraus fitting through equation 5.3 is shown as red line. The blue
line represent the additional sigmoidal term G +,D addition factor introduced in 5.3.
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The drawback indicates that the origin of dissipation is not only due to the
breaking down of the filler network. Instead, there is obviously another im-
portant contribution that amplifies the dissipation at small strain amplitudes,
which is significantly higher than that at large strain amplitudes. In this re-
spect, an additional sigmoidal contribution has to be introduced in the orig-
inal Kraus equation 5.2, represented by blue line in the figure 5.1. Equation
5.3 is a modified Kraus equation represented by the red line, providing a good
approximation to the experimental results over the complete strain amplitude

range.

4
o _ Gt -Gl 2(Gp = GG ()™

Yo 1 + (%)Zm 1_|_(%)2m

+ Gl (5.3)

Gl =G'yp + G + GL, (5.4)

This equation 5.3 discriminates between the dissipation G|/ at small strain am-
plitudes where the filler network is intact and the dissipation G, at large strain
amplitudes where the filler network is totally broken. The equation 5.4 is the
generalized form of modified kraus equation 5.3 distinguishing between two
types of contributions to dissipation that are related to the filler network G 9,D
and G .F and an extra term G, being physically of different nature. From our

point of view these three terms have the following molecular origins:

1. The dissipation G" +,D is due to oscillatory deformation induced by the
intact part of the filler network , i.e. intact glassy bridges between filler

particles, and reduces sigmoidally as the strain amplitude increases.

2. The dissipation G +,F in the form of a peak occurring simultaneously at
the intermediate stain amplitudes is related to dissipative mechanisms

occurring due to fracture of glassy bridges connecting filler particles.
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3. The term G/, represents contributions which are not related to filler net-
work, i.e. induced in particular by parts of the rubber matrix far away

from filler particles behaving more or less bulk-like.

Note that by estimating the step height AG)= G - G/, and the peak height
AGY= Gy, - G, filler network related contributions can be quantified. Al-
though both contributions, G 4,0 and G +,F, should be according to the pro-
posed physical picture proportional to the number of intact bridges in the filler
network (Np) their magnitude can vary since the individual average contribu-
tion to dissipation per bridge will depend on the nature of the glassy bridge.
The dissipation quantum gr occurring if a glassy bridge breaks is different
for each rubber composite and the same is true for the dissipation quantum gp
related to each intact glassy bridge due to the fact that dissipation during oscil-
latory deformation of a glassy rubber bridge is commonly higher as compared

to the dissipation caused by a rubber.

There are seven parameters in equations 5.1 and 5.3. In this work, the approx-
imations of the experimental results are made by fixing the m parameter to be
0.6. Under this condition the characteristic strain amplitude (7.) shows com-
monly only a small difference between fits from equations 5.1 and 5.3 (table
5.1 and 5.2). Earlier, Ulmer [109] proposed an equation similar to equation
5.3. However, he disclaimed its usage as the validation was not satisfactory.
His approximation showed a discrepancy in m and -, values for his own and
Payne’s experimental result. Hence he rejected such an approach possibly due
to quality of experimental data and missing understanding of the molecular

origin of dissipation at small strain amplitudes.

From figure 5.1 it is clear that modified Kraus equation 5.4 enables us to quan-
tify filler network contributions to dissipation in different kind of rubber com-
posites. It seems that filler network contributions are system dependent as

indicated, for instance, by data for differently filled NR composite with CB
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TABLE 5.1: Kraus Parameters for storage modulus from figure 8.1

Gy G, m 9. AG

MPa MPa MPa
NR-CB 219 463 06 16 17.27
NR - CNT 2226 442 06 2.68 17.85
NR/BR-CB 556 286 0.6 208 2.69
NR/BR-NRMB 791 269 06 231 522
PB / SBR copolymer 27.34 4.68 0.6 1.61 22.66
SBR/BR blend 12.37 2,66 0.6 240 9.71

TABLE 5.2: Modified Kraus Parameters for loss modulus from figure 5.1

Gl GI G, m 9 AG) AG{

MPa MPa MPa MPa MPa
NR-CB 1.60 068 227 06 176 092 1.59
NR - CNT 091 068 209 06 260 023 141
NR/BR-CB 031 022 047 06 258 0.09 0.24
NR/BR-NRMB 041 028 0.73 06 235 013 045
BR-SBR block copolymer 3.12 126 4.01 0.6 151 186 2.75
SBR/BR blend 1.71 058 169 06 259 113 1.11

and CNT. The strength of the filler network AG’ is almost identical, (table 5.1).
However, the dissipation at small strain amplitudes AG} and at intermediate
strain amplitudes AG{ are quite different, (table 5.2). To come to a detailed un-
derstanding of both filler network related contributions to dissipation, G” o, F
and G +,0 the approach presented above is further used in this study to quan-
tify dissipation and reinforcement dependent on temperature and filler frac-

tion in different rubber composites.
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5.2 NR and NR/BR filled with carbon black

In this section results for a series of NR composites and NR/BR blends filled

with different amounts of carbon black are presented and compared.

Natural rubber filled with carbon black. Temperature dependent shear mod-
ulus data for G'(T) and G”(T) measured at an angular frequency (w) of 10
rads~! are shown in figure 5.2. At lower temperatures the values for G'(T)
and G”(T) are almost identical, as the rubber in unfilled and filled NR-CB
composites is in a glassy state. At a characteristic temperature, G'(T) decreases
significantly, and simultaneously with a peak occurring at -57°C is observed in
G"(T) since NR undergoes its dynamic glassy transition (« relaxation). In the
rubbery plateau region (at temperatures well above the a relaxation process),
the changes in the G'(T) value due to presence of filler particles is visible. As
expected the G’ values for unfilled natural rubber is approximately 10° Pa and
its value shows a weak increase with temperature as a consequence of entropic
elasticity.[163] On the other hand, for filled composites the G'(T) values in the
rubber plateau range are increasing systematically with carbon black content.
For highly filled composites containing carbon black ®cg > 10 vol% a unique
trend is observed. G'(T) is decreasing continuously with temperature (inset
of figure 5.2(a)) . This indicate the existence of a situation where filler related

effects dominate over entropic elasticity.

Similarly, the loss modulus G”(T) for filled composites show systematic in-
crease in the rubber plateau regime with carbon black content. Clearly a sys-
tematic increment in the dissipation is visible in inset of figure 5.2(b). The effect
is significantly more pronounced above the percolation threshold of ®c5 > 10
vol%. The overall temperature dependence is similar to that of storage mod-

ulus, i.e. the dissipation is reducing with increasing temperature for highly
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FIGURE 5.2
Temperature dependence of (a) storage modulus G'(T) and (b) loss modulus G”(T) measured
at 10 rads~! for unfilled and filled NR-CB composites containing different volume fractions of
carbon black (Pcp) as given in the legend. The ang indicate the dynamic glass transition of
natural rubber. Inset in (a) shows the average slope of G'(T) in the temperature range from 20°

to 100°C, inset in (b) gives G'(T) and G”(T) at 60° obtained by averaging over 5 data points
(from 54° to 66°C).

filled composites. These trends are expected and well documented in litera-
ture since carbon black particles are known to form a filler network for load-
ing above a percolation threshold (¢c), i.e. they contribute significantly to re-

inforcement and dissipative properties of the rubber nanocomposites.[13, 25,

36]

While models explaining the origin of reinforcement due to filler network are
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broadly considered, the molecular origin of dissipation at small deformations
amplitudes (0.1% in the linear response range are used here) was basically
not or only very seldom discussed.[13, 110] A standard technique to resolve
the filler network related contributions to reinforcement and dissipation is to
perform measurements where the strain amplitude varied under isothermal
conditions at fixed frequency. Usually room temperature is used in combi-
nation with a single frequency in the range 1 to 10 Hz. A special approach
in this study is to incorporate always strain sweeps at different temperature
between 0°C and 60°C in order to investigate systematically the influence of
temperature on dissipation and reinforcement. In special cases also frequency

dependent experiments are performed and is shown in appendix figure 8.2
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FIGURE 5.3
Strain amplitude dependent (top) storage modulus G'(y) and (bottom) loss modulus G” (1)
measured at 10 rads™! for natural rubber composites containing different fraction of carbon
black (Pcp) at three different temperature (a) 0°C, (b) 25°C and (c) 60°C. The data points are
approximated by the Kraus equation 5.1 for the storage modulus G’(7) and by the modified
Kraus equation 5.3 for the loss modulus G”(vy)

The data obtained by deforming the specimen from small strain to large strain
amplitude (7y from 0.001% to 40%) at a fixed angular frequency (w) of 10 rads !

at three different temperatures 0°, 25° and 60°C are presented in figure 5.3.
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Note that the preferred temperatures fall in the regime of rubber plateau (fig-
ure 5.2). Commonly the storage modulus G’ (vy) is increasing with carbon black
content, but the magnitude is dependent on filler volume fraction (®cg), mea-
surement temperature and strain amplitude regime. The increment of G'(7)
is relatively weak for composites containing small volume fraction of carbon
black and it shows no dependence with strain amplitude from small strain
amplitude (y < 1%) to large strain amplitude (7 up to 40%). The situation is
different for composites containing ®cp > 10 vol% . For such filler contents
the storage modulus value G| at small strain amplitude shows a strong de-
pendence on filler content. In addition sigmoidal decrease of G'(vy) with the
strain amplitude is observed. The feature is generally observed in composites
containing a filler network, that forms for filler loading above the percolation

threshold (¢c).

The phenomenon of sigmoidal decrease in storage modulus with strain am-
plitude is well known as Payne effect and is related to a filler network break-
down.[9] The storage modulus G| is strongly increasing with increasing the
filler loading above ¢c, whereas at large strain amplitude () ~ > 25% the mod-
ulus G, estimating the reinforcement contributions due to occluded rubber
and rubber network is weakly dependent on filler volume fraction.[25] Similar
behavior is seen commonly for rubber composites containing high loading of
nano particles. Temperature dependent measurements are seldomly reported
in literature. G| value for a given filler content above percolation threshold
(¢c) show strong dependence on temperature. The G| value systematically
reduces with increasing the temperature, while G/, is weekly influenced by
temperature and filler loading. This feature indicates that filler network con-
tributions to the storage modulus G’ are reduced systematically as the temper-

ature is increased.
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The loss modulus G”(7y) is nearly featureless and independent on strain am-
plitude, similar to G'(y) for composites containing carbon black loading sig-
nificantly below the percolation threshold (¢c). In these composites values cor-
responding to small G|/ and large strain amplitude G, are almost same. How-
ever, for composites containing carbon black loading ®cp > 10 vol%, the loss
modulus show a different behavior depending on strain amplitude. A peak
labeled with G, is observed at intermediate strain amplitude. This feature is
also related to Payne effect and commonly seen in composites containing a

filler network. [9, 108]

Most interestingly, G is showing similar decreasing trend with carbon black
content and temperature as seen in G, for composites containing percolated
filler network. Similarly, the peak intensity G,, is also increasing with car-
bon black content and decreasing with temperature, while G, is only weakly
changing under identical conditions. In general, the strain sweep in figure 5.3
demonstrate clearly that filler network formed by carbon black particles in NR
matrix is influenced strongly by temperature and that in particular reinforce-
ment and dissipation in the rubbery plateau region are at least for high filler
loadings and temperatures between 0° and 60°C dominated by filler network

related contributions.
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NR/BR filled with carbon black. Temperature dependent data for shear stor-
age modulus G'(T) and loss modulus G”(T) for rubbers containing 70 wt%
NR and 30 wt% BR together with different amounts of carbon black are pre-
sented in figure 5.4. As expected, NR and BR is immiscible and show two
independent « relaxation processes. The peak in G at approximately -99°C
corresponds to a relaxation of polybutadiene rubber, the other peak at ap-
proximately at -57°C is related to natural rubber. The latter peak position is
similar to the one observed earlier in NR-CB composites and is unaffected
due to BR fraction. The occurrence of both & relaxation processes results in
a step-wise softening process observed clearly in G'(T). In the temperature
range between both « relaxations the storage modulus is still in the GPa range
and only weakly dependent on filler content. Only at temperatures signifi-
cantly above -57°C, where the majority NR fraction softens, the typical rubber
plateau region is observed. The position of both « relaxation processes is prac-
tically identical in unfilled rubber and rubber composites containing different
volume fractions of carbon black. Pronounced changes due to the presence of
carbon black particles are evident in the rubbery plateau region. The G'(T)
and G”(T) values in this region increase systematically with increasing carbon
black content. However, the increment in G”(T) with filler fraction is not as
ideal like in NR-CB composites (inset of Figure 5.4(b)) since above the percola-
tion threshold, the increase in G”(T) is broadened. Possibly this has to do with
the preferential filler distribution in both rubber phases, it is known that car-
bon black prefers BR phase.[95, 164] Temperature dependence in the rubbery
plateau regime is similar to that of highly filled NR-CB composites, both G'(T)
and G”(T) are decreasing with increase in temperature and the relevant slope

dG'/dT decreases with increasing filler content (inset Figure 5.4(a)).

The results from strain sweep measurements in figure 5.5 show the G'(1y) de-

pendence on carbon black content. A sigmoidal decrease in G'(y) and a peak
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FIGURE 5.4
Temperature dependence of (a) storage modulus G’ and (b) loss modulus G” measured at
10 rads~! for unfilled and filled natural and polybutadiene rubber blends (NR/BR-CB) con-
taining different fraction of carbon black (®¢p). Distinct aygr and apr indicate that both the
components in the composite are immiscible. Inset in (a) gives the slope of G'(T) in the tem-
perature range from 20° to 100°C, inset in (b) gives the G'(T) and G”(T) values at 60° obtained
by averaging over 5 data points (from 54° to 66°C).

in G” () demonstrate the existence of the Payne effect in highly filled compos-
ites. G| and G values are strongly increasing, for carbon black content ®cp

> 12.3 vol%. The temperature dependence is similar to that of highly filled

NR-CB composites, the sigmoidal step in G’(vy) and peak intensity G|, show a
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decrease with increasing temperature. The results indicate that the filler net-
work contributions to reinforcement and dissipation in blend composite be-
have qualitatively similar to that of single matrix composites. Although, the
carbon black grade and processing conditions are identical for both NR-CB
and NR/BR-CB composites, differences exist in the absolute values of rein-
forcement and dissipation at a given carbon black content and temperature.
Hence, it is interesting to cross compare the absolute values in order to see the

effect of replacing 30% of NR by BR rubber.
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FIGURE 5.5

Strain amplitude dependent (Top) storage modulus G'(vy) and (bottom) loss modulus G” (1)
measured at 10 rads ~! for NR/BR-CB composite blends containing different fraction of carbon
black (Pcp) at three different temperatures (a) 0°C,(b) 25°C and (c) 60°C. The data points are
approximated by Kraus equation 5.1 for the storage modulus G’(7y) and by modified Kraus
equation 5.3 for the loss modulus G (7).
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Comparison between NR-CB and NR/BR-CB. Qualitatively, the results from
strain sweeps show that the Payne effect features identified by sigmoidal de-
crease in G'(y) and a peak in G”(1y) is common for highly filled NR-CB and
NR/BR-CB based composites. This confirms clearly that the filler network
formed by carbon black particles above the percolation threshold, which is is
seemingly quite independent on the rubber matrix, significantly influences the
dynamic mechanical properties of the rubber composites. Further, strain am-
plitude measurements show that filler network contributions to reinforcement
and dissipation are strongly temperature dependent. Moreover, the intensity
of Payne effect seems to be different at given carbon black content and mea-
surement temperature for both NR-CB and NR/BR-CB composites. Compar-
ing the fit parameters obtained from approximating the G’(vy) and G”(y) based
on equations 5.1 and 5.3 provides additional information about the influence

of matrix composition.

In figure 5.6, the storage modulus G} and G, corresponding to two limiting
strain amplitudes are plotted with respect to carbon black loading. The data
clearly show the strong dependence of G| on carbon black loading, specifically
for loading above the percolation threshold which is approximately (®cp = 10
vol%) for both NR-CB and NR/BR-CB composites. On the other hand, G/,
show weak dependence with carbon black loading for both composite series.
At a comparable temperature, the values of G| are consistently higher above
the percolation threshold for NR-CB composites in comparison with those for
NR/BR-CB composites. Interestingly, the G., values for both NR and NR/BR
composites is almost equal, indicating that contributions due to occluded rub-
ber, hydrodynamic reinforcement and rubber matrix are not influenced (as the
processing conditions and carbon black grade are identical). The influence

of measurement temperature is also clear. While the filler network is intact
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FIGURE 5.6
Temperature and filler fraction ®cp dependence of (a) G| (filled) and G, (open) being Kraus
fitting parameters for NR-CB (black square) and NR/BR-CB (red circle) composites, black dot-
ted vertical line represents the estimated percolation threshold ®¢ cp and green dotted line is
hydrodynamic reinforcement predictions according to Guth-Gold [102]. (b) Strength of filler
network AG'= G| - G, with respect to carbon black filler volume fraction ®cp for NR and
NR/BR based composites, lines connecting the points are a guides to the eye.

the measured storage modulus values G|, above the percolation threshold de-
crease with temperature, whereas G/, values show a very weak dependence

on temperature. The difference between both the limiting modulus values AG’

plotted with respect to carbon black loading at three temperatures in figure
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5.7 b confirms that the filler network formed by carbon black particles in NR-
CB composites contribute slightly stronger to reinforcement in comparison to
filler network formed in NR/BR-CB composites. The temperature dependence
of AG’' shows that the temperature-dependent softening behavior of the filler
network is common for both NR-CB and NR/BR-CB composites and indicate
that composition of the rubber matrix has a significant influence on filler net-

work contribution to reinforcement.

The parameters obtained by approximating the loss modulus G” () by the
modified Kraus equation 5.3 are plotted for both NR-CB and NR/BR-CB com-
posites with respect to carbon black loading in figure 5.7. The filler network
contributions AG}) and AGY, related to dissipation at small strain amplitudes
while the filler network is intact and peak intensity at the intermediate strain
amplitude show systematic dependence on carbon black loading. Both the
contributions are strongly increasing with increase in carbon black loading
above the percolation threshold confirming the dominance of filler network
related contributions to dissipation in highly filled composites. Additionally,
the decreasing trend of both AG}) and AG} with increase in temperature indi-
cate that the softening of filler network influences strongly the dissipation in
highly filled composites. At large deformations, the magnitude of absolute G/,
values is low in comparison with filler network related contributions to dissi-
pation. Comparing the absolute AG}, and AG{ values for NR-CB and NR/BR-
CB composites, the trends are similar to those obtained for the filler network
contribution to reinforcement, i.e. AG}, and AG} are commonly higher for NR-
CB composites. Finally, this clearly indicates that the filler network formed
by carbon black in a NR matrix is showing different mechanical properties in
comparison to that in a NR/BR matrix. This is an interesting finding and the
reasons for the observed differences has forced further investigations. Hence,

imaging methods have been applied in order to learn more about the filler
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FIGURE 5.7

Values for AGY), AG} and G, as obtained from fits based on equation 5.3 with respect to carbon
black loading ®¢p for (a) NR-CB and (b) NR/BR-CB composites measured at three different
temperatures 0°C (squares), 25°C (circles) and 60 °C (triangles). The line connecting the points

is a guide to the eye.

rubber phase morphology and filler dispersion.

The representative TEM images of NR-CB and NR/BR-CB composite contain-
ing carbon black ®¢p fractions less than and greater than ®¢ p are shown in
figure 5.8. In case of composites containing ®cp = 4.5 vol%, as the filler con-

tent is well below the percolation threshold in both NR-CB and NR/BR-CB
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FIGURE 5.8

TEM micrographs for (Top) NR filled with ®¢p : (left) 4.5, (right) 16 vol% and (bottom) NR/BR
blend filled with ®¢p : (left) 4.5, (right) 15 vol%, dark gray domains are BR dispersed in light
gray NR matrix.

composites, the TEM micrographs enables to identify the filler aggregates that
are well dispersed throughout the matrix and are isolated from each other. As
expected, NR/BR based composite show a blend morphology, where isolated
BR domains are distributed uniformly in NR matrix. Interestingly, the disper-
sion of the filler particles is quasi identical and the shape of the filler clusters
(branched) seems to be preserved in both single and blend system. Although,

the filler fraction is well below the percolation threshold, a quantification of

the filler localization based on TEM images in both rubber phases seems to be
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complicated. The intrinsic problems of this method for that propose (limited
phase contrast, superposition of particles in different depth etc) Here alterna-
tive methods like AFM have to be considered. In case of composites containing
16 and 15 vol% i.e. filler fractions above the percolation threshold in both NR
and NR/BR blend respectively, even a quantitative description of filler disper-
sion is complicated, as the filler clusters overlap and connect to each other to
form a percolating filler network. Nevertheless, an attempt is made to com-
pare the filler dispersion in both single and blend composites. In this attempt
the area of unfilled regions, i.e. the regions in the TEM image that obviously
do not contain any filler particles, is identified and measured by drawing poly-
gons representing the circumference of such regions. The processed image is
shown in figure 5.9 and the histogram of unfilled areas is used to quantify filler

dispersion and to compare the situation in NR and NR/BR based composites.

Histograms in figure 5.9(b,d) clearly shows that distribution of unfilled areas in
NR composites is not too different from that in NR/BR based composites. The
statistical average size obtained from an analysis based on 374 and 328 unfilled
areas is 13931 nm? and 17843 nm? for NR-CB and NR/BR-CB composites, re-
spectively. Another parameter that can be compared is the peak position in
both histograms, which seems to be similar for both NR and NR/BR compos-
ite. These observations are understood as an indication for an almost identical
filler network topology in both the composites above the percolation thresh-
old and a minor influence of the rubber matrix composition on filler network

topology in case of NR and NR/BR composites filled with CB.
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FIGURE 5.9

The unfilled regions in TEM images are filled with red color for (a) NR-CB and (c) NR/BR-CB
containing 16 and 15 vol% CB, their areas are estimated by Image] software. Histogram (b,d)
representing the frequency of unfilled areas in the investigated images (a,c) is constructed by
binning the unfilled areas between 100 to 391451 nm? into 50 bins (bin size = 7827 nm?), inset
in each histogram is a zoom constructed similarly as the main histogram with bin size = 998
for unfilled areas between 100 to 50000 nm2.
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5.3 Influence of filler introduction method on the
properties of NR/BR nanocompsites

In this section the mechanical properties of NR/BR blends filled with different
amounts of carbon black are reported. The rubber matrix of all investigated
rubber nanocomposites contains 70 wt% NR and 30 wt% BR. The filler fraction
is varied between 0 and 13.7 vol% carbon black N234. Special point of this
study is that the method of carbon back incorporation is varied for different
series of nanocomoposites. The filler is either (i) freshly mixed to the rubber
matrix as commonly done in conventional mixing procedure or (ii) introduced
tirst with high concentration in a single rubber producing a so called master-
batch, which is subsequently mixed with all other components to a nanocom-

posite.

The temperature dependent storage modulus G'(T) and loss modulus G”(T)
data show the influence of carbon-black particles on dynamic properties of
NR/BR-CB nanocomposites is shown in figure 5.10. The dynamic glass tran-
sition temperatures of both NR (ayr ~ -52 °C) and BR (apr ~ -91 °C) com-
ponents of unfilled rubber blend is negligibly influenced for composites con-
taining low (5 vol%) and high fraction (13.7 vol%) of carbon-black. The weak
step in G'(T) at about -20°C might be related to melting of a certain crys-
talline BR fraction,[95] which is quite prominent in data for unfilled rubber
samples. In the rubbery plateau region (T > 0 °C), both reinforcement (G'(T))
and dissipation (G”(T)) are almost a decade higher for composites containing
®cp = 13.7% in comparison with composites containing ®cp = 5% and un-
filled rubber. Additionally, the temperature dependence of G'(T) for compos-
ites containing ®cp = 13.7% is also different than that of composites contain-

ing ®cp = 5% and unfilled rubber. A clear decrease of G'(T) with temperature
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FIGURE 5.10

Dynamic shear storage modulus G’ and loss modulus G” as a function of temperature for
differently prepared NR/BR composites (cf.legend). Data for (a) unfilled and composites con-
taining ®cp = 5% as well as (b) unfilled and composites containing ®cp = 13.7% are com-
pared.

is observed like discussed already for other highly filled nanocomposites indi-
cating sequential softening of small rubber fractions. Note that the method
of carbon-black incorporation and apparently the proportion of different car-
bon black masterbatch also significantly influences the degree of reinforcement
and dissipation in highly filled composite containing ®cp = 13.7%. Higher
reinforcement is for NR/BR-NRMB composite prepared solely by NR master-
batch, followed by NR/BR-NR/BRMB composite prepared by replacing 50%
NR masterbatch by 50% BR masterbatch. The least reinforcement is observed
for reference composite prepared by conventional method of carbon-black in-

corporation. Qualitatively, the loss modulus data in the rubber plateau range

behave similarly. These trends provide a hint that filler network formed at
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filler loading above percolation threshold would be different and its contribu-
tion to reinforcement and dissipation is significantly dependent on the method

of carbon black incorporation.
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FIGURE 5.11
Dynamic storage modulus G’ as a function of shear strain amplitude <y (Payne effect ) for
NR/BR matrix filled with varied fraction of carbon black ®cp , (Left) reference, (middle)
NR/BR-NRMB and (right) NR/BR-NR/BRMB. All measurements are done at 10 rad/s and
temperatures of (top) 0°C, (middle) 25°C and (bottom) 60 °C, while the lines over the data
points are fits based on the Kraus equation Eq.5.1.

Strain sweep measurements at different temperatures (T = 0, 25, 60 °C) shown
in figure 5.11 elucidate the apparent differences between the composites pre-
pared by carbon black masterbatches and conventional method of carbon-
black incorporation. As expected, irrespective of carbon-black incorporation
method, the initial modulus G is increasing with carbon black loading and the
Payne effect is observed for highly filled composites, indicating the presence
of a filler network. At small strain amplitude, the temperature dependence of

highly filled composites are similar to that seen in figure 5.10, G is decreasing
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systematically with increase in temperature from 0°C to 60°C. The intensity of
Payne effect is showing temperature dependence as G, is weakly influenced
by increasing temperature. In addition, the magnitude of G| in composites
containing large fraction of carbon-black is strongly dependent on method of

carbon black incorporation and temperature.
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FIGURE 5.12

Strength of filler network with respect to carbon black filler volume fraction ®cp compared be-
tween (circle)Reference, (triangle) NR/BR-NRMB and (star) NR/BR-NR/BRMB at three dif-

ferent temperatures. Lines connecting the points are a guides to the eye.

The difference AG'=G|, - G, (estimated based on fits to equation 5.1) quanti-

fies the carbon-black network contribution to reinforcement and underlines the
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FIGURE 5.13

Dynamic shear loss modulus G” as a function of shear strain amplitude y for NR/BR rubbers
filled with varied fraction of carbon black ®¢p : (Left) Reference, (middle) NR/BR-NRMB and
(right) NR/BR-NR/BRMB. All measurements are done at 10 rad /s and temperatures of (top)
0°C, (middle) 25°C and (bottom) 60 °C. The lines are fits based on the modified Kraus equation
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above mentioned trends figure 5.12. In comparison with reference composites
prepared by conventional method of carbon black incorporation the strength
of filler network AG’ is consistently higher for NR/BR-NRMB composites that
are prepared by natural rubber master batch. Followed by NR/BR-NR/BRMB
composites that are prepared by 50:50 combination of NR and BR carbon black

masterbatches. This confirms that the method of carbon-black incorporation

has serious influence on filler network contribution to reinforcement.

The data for dissipation G” (y) measured for the three of NR/BR-CB nanocom-
posites series at temperatures T = 0°, 25°, 60 °C are shown in figure 5.13. In

general, dissipation is increasing with carbon-black content. For composites
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FIGURE 5.14

Fit parameters AGY (top) and AG}, (bottom) as function of carbon black loading ®cp for
NR/BR based composites, where different filler incorporation methods are used. Data for
rubber composites, where standard method (circle), NR masterbatch (triangle) and NR/BR
masterbatches (star) are used, are compared at three temperatures: (top) 0°C, (middle) 25°C
and (bottom) 60 °C. The lines connecting the points are a guides to the eye.

containing large fraction of carbon-black a pronounced Payne effect is ob-
served indicated by a peak at intermediate strain amplitudes. Similar to G,
the dissipation at small strain amplitude, G{] is increasing with carbon black
loading and decreasing with temperature. For highly filled composites, the
height of the characteristic peak G,, at intermediate strain amplitude is also
showing similar trends, while G/, shows a weak dependence on temperature
and carbon black content as the filler network is broken. Most interestingly,

peak heights as well as G, are quite different for different filler incorporation

methods corresponding to the findings in case of the storage modulus G'(7).
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FIGURE 5.15
The unfilled regions are red colored in TEM micrograph for NR/BR composites filled with
®cp = 13.7% carbon black, prepared by (a) conventional mixing, (c) NR masterbatch and (e)
NR/BR masterbatches. The unfilled areas estimated by Image] software are binned into 50
bins with a bin size of 1798 nm? and represented by histograms (b,d,f), respectively.
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In order to quantify different filler network contributions to dissipation all data
presented in figure 5.13 are fitted to equation 5.3. The obtained parameters
AGY, and AGY}, are plotted in figure 5.14. The absolute values of AG}, and AG}
are increasing non-linearly with increasing carbon black content and decreas-
ing with increasing temperature. The composites belonging to NR/BR-NRMB
show the highest values, whereas the lowest values are observed for compos-
ites that are prepared by conventional method of carbon black incorporation.
NR/BR-NR/BRMB composites prepared by 50% of NR-CB and BR-CB mas-
terbatch fall between NR/BR-NRMB and reference composites. Strain ampli-
tude measurements evidence that the filler network contributions to reinforce-
ment and dissipation are dependent on temperature and it varies also with the
method of carbon black incorporation method as already indicated in temper-

ature dependent measurements in the linear response range..

Images from TEM for three composites containing ®cp = 13.7% in figure 5.15
reveal the existence of percolated filler network indicated by Payne effect in
figures 5.11 and 5.13, respectively. The high carbon-black concentration com-
plicates the evaluation of dispersion and it is difficult to describe the topology
of the filler network. In order to come to a quantitative estimate, the area of
unfilled regions is analyzed giving a more or less direct information about the
level of micro and nano dispersion. Indirectly, this method assists in distin-
guishing the topology of carbon-black network depending on the method of

carbon-black incorporation.

In figure 5.15 histograms quantifying the distribution of unfilled areas are
shown. The overall shape of the distributions is seemingly only weakly in-
fluenced by the filler incorporation method, despite of the fact that the smaller
areas are more populated in case of NR/BR-NRMB composite. The average

size of unfilled areas for the composites prepared by masterbatches is only
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about 2 and 10% different with respect to the reference NR/BR-CB compos-
ite (reference = 29756.44, NR/BR-NRMB = 29006.37 and NR/BR-NR/BRMB =
26680). Note that the integrated area of the unfilled regions is changing a bit
more depending on the filler incorporation method. Considering the fraction
of unfilled areas in the TEM images one get 10.1% for NR/BR-CB, 15,6% for
NR/BR-NRMB and 11.2% for NR/BR-NR/BRMB. However, one should keep
in mind that this is only a local snapshot and a statistics on that length scale is
requiring an analysis of various TEM images which is at the moment missing
(Note that a certain thickness variations in ultra microtomed films can exist).
In general, the data seem to indicate that the topology of the carbon-black net-
work is not much influenced by the method of carbon-black incorporation and

by the masterbatches uses (NRMB and BRMB masterbatche.)
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5.4 BR-SBR diblock copolymer filled with silica

The AFM images of BR-SBR diblock copolymer shown in figure 4.1 clearly in-
dicate the lamellar morphology at the nanoscale is not fundamentally changed
due to high shear forces involved during incorporation of silica particles through
mechanical mixing process. Only prominent effect of an increasing filler frac-
tion seems to be a reduced long range order. In contrary, the reference com-
posite prepared by SBR/BR blend do not display the defined morphology as
seen in diblock copolymer. Interestingly, the silica particles have preferred the
styrene rich phase of the investigated BR-SBR diblock copolymer resulting in
an architecture of filler network guided by the phase morphology of the block
copolymer. For SBR/BR blend based composites though the silica particles
show a weak tendency to prefer the SBR phase the dispersion of silica parti-
cles seems to be random. As seen in Figure 4.1, this can be explained by the ab-
sence of a self-assembled morphology characteristic for the investigated block
copolymers as well as much bigger domains and better miscibility in case of

the investigated SBR/BR blends.

To identify the influence of filler dispersion on mechanical properties, strain
sweep measurements are done at three temperatures (0°, 25° and 60°C) for
both block copolymer and blend based composite containing different vol-
ume fraction of silica particles. The results for silica filled block copolmers
are shown in figure 5.16. The storage modulus at small strain amplitude G|,
show strong dependence on silica content and it is increasing with increasing
the filler content at all the measured temperatures. This increasing the am-
plitude of the Payne effect, which commonly observed in the strain sweeps
related to filler network breakdown. Since G/, at large strain amplitudes is
showing a weak dependence with silica content. Note that as a consequence
of glass transition temperature of SBR block (Tg= -8°C) a Payne effect like fea-

tures is observed for unfilled block copolymer at 0°. This is indicating that the
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FIGURE 5.16

(left) Storage modulus and (right) loss modulus of the dynamic shear modulus as a function of
shear strain amplitude -y for a BR-SBR block copolymer filled with different amounts of silica
Dsisicqs. All measurements are performed at 10 rad/s and temperatures of (top) 0°C, (middle)
25°C and (bottom) 60 °C, while the lines are fits based on equations 5.1 and 5.3.

SBR phase is percolated and accordingly the absolute values of G| for filled
composites at 0° are quite high. At 25° and 60°C the Payne effect is absent for
unfilled BR-SBR diblock copolymer while G| and the amplitude of Payne ef-
fect for silica filled composites is significantly reduced as G, is not only show-
ing a weak dependence on filler content but also on the temperature. Similar

to G|, the loss modulus at small strain amplitude G shows a strong depen-

dence on silica content and temperature. As the strain amplitude is increasing,
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(left) Storage modulus and (right) loss modulus of the dynamic shear modulus as a function
of shear strain amplitude y for SBR/BR blend based composites filled with different amounts
of silica ®gjj;c,. All measurements are performed at 10 rad/s and temperatures of (top) 0°C,
(middle) 25°C and (bottom) 60 °C, while the lines are fits based on equations 5.1 and 5.3.

a simoidal decrease in G{ is accompanied by the peak characterized by the
height G), reflecting the Payne effect. As in case of G, the loss modulus at
large strain amplitude G, is weakly dependent on filler fration as well tem-
perature. The temperature dependence of G| and G, is qualitatively similar
to that observed in G), with increase in temperature all the values are reducing

for all the composites. Note that Payne effect-like features are also found in

G"(7) at 0°C for the unfilled block copolymer supporting the interpretation
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that the percolating SBR phase is already partly glassy under these conditions.

Strain amplitude dependent storage and loss modulus data for SBR/BR blend
based composites are shown in figure 5.17. The Payne effect is observed for
these composites at all the measured temperatures except the SBR/BR blend
containing 20 Phr silica at higher temperatures (> 25°C). In general, all trends
seen in BR-SBR block copolymer-based composites are preserved. In particu-
liar, a significant reduction of the Payne effect in G'(vy) and G”(7y) is seen with
increasing filler content and decreasing silica fraction like in other cases. A
clear difference compared to BR-SBR-based composites is that the amplitude
of the Payne effect in G’ and G” is obviously smaller for all filler contents at

temperatures below 60°C.

Strength of the filler network AG’ as well as filler network related contributions
to dissipation AG}, and AG} taken from equations 5.1 and 5.3 for silica filled
BR-SBR block copolymers and SBR/BR blends are compared in figures 8.3 and
8.4. Consistently, the values are higher for block copolymers in comparison
with the SBR/BR blend composites with identical silica contents if lower tem-

peratures (T < 60°C) are considered.
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6 Discussion

6.1 Common origin of dissipation and reinforcement
in rubber nanocomposites

Viscoelastic filler-network. It is well known that incorporating nanosized par-
ticles in the rubber matrix changes the composite’s mechanical properties by
altering the viscoelastic properties.[18] For instance, 20.4 vol% of carbon- black
incorporation into the NR increases the shear loss modulus G” and storage
modulus G’ at ambient temperature, in the rubbery plateau region by a factor
of 54 and 23, respectively (figure5.2). Due to the lack of an appropriate ap-
proach, detailed understanding at the molecular level about the origin of such
a significant change in mechanical properties is limited.[154, 158] Common un-
derstanding in application relevant rubber nanocomposites containing a large
fraction of filler particles is that filler network contributions to reinforcement
are much larger than the hydrodynamic effects.[13, 25] This underlines that
the filler network related to a percolating solid phase above the percolation
threshold is of major importance for the performance of rubber composites.
While early models assume that the filler network is caused by filler-filler in-
teraction [9, 10, 108] more recently glassy rubber bridges interconnecting filler
particle have been discussed.[25, 117, 151, 152] Common assumption of dif-
ferent approaches is that immobilized rubber layer with a thickness of 1-3
nm exist on the surface of filler particles.[46, 90, 132] Studies focusing on the

temperature and frequency dependence of filler network related contributions



84 Chapter 6. Discussion

to reinforcement in rubber composites show that immobilized rubber in the
filler’s vicinity has molecular dynamics different from bulk rubber and is spec-
ulated to be of importance as it connects the filler particles in the percolated
filler network softens sequentially with increasing temperature and decreasing
frequency.[46] This immobilized fraction has to be clearly distinguished from
bound rubber.[157] The major difference between both types is that immobi-
lized rubber fraction is relatively small, around 1 to 3 % depending on the filler
content, specific surface area of the filler and measurement temperature. It is
supposedly in a glassy state but heterogeneous showing a gradient in density
and resulting in unusual softening behavior occurring at lower frequencies or
higher temperatures. Contrary, the bound rubber is a fraction, which cannot
be extracted by a good solvent, and its volume depends on different parame-
ters such as filler matrix interaction and molecular weight of the used rubber.

Its volume is generally much higher than that of immobilized rubber.

Several studies have demonstrated the difference between bound rubber and
immobilized rubber by techniques that give information about molecular dy-
namics like DSC, NMR, DMA, Dielectric, and SANS.[117, 132, 138, 147, 148,
151, 157] However, even within these studies different interpretations have
been chosen. Few studies have distinguished immobilized rubber fraction
into layers with intermediate molecular mobility and glassy layer. Such ap-
proaches lead to immobilized rubber layer thickness estimations from few to
several nanometers depending on the assumptions made.[37] In several cases
it is not clearly defined what type of mobility is really considered and which

length scales are relevant for the underlying motions.

Recently, Mujtaba et al. have studied SSBR filled with silica particles com-

bining strain sweep at various temperatures by of DMA and a special solid
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state NMR spectroscopy method giving quantitative information about im-
mobilized rubber fractions with the intention to recognize filler network con-
tributions to reinforcement.[25] The conclusion of this studies is that the filler
network, which is originally described as an infinite path of solid particles, in-
deed incorporates viscoelastic elements. It is proposed that immobilized rub-
ber fractions on the filler surface are formed resulting in glassy rubber bridges
connecting the filler particles and being part of the filler network. This glassy
rubber fraction exhibits a gradient in the glass temperature (T) explaining se-
quential softening and viscoelastic behavior of the filler network. The volume
fraction of immobilized rubber quantified in this study is in the range of 1 to 3

vol% depending on temperature and filler fraction.
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FIGURE 6.1
(a) Strain amplitude dependent loss modulus G” () at three different temperatures for NR
filled with 20.4 vol% of CB and (b) a schematic showing a temperature dependence of loss
modulus G”(T) for unfilled and highly filled composite. The inset scheme shows the vis-
coelastic filler network. For the visualization purpose, the gradient in the glass transition
temperatures of the glassy bridges is represented by three colors that corresponds to three T
and relevant with strain amplitude dependent measurement temperatures.

A sketch showing the possible localization of this tiny fraction of immobilized

rubber within the filler network is shown in the inset of the figure 6.1.[159] Its
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formation may be attributed to physical adsorption phenomena. A potential
explanation is that rubber chain segments very close to the filler surface pack
different from the bulk situation and are densified due to strong interactions
between rubber and filler. In this regard, the volume of immobilized rubber
or the number of glassy bridges would increase with the filler loading or with
available surface area. The physical picture highlights the specific importance
of the glassy bridges, which soften sequentially at temperatures of several 10K

higher than the bulk rubber’s glass transition.

The reinforcement data obtained for different rubber composites in this work
strongly supports the physical picture described above. In highly filled rubber
composites, the temperature dependence of AG’ is due to variation in immo-
bilized rubber fraction in the glassy bridge. The glassy bridge’s cross-section
would increase with a decrease in temperature. Accordingly, the filler net-
work’s load-carrying capacity increases. The glassy rubber bridges break for
shear strain significantly larger than 1%, resulting in the Payne effect, as they

are the weakest component of the filler network.

A question that remained basically open in earlier studies is that for the molec-
ular origin of different dissipative contributions seen in the strain amplitude
dependent loss modulus (GY). For the first time in this work, filler network-
related contributions to dissipation are isolated and quantified by a modified
Kraus equation for loss modulus and associated to specific molecular mecha-

nisms by considering their temperature dependence.

Quantification and understanding of different contributions to dissipation. A
central result of this work is the observation that the modified Kraus equation
5.4 is required to approximate the loss modulus (G), since the original equa-
tion 5.2 proposed by Kraus fails to approximate the amplified dissipation at
small strain amplitudes for composites containing a large volume fraction of

filler particles. The finding is that the sigmoidal term G +,0 and the peak-like
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term G +,F capture the filler network contributions to dissipation. The exper-
imental results accumulated in this work strongly suggest that the origin for
both the contributions are physically different although both are dependent on
filler fraction and measurement temperature. An interpretation for both filler
network-related contributions to dissipation in accordance with the viscoelas-

tic nature of the filler network is given below:

o G 4,0 : Dissipation due to oscillatory deformation of intact glassy rubber

bridges in the filler network (dominates at 7y < 0.1%)
. G +F + Dissipation due to fracture of glassy rubber bridges.

In addition an extra contribution to dissipation is commonly observed

and related to
e G" : Dissipation independent from the filler network.

From this point of view, the amplified dissipation, G{ is due to oscillatory
deformations of all initially intact glassy bridges (Np) in the percolated filler
network. For strain amplitudes more than approximately 1% the number of
glassy bridges (Np) decreases sigmoidally, as proposed by the Kraus, explain-
ing the sigmoidal decrease in the storage modulus (G/,). Consequently, a simi-
lar sigmoidal contribution in G/ related to G +,D occurs in addition to the peak
related to G +F arising due to the heat dissipated during the breakage of glassy
bridges. Note that also the peak height G;,, of the latter contribution should be
proportional to the number of initially intact bridges Ny, i.e. depending on

filler fraction and temperature.

In this regard, an increase in loss modulus (G”) in the rubbery plateau region
for the filled rubber composite compared with the unfilled rubber seen in lin-
ear response measurements with small strain amplitude can be discussed. For
instance, in figure 6.1(b) the amplified dissipation in rubber plateau region for

composite containing a percolated filler network can be rationalized by the
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physical picture assuming glassy rubber bridges connecting the filler particles.
The dissipation that decreases over broad temperature range well above the
bulk « relaxation temperature of the rubber matrix for the filled composite
is understood as a consequence of sequential softening of small immobilized
rubber fractions. In the linear response regime, a step like decrease in G’ shall
result in a peak like contribution in G” resulting in the amplified dissipation.
If sequential softening of small fractions with different T, appears within im-
mobilized rubber fractions forming glassy rubber bridges. Then, the findings
in G*(T) for highly filled composites measured using small strain amplitudes
can be related to a reduction in the glassy rubber bridge volume with the tem-

perature.

The temperature dependence of initial dissipation G/ in the figure 6.1(a) can be
understood through the same physical picture. The behavior results from a re-
duction in the volume of the immobilized rubber in the glassy rubber bridges.
As a consequence, not only the dissipation due to the deformation of the glassy
bridge (G” +,0) reduces, the heat released due to the breakage of the glassy
bridge (G” +,F) should also reduce. In particular a prediction is that the step
height AG}) = G — G, and peak height AGY = G}, — G/, should increase with
filler fraction and decrease with temperature, respectively. The results accu-
mulated for different kinds of rubber composites studied in this work support

qualitatively the proposed picture without exception.

A prediction of the proposed approach, which an be used for a quantitative
check, is that both AG}) and AG{ are proportional to the initial number of
relevant bridges (Np), where the filler network is intact, as the number of glassy
bridges at large strain amplitudes is considered to be zero. In this respect,
one can conclude that the total number of glassy bridges (Np) that amplify
the dissipation at small strain amplitudes are the number of glassy bridges

that break at deformations larger than ~ 1 % and contribute to dissipation
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as heat due to breakage of glassy bridges. The plot of AG}, vs AGY in figure
6.2 evidence that both the contributors to dissipation are proportional to each

other supporting that the used picture is applicable.
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FIGURE 6.2

AGY vs. AG, for (a) NR-CB and (b) NR/BR-CB composites at three temperatures: 0°C (black),
25°C (red) and 60 °C (blue).

In summary one can conclude that the results from this work for different
kinds of rubber composites containing different types of matrix and filler sup-
port the suggested interpretation. Although the glassy bridges are the source
for both filler network related contributions to dissipation and both are pro-
portional to the initial number of intact bridges, the physical origin of AG}
and AGY is different. Despite of this proportionality both quantities are differ-
ent since the heat needed for breaking glassy bridge gr and dissipation due to
deformation of a glassy bridge gp are independent quantities which are also

different for different composites and measurement conditions.

Relation between dissipation and reinforcement. Following the proposed in-
terpretation, reinforcement and dissipation can be quantified using the modi-
tied Kraus model and their molecular origin is understandable through a com-
mon picture. Figure 6.3 shows the proportionality between filler network-
related contributions to dissipation and strength of the filler network. Com-

monly an increase in dissipation and reinforcement with an increase in filler
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fraction can be related to the number of glassy bridges (Ny), while their tem-
perature dependence can be related to the sequential softening of the immo-
bilized rubber fraction. The results consistently show that the filler network
contribution to the reinforcement in AG’ rubber composite is closely connected
with both dissipative contributions related to the filler network, AG}, and AG{.
All three quantities increase with increasing the filler content and decreasing

temperature.

() NR - CB (b) NR/BR-CB

DG' / MPa DG' / MPa

FIGURE 6.3
AG" vs. AG' for (a) NR-CB and (b) NR/BR-CB composites at three temperatures: 0°C (black),
25°C (red) and 60 °C (blue). Closed symbols represent AGY and open symbols represent AGJ).

The details are dependent on the investigated composite since the individ-
ual prefactors depend on specific properties like filler surface area, shape of
filler aggregates, filler-rubber interaction, dissipation in the glassy state etc.
Within the proposed physical picture, there is a common origin of reinforce-
ment strength and dissipation caused by the filler network. Glassy rubber
bridges that carry the load as long they are intact, and dissipate energy during

small oscillatory deformation as well as if they break at large deformations.
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6.2 Factors influencing reinforcement and dissipa-
tion

An interesting advantage of this work is that composites series are studied
where the influence of different factors can be systematically assessed. An
important finding is that the viscoelastic filler-network related contributions
to dissipation and reinforcement can be quantified by a common model. An
arising question is, however, how to explain specific differences between the
different types of composites depending on the types of filler, rubber matrix,
and processing conditions. These aspects are in the focus of the following part
of the discussion. The hypothesis which is considered here, is that there are
commonly two main reasons for differences in the mechanical properties of
the filler network in different rubber composites: (1) chemical composition of

the glassy rubber bridges and (2) filler network topology.

Influence of the rubber matrix. Clear differences in the filler network contribu-
tions to reinforcement and dissipation are seen in the comparative plots (fig-
ures 5.6 and 5.7), for NR-CB and NR/BR-CB composites. The result indicate
that filler network in bi-phasic rubber composite is different from that in a sin-
gle rubber composite. Considering the glassy rubber bridges as very impor-
tant part of the filler network, and the fact that the filler dispersion seems to
be quite similar in NR- and NR/BR-based composites (figure 6.4) one can con-
clude that differences in the chemical composition of the glassy rubber bridges
are main reason for the observed differences in reinforcement and dissipation

related to the filler network.

Starting from the natural assumption that the NR/BR ratio in the glassy rubber
bridges between filler particles is 70/30 in accordance with the overall NR/BR
blend ratio changes in the filler network properties are expected. In this con-

text, an explanation for the differences between the NR-CB and NR/BR-CB
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FIGURE 6.4

Scheme to describe the difference between NR-CB and NR/BR-CB by considering identical
topology of filler network. The magnitude of the Payne effect for (a) NR-CB, (b) BR-CB and
(c) NR/BR-CB can be related to the chemical composition of the glassy rubber bridges. It is
considered that at a given temperature, the strength of glassy NR bridge (blue) is relatively
higher than that of glassy-BR bridges (red).

composites is the presence of glassy BR bridges along with glassy NR bridges.
Glassy bridges containing NR as well as BR should be different since NR and
BR are immicible. Figure 6.4 illustrates the expected situation in NR-CB, BR-
CB and NR/BR-CB composites at an identical filler loading and temperature.
For the sake of simplicity, microdispersion of carbon-black in both NR-CB and
NR/BR - CB is assumed as similar, i.e., the topology of the filler network in

both the composites would be the same, as the preparation of these compos-

ites is made under identical processing conditions. Correspondingly, the total
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Ratio of AGY{ to AG}) with respect to temperature for NR-CB (black) and NR/BR-CB (red).
As both the parameters are proportional to initial number of contacts Ny, which is considered
to be constant in both of these composites as the mico-dispersion for TEM image analysis is
same, the ratio represents the ratio of proportionality constant gr to gp indicating that glassy
rubber bridge composition matters and defines the temperature dependence of the dissipative
parameters.

number of glassy bridges in the initial state, Ny would be identical. Clear is
that glassy NR bridges are stronger and dissipate more energy as compared to
glassy BR bridges under identical conditions. Hypothetically this might be re-
lated to a larger volume fraction of immobilized rubber in NR-CB composites
compared to the immobilized-BR fraction in the BR-CB composites, due to a
larger difference to the bulk rubber T, resulting in higher load carrying capac-
ity of the NR-CB composite. The proposed argument holds not only for the
strength of the filler network but also for filler-network related contribution
to dissipation and can explain why, the temperature dependence of AG}, and
AGY is different in NR/BR-CB composites in comparison with NR-CB. The
quantities are consistently lower if a BR fraction is present in the rubber ma-
trix, similar to observations in reinforcement data. Although AG}) and AG{. for

both investigated rubber composites are proportional to each other and are re-

lated to the initial number of contacts, their ratios are different, as observed in
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figure 6.5. This trend indicates that the glassy bridge’s chemical composition
also defines both the quantum of heat released due to the fracture of glassy
bridges (gr) and heat due to dissipation in intact glassy bridges (9p). Note that
the temperature dependence of NR-CB composite is also more pronounced in
comparison to that of NR/BR-CB composite. Only at the highest investigated
temperature (60°C), where the number of truly intact glassy rubber bridges is

really small, the AGY /AGY, ratio for both composites is comparable.

Influence of the filler incorporation method. The discussion about differences
between the filler network in NR-CB and NR/BR-CB composites in the re-
cent paragraph is resulting in the conclusion that main reason for differences
is the glassy rubber bridge’s chemical composition. In this respect, the results
of NR/BR-CB composites prepared by changing the method of filler introduc-
tion are also very interesting since the use of masterbatches should influence
the type of rubber at the surface of the filler particles significantly. It is rea-
sonable to assume that the immobilized rubber’s chemical composition is ba-
sically defined by the type of rubber which comes in contact with the filler
tirst. Probably the glassy bridge composition would not be altered by ther-
modynamically driven preference of the filler for a specific rubber-type due to
low mobility of the immobilized rubber layers attached to the filler and limited
time during the mixing process and before vulcanization. If this assumption
is valid the masterbatch matrix defines the chemical composition of the glassy
bridges and could also influence filler localization in the rubber phases driven

by thermodynamic parameters.

From the TEM images and unfilled area analysis (figure 5.15), it is inferred
that the micro and nano dispersion of the carbon-black in the blend compos-
ites is only moderately influenced by the usage of masterbatch. The aver-
age sizes of the unfilled domains for NR/BR composites prepared by mas-

terbatches vary only by 10%, and their distribution are relatively similar to



6.2. Factors influencing reinforcement and dissipation 95

(a) NR/BR-CB (b) NR/BR-NRMB  25°C (c) NR/BR-NR/BRMB
©
o |
=
Strain Amplitude / % Strain Amplitude / % Strain Amplitude / %

NR/BR-CB NR/BR-NRMB NR/BR-NR/BRMB

FIGURE 6.6

Scheme to describe NR/BR-CB prepared by different filler incorporation methods. The situ-
ation of conventionally mixed NR/BR-CB composites is compared with those where a NR-
masterbatch or NR and BR masterbatches are used, respectively. (A detailed description about
influence of filler network topology and chemical composition of glassy bridges is given in the
main text).

that of the composite prepared by the conventional method. Together with
chemical composition of the glassy bridge, the topology of the filler network
could influence the mechanical properties significantly. Simplifying the sit-
uation, the schematic picture in figure 6.6 helps in understanding the exper-
imental data for filler network contribution to reinforcement 5.12 and dissi-
pation 5.14, respectively. Higher reinforcement and dissipative contributions
are observed for NR/BR-NRMB composites (figure 6.6a) in comparison with
NR/BR-NR/BRMB composites (figure 6.6b), that are prepared by both NRMB

and BRMB in a ratio of 50 : 50, but is lowest for freshly mixed NR/BR-CB
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(figure 6.6¢) in which carbon-black particles are directly introduced during
mixing. The proposed picture (figure 6.6) implies that nearly all intact glassy
bridges (Np) in NR/BR-NRMB composites are composed of immobilized NR.
Since, in NR/BR-NRBRMB composites the chemical composition of the immo-
bilized rubber fractions would be similar to the masterbatch ratio, i.e.,(NR:BR,
50:50). The reduced strength and volume for BR bridges are considered as
potential reason for lower reinforcement and dissipation in case of NR/BR-
NR/BRMB. The fact that NR/BR-CB composite, show a relatively lesser rein-
forcement and dissipation compared to composites prepared by masterbatch
indicates (shown in scheme 6.6) that there are more glassy BR bridges in the
filler network, due to affinity of the carbon black particles to the BR phase.
This seems to be a bit surprising but is in accordance with literature results
and preliminary results from own studies supporting a high affinity of carbon
black to BR.[93, 165] Although a certain additional influence of the filler net-
work topology may exist all major effects in the mechanical properties can be
obviously explained by differences of the chemical composition of the glassy

bridges in case of different filler incorporation methods.
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6.3 Consequences for a rational design of tire tread
compounds

From detailed and systematic studies on various types of rubber composites,
the final conclusion is that the chemical composition and the number of glassy
rubber bridges in the filler network influence the application relevant proper-
ties of viscoelastic filler network the most. This insight can be potentially used
for a rational design of tire tread compounds. Applying the understanding

achieved in this work could contribute to innovative solutions.
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FIGURE 6.7
Rolling resistance indicator Tand at 60°C with reinforcement at the same temperature for
SBR/BR blend composites (Square) and BR-SBR block copolymer (Circle) filled with silica.
Adapted with permission from reference [160]. Copyright (2018) American Chemical Society

An interesting approach is to modify the topology of the filler network,i.e. by
using the selectivity of fillers for a special phase in self-assembled rubbery

block copolymers. BR-SBR block copolymers filled with silica particles are a
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special example in this respect. Figure 6.7 shows clearly that Tan Jy(60°C) and
G((60°C) are also proportional for silica filled BR/SBR block copolymers as
well as BR/SBR blends individually. The main difference compared to Silica-
filled SBR/BR blends is that the rolling resistance indicator Tan §y(60°C) is
comparatively lower in case of composites with block copolymer matrix for a
given reinforcement (or hardness) often used as primary criterion for tire tread
compound optimization. For application relevant G} values of about 8 to 10
MPa, Tan &y (60°C) is reduced by about 25% compared to related blend based
composites. Main difference between block copolymer and blend reference
from the structural point of view is the filler network topology. Since the silica
prefers the SBR phase, which is continuous in the investigated BR-SBR block
copolymer with lamellar morphology, the percolation threshold related to the
formation of a filler network can be achieved at lower filler loading. Note that
the unfilled BR domains have nanoscopic dimensions and macrodispersion
is not influenced. This is an advantage compared to blends, since larger un-
filled /underfilled regions are avoided and fillers are selectively incorporated
. Another important difference is for sure that the extremely high selectivity
of the filler incorporation in the SBR phase in block copolymers resulting in
a much higher percentage of glassy SBR bridges compared to related blends.
The results shows that by tuning the filler network, comparable reinforcement
property can be achieved at lower dissipation in the frequency-temperature

range which is relevant for the optimization of rolling resistance of tires.

Alternative approach considered in this work is to use masterbatches. There
are clear indications that the reinforcement in blend-based composites can be
controlled by the filler incorporation method as seen in figure 6.6 i.e. that the
reinforcement G| varies for a given filler content. A main reason might be

that the glassy rubber bridges are primarily composed of that rubber which
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comes first in contact with the filler due to limited mobility of the once immo-
bilized rubber layer. By using this concept the filler network strength can be
influenced without changing the rubber matrix composition as well as filler
content although the filler network topology might be influenced to a minor

extent in parallel.
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FIGURE 6.8
Rolling resistance indicator Tandy (60°C) Vs reinforcement G(60°C) for NR/BR-CB prepared
by different filler incorporation methods. Conventional method (Circles), through NR mas-
terbatch (Triangles) and 50:50 ratio of NR and BR masterbatch (Stars) are compared. Different
volume fractions of carbon black are incorporated in the plot: 15% (filled), 13.7% (left half
filled), 12.5% (bottom half filled), 11.2% (right half filled), 10% (upper half filled), 7% (open).

Figure 6.8 shows that one can achieve higher reinforcement with lower filler
content by using the masterbatch technique. However, it also shows that the
ratio of rolling resistance indicator Tan 6y(60°C) to reinforcement is not influ-
enced by the use of masterbatches indicating that reinforcement and dissipa-

tion are similarly influenced, if the glassy bridge composition varies in the
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investigated NR/BR composites. This means, we can reduce the filler content
to achieve certain G’ value by using masterbatches. However, the Tan 6y(60°C)
dependence on G’ is same for all NR/BR based composites. Requirement
for improving the performance of tire tread compounds is reduced rolling re-
sistance (indicator) for a given reinforcement level since the latter is always
needed as precondition for rubber composites used in tire treads. Hence, the
masterbatch concept can be used for a systematic variation of mechanical pa-
rameters of two-phasic rubber composites and a reduction of the filler content
in tread compounds resulting in tires with lower weight but is not suitable to
improve the performance of tire tread composites regarding rolling resistance

directly.

An important message of this work, which can be used for tread compound
optimization, is that tuning the chemical composition of the glassy rubber
bridges and filler network topology determine to a large extent reinforcement

and dissipation of rubber composites as commonly used in tires.
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7 Conclusions

Central goal of this work was to quantify the filler network-related contribu-
tions to dissipation and reinforcement in highly filled rubber composites and
to contribute to a better understanding of their molecular origin. Therefore,
relevant mechanical properties of various rubber composites was investigated
by dynamic mechanical analysis. The particular focus were strain amplitude-
dependent measurements, which are highly sensitive to the filler network, are
performed at different temperatures. The results for different series of rubber
composites are compared in order to study the influence of (i) rubber matrix
composition, (ii) filler incorporation method and (iii) rubber matrix morphol-

ogy on dissipation and reinforcement.

The analysis of the strain sweep data for G'(y) shows that the Kraus equation
is commonly approximating the experimental data well and able to quantify
the filler network-related contributions to reinforcement. The strength of the
filler network, represented by AG’ confirms quite clearly that the filler net-
work is viscoelastic in nature, due to the existence of glassy rubber bridges,
which softens sequentially several 10 K above the bulk rubber glass transition
temperature as earlier concluded from the reinforcement studies of SSBR filled

with silica.

For identifying the filler network contributions to dissipation, the strain am-
plitude dependent loss modulus is evaluated using a specially modified Kraus
equation incorporating the peak like contribution G +,F proposed already by

Kraus, but also an additional sigmoidally decreasing contribution G/ 4,D as
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know from the strain amplitude dependent storage modulus G’(vy). This ap-
proach is successfully applied to quantify different contributions to dissipa-
tion. Two of the three contributions to dissipation are dependent on filler load-
ing and measurement temperature and are obviously related to the viscoelastic
filler network. An interpretation is provided associating the identified dissipa-

tion contributions to different molecular mechanismes, i.e.

o G 4,0 : Dissipation due to oscillatory deformation of intact glassy rubber

bridges in filler network dominating at small strain amplitudes.

o G +,F : Heat produced due to fracturing of glassy rubber bridges domi-

nating at intermediate strain amplitudes.

e G' : Contributions to dissipation, which are filler network independent

remaining at very large strain amplitudes.

An increase in dissipation contributions, G" 4,0 and G +,F, With increasing
filler fraction and decreasing temperature indicates that the number of glassy
bridges / the volume of immobilized rubber in these bridges increases. Since
the strength of the filler network AG’ shows similar trends, the molecular ori-
gin for dissipation and reinforcement for all investigated rubber composites
can be explained based on a common principle. The proposed physical picture
has been successfully applied for various types of rubber composites that are

quite different from each other underlining its general relevance.

In a further step the influence of (i) rubber matrix composition, (ii) filler incor-
poration method and (iii) rubber matrix morphpology on filler network and its
contributions to dissipation and reinforcement has been studied in more detail.
In order to investigate changes caused by the rubber composition (i) NR/BR-
CB and NR-CB composites that are prepared under identical conditions. Dif-

ferences in reinforcement and dissipation, suggest that the filler network in the
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biphasic system is different from that of single phase rubber composites. Po-
tential reasons for the observed differences could be (1) filler network topology
or (2) chemical composition of the glassy rubber bridges. A detailed analysis
of TEM images of both the composites showed that the distribution of the un-
filled areas is quite similar. Hence, it is hypothesized that the fraction of glassy
BR bridges is causing a reduction in dissipation and reinforcement. A possibly
explanation is that the Ty of bulk BR is evidently much lower than that of bulk
NR.

Studies focusing on the influence of the filler incorporation method (ii) support
the importance of the glassy rubber bridge chemical composition the if mas-
terbatch technique is used for incorporating the filler particles in NR/BR-CB
composite. The results show that filler network contributions to dissipation
and reinforcement are higher for composites prepared by masterbatch tech-
niques compared to conventionally mixed NR/BR-CB composites. Additional
TEM images show that the microdispersion and unfilled area size distribution
are not much affected by the filler incorporation method used. This indicates
that the properties of the viscoelastic filler network are mainly changed by
the composition of the glassy rubber bridges, which should be affected by the
masterbatch concept since the rubber which come first in touch with the filler
is immobilized and part of the resulting filler network. Following this idea
the trends in NR/BR-CB composites prepared by different filler incorporation
methods can be rationally explained by the changing number of BR bridges in
the investigated composites. The effect of the filler network topology seems to

be weak in this case.

In the final part of this work the influence of the rubber matrix morphology
(iii) on dissipation and reinforcement is considered. It could be demonstrated

that selective incorporation of silica particles in self-assembled BR-SBR block
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copolymers with lamellar morphology leads to strong changes regarding dis-
sipation and reinforcement as compared to BR/SBR blends with very similar
composition and filler content. This can be interpreted as a combined effect
caused by the guidance of the filler network by the rubber matrix morphology
and a dominance of glassy SBR bridges. Both effects lead to higher reinforce-
ment and dissipation compared to SBR/BR blends. Most interesting is, how-
ever, that the ratio of Tand (60°C) and G’(60°C) is compared to related blends.
This observation and the findings of this work regarding molecular origin of
dissipation and reinforcement in general can be understood as contributions
towards an rational design of the tire tread compounds. In this context it will
be also interesting to see to what extent related composite design strategies
can also help to match the rising demands for optimized tires showing lower
rolling resistance with compromising and abrasion resistance being a require-

ment for a more ecological mobility in the future.



105

Bibliography

1. Goodyear, C. US Patent 3633 (1844).
Benz, C. German pat. DRP 37435 (1886).
Boyd dunlop, J. US Patent US435995A (1890).

= LD

Diinnebeil, F. & Keller, H. GHG Mitigation Potential of European Rolling
Resistance Labelling and Phase-out Scheme for Heavy Duty Truck Tyres tech.
rep. (Institute for Energy and Environmental Research Heidelberg, (2015)).
5. Diinnebeil, F. & Keller, H. Monitoring Emission Savings from Low Rolling
Resistance Tire Labelling and Phase out Schemes tech. rep. (Institute for En-
ergy and Environmental Research Heidelberg, (2015)).
6. Low emission mobility with a focus on freight transport (2016).
7. Parliament, E. On the Labelling of Tyres with Respect to Fuel Efficiency
and other Essential Parameters. Official Journal of the European Union (2009).
8. Parliament, E. Setting Emission Performance Standards for New Passen-
ger Cars as Part of the Communitys Integrated Approach to Reduce CO2
Emissions from Light-duty Vehicles. Official Journal of the European Union
(2009).
9. Payne, A. R. Dynamic Properties of Heat Treated Butyl Vulcanizates. |
App Polym Sci 7, 873-885 (1963).
10. Kraus, G. Reinforcement of Elastomers (Interscience Publishers, 1965).
11. Vilgis, T. A., Heinrich, G. & Kliippel, M. Reinforcement of Polymer Nano-

composites (Cambridge University Press, 2009).



106 Bibliography

12.  Zhang, P.,, Morris, M. & Doshi, D. Materials Development for Lowering

Rolling Resistance of Tires. Rubber Chemistry and Technology 89, 79-116
(2016).

13. Heinrich, G. & Kliippel, M. Recent Advances in The Theory of Filler Net-
working in Elastomers. Ad Polym Sci 160, 1-44 (2002).

14. Kohls, D. & Beaucage, G. Rational Design of Reinforced Rubber. Current
Opinion in Solid State and Materials Science 6, 183 =194 (2002).

15.  Science and Technology of Rubber (eds Mark, J. E., Erman, B. & Eirich, F. R.)
(Elsevier 3rd Edition, 2005).

16. Leblanc, ]. L. Filled polymers: Science and Industrial Applications ISBN: 978-
1-4398-0042-3 (Boca Raton: CRC Press, 2010).

17. Gerspacher, M. & OFerrell, C. P. Tire Compound Materials Interaction.
KGK Kautschuk Gummi Kunststoffe 54, 153-158 (2001).

18. Wang, M. ]. Effect of Polymer-filler and Filler-filler Interactions on Dy-
namic Properties of Filled Vulcanizates. Rubber Chemistry and Technology
71, 520-589 (1998).

19. Frohlich, J., Niedermeier, W. & Luginsland, H.-D. The Effect of Filler-filler
and Filler-elastomer Interaction on Rubber Reinforcement. Composites
Part A: Applied Science and Manufacturing 36, 449 —460 (2005).

20. Ramier, J., Gauthier, C., Chazeau, L., Stelandre, L. & Guy, L. Payne Ef-
fect in Silica Filled Styrene-butadiene Rubber: Influence of Surface Treat-
ment. Journal of Polymer Science Part B: Polymer Physics 45, 286-298 (2007).

21. Valentin, J. L. et al. Novel Experimental Approach To Evaluate Filler-
Elastomer Interactions. Macromolecules 43, 334-346 (2010).

22. Heinrich, G. The Dynamics of Tire Tread Compounds and Their Rela-
tionship to Wet Skid Behavior. Prog. Colloid Polym. Sci. 90, 16-26 (1992).

23. Herrmann, V. & Niedermeier, W. Interpretation of Filler Networking of

Loaded Rubbers via Mastercurves. KGK Kautschuk Gummi Kunststoffe 63,
559-564 (2010).



Bibliography 107

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Heinrich, G. & Vilgis, T. Why Silica Technology Needs S-SBR in High
Performance Tires? The Physics of Confined Polymers in Filled Rubbers.
KGK Kautschuk Gummi Kunststoffe 61, 368-376 (2008).

Mujtaba, A. et al. Mechanical Properties and Cross-link Density of Styrene
Butadiene Model Composites Containing Fillers with Bimodal Particle
Size Distribution. Macromolecules 45, 6504—6515 (2012).

Mujtaba, A. et al. Detection of Surface-immobilized Components and
Their Role in Viscoelastic Reinforcement of Rubber?Silica Nanocompos-
ites. ACS Macro Lett 3, 481-485 (2014).

Kumar, S. K., Benicewicz, B. C., Vaia, R. A. & Winey, K. I. 50th Anniver-
sary Perspective: Are Polymer Nanocomposites Practical for Applica-
tions? Macromolecules 50, 714-731 (2017).

Angell, C. Formation of Glasses from Liquids and Biopolymers. Science
267, 1924-1935 (1995).

Donth, E. Characteristic Length of the Glass Transition. | Polym Sci B:
Polym Phys 34, 2881-2892 (1996).

Ngai, K. Relaxation and Diffusion in Complex Systems (Springer, Heidel-
berg, 2011).

McKenna, G. B. Glass dynamics - Diverging views on glass transition.
Nature Physics 4, 673-674 (2008).

Dutcher, J. & Ediger, M. Materials science - Glass surfaces not so glassy.
Science 319, 577-578 (2008).

Baeza, G. P. et al. Network Dynamics in Nanofilled Polymers. Nature
Communications 7 (2016).

Long, D. & Lequeux, F. Heterogeneous Dynamics at the Glass Transition
in van der Waals Liquids, in the Bulk and in Thin Films. Euro Phys E 4,
371-387 (2001).

Kliippel, M. The Role of Disorder in Filler Reinforcement of Elastomers

on Various Length Scales. Adv Polym Sci 164, 1-86 (2003).



108 Bibliography

36. Kliippel, M. Evaluation of Viscoelastic Master Curves of Filled Elastomers
and Applications to Fracture Mechanics. Journal of Physics-Condensed Mat-
ter 21 (2009).

37. Jouault, N. et al. Well-dispersed Fractal Aggregates as Filler in Polymer-
silica Nanocomposites: Long-range Effects in Rheology. Macromolecules
42, 2031-2040. 1SSN: 0024-9297 (2009).

38. Lindemuth, B. E. An Overview of Tire Technology in The pneumatic tire (eds
AN, G. &].D, W) (U.S. Department of Transportation, National High-
way Traffic Safety Administration, 2006), 475-532.

39. Grosch, K. A. The Rolling Resistance, Wear and Traction Properties of
Tread Compounds. Rubber Chemistry and Technology 69, 495-568 (1996).

40. Grosch, K. A. Rubber Friction and Tire Traction in The pneumatic tire (eds
AN, G. &].D, W) (U.S. Department of Transportation, National High-
way Traffic Safety Administration, 2006), 1-27.

41. LaClair, T.]. Rolling Resistance in The pneumatic tire (eds A.N, G. & ].D, W.)
(U.S. Department of Transportation, National Highway Traffic Safety
Administration, 2006), 421-474.

42. Chandra, A. K. Current topics in Elastomer Research (ed Bhowmick, A. K.)
(CRC Press, 2008).

43. Rubber Technologist’s Handbook (ed J. R. White Sadhan Kumar De, K. N.)
(Smithers Rapra Technology, 2009).

44. Persson, B. On the Theory of Rubber Friction. Surface Science 401, 445
454 (1998).

45. Tolpekina, T. V. & Persson, B. Adhesion and Friction for Three Tire Tread
Compounds. Lubricants 7, 2075-4442 (2019).

46. Mujtaba, A. Viscoelasticity of Filled Elastomers - Determination of Surface-

immobilized Components and Their Role in the Reinforcement of SBR-silica
Nanocomposites PhD thesis (Martin-Luther-Universitdt Halle-Wittenberg,
2014).



Bibliography 109

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Byers, J. T. Fillers for Balancing Passenger Tire Tread Properties. Rubber
Chemistry and Technology 75, 527-548 (2002).

Vleugels, N., Pille-Wolf, W., Dierkes, W. & Noordermeer, ]. Understand-
ing the influence of oligomeric resins on traction and rolling resistance
of silica-reinforced tire treads. Rubber Chemistry and Technology 88, 65-79
(Mar. 2015).

Araujo-Morera, J., Herndndez Santana, M., Verdejo, R. & L6pez-Manchado,
M. A. Giving a Second Opportunity to Tire Waste: An Alternative Path
for the Development of Sustainable Self-Healing Styrene-Butadiene Rub-
ber Compounds Overcoming the Magic Triangle of Tires. Polymers 11
(2019).

Briining, K. In-situ Structure Characterization of Elastomers during Defor-
mation and Fracture PhD thesis (Technische Universitdat Dresden, 2014).
Advances in Elastomers and Rubber Elasticity (ed Mark, J. L. E.) (Springer,
Boston, MA, 1986).

Schnecko, H. Polymer systems for tires. Die Angewandte Makromolekulare
Chemie 202, 87-102 (1992).

Aguiar da Silva, C. Influence of Morphology on the Relaxation Behavior of
Vulcanized PB-SBR Diblock Copolymers PhD thesis (Martin-Luther-Universitat
Halle-Wittenberg, 2016).

Heinrich, G. & Dumler, H. B. WET Skid Properties of Filled Rubbers and
The Rubber - Glass Transition. Rubber Chemistry and Technology 71, 53—-61
(1998).

Roland, C. M. Immiscible Rubber Blends in Advances in Elastomers I (Springer,
Berlin, Heidelberg, 2013), 167-181.

Sakurai, S., Izumitani, T., Hasegawa, H., Hashimoto, T. & Han, C. C.
Small-angle Neutron Scattering and Light Scattering Study on the Misci-
bility of Poly(styrene-ran-butadiene)/Polybutadiene Blends. Macromolecules
24, 4844-4851 (1991).



110 Bibliography

57. Payne, A. R. The Dynamic Properties of Carbon-black Loaded Natural
Rubber Vulcanizates. Part-1. | App Polym Sci 6, Issue. 19, 57-63 (1962).

58. Medalia, A. Effect of Carbon-black on Dynamic Properties of Rubber
Vulcanizates. Rubber Chemistry and Technology 51, 437-523 (1978).

59. Heinrich, G., Kliippel, M. & Vilgis, T. A. Reinforcement of Elastomers.
Curr Opin Solid State Mater Sci 6, 195-203 (2002).

60. Fritzsche, J. & Kliippel, M. Structural Dynamics and The Interfacial Prop-
erties of Filled Reinforced Elastomers. | of Phys: Cond. Matter 23 (2011).

61. Robertson, C. et al. Flocculation, Reinforcement, and Glass Transition
Effects in Silica-Filled Styrene-butadiene Rubber. Rubber Chemistry and
Technology 84, 507-519 (2011).

62. Guy, L., Daudey, S., Cochet, P. & Bomal, Y. New Insights in the Dynamic
Properties of Precipitated Silica Filled Rubber Using a New High Surface
Silica. KGK Kautschuk Gummi Kunststoffe 62, 383-391 (2009).

63. Guth, E. Theory of Filler Reinforcement. |. App. Phys. 16, 20-25 (1944).

64. Niedermeier, W. & Schwaiger, B. Performance enhancement in rubber
by modern filler systems. KGK Kautschuk Gummi Kunststoffe 60, 184-187
(Apr. 2007).

65. Payne, A. R. & Watson, W. E. Carbon-black Structure in Rubber. Rubber
Chemistry and Technology 36, 147-155 (1963).

66. Robertson, C., Lin, C., Rackaitis, M. & Roland, C. Influence of Particle
Size and Polymer Filler Coupling on Viscoelastic Glass Transition of Par-
ticle Reinforced Polymers. Macromolecules 41, 2727-2731 (2008).

67. Donnet, J.-B. & Custodéro, E. Carbon Black Surface Studied by Scanning
Tunneling Microscopy in Carbon black (ed Jean-Baptiste Donnet Roop Chand
Bansal, M.-]. W.) (CRC Press, 1993), 221-228.

68. Schroder, A., Kliippel, M. & Schuster, R. H. Characterisation of Surface

Activity of Carbon-black and its Relation to Polymer-filler Interaction.

Macromolecular Materials and Engineering 292, 885-916 (2007).



Bibliography 111

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

A. Schroder M. Kliippel, R. H. S. Energetic Surface Heterogeneity of
Carbon-black. KGK Kautschuk Gummi Kunststoffe 5, 260-266 (2001).
Hess, W. M. & Herd, C. R. Microstructure, Morphology and General Physical
Properties in Carbon black (ed Jean-Baptiste Donnet Roop Chand Bansal,
M.-J. W.) (CRC Press, 1993), 175-220.

Kliippel, M., Schuster, R. H. & Heinrich, G. Structure and Properties of
Reinforcing Fractal Filler Networks in Elastomers. Rubber Chemistry and
Technology 70, 243-255 (1997).

Medalia, A. I. Morphology of Aggregates: 1. Calculation of Shape and
Bulkiness Factors; Application to Computer-simulated Random Flocs. |
Colloid Interface Sci 24, 393404 (1967).

Medalia, A. I. Effective Degree of Immobilization of Rubber Occluded
within Carbon-black Aggregates. Rubber Chemistry and Technology 45,1171
(1972).

Herd, C., McDonald, G. & Hess, W. M. Morphology of Carbon-black
Aggregates : Fractal Versus Euclidean Geometry. Rubber Chemistry and
Technology 65, 107-129 (1992).

Herd, C., Smith, G. M. R. & Hess, W. M. The Use of Skeletonization for
the Shape Classification of Carbon-black Aggregates. Rubber Chemistry
and Technology 66, 491-509 (1993).

Hewitt, N. in Compounding Precipitated Silica in Elastomers (ed Hewitt,
N.) 1 -23 (William Andrew Publishing, Norwich, N, 2007). ISBN: 978-0-
8155-1528-9.

Rauline, R. European pat. EP0501227A1 (1992).

Wang, M.-]. & Wollff, S. Surface Energy of Carbon Black in Carbon black (ed
Jean-Baptiste Donnet Roop Chand Bansal, M.-J. W.) (CRC Press, 1993),
230-244.



112 Bibliography

79. Jiao Wang, M., Wolff, S. & Donnet, ]J. Filler Elastomer Interactions. Part
III. Carbon-black Surface Energies and Interactions with Elastomer Analogs.
Rubber Chemistry and Technology 64, 714-736 (1991).

80. Papirer, E., Balard, H. & Vidal, A. Inverse Gas Chromatography: A Valu-
able Method for the Surface Characterization of Fillers for Polymers (glass
tibres and silicas). European Polymer Journal 24, 783 —790 (1988).

81. Jiao Wang, M., Wolff, S. & Donnet, J. Filler Elastomer Interactions. Part I.
Silica Surface Energies and Interactions with Model Compounds. Rubber
Chemistry and Technology 64, 559-576 (1991).

82. Bansal, R. C. & Donnet, J.-B. Surface Groups on Carbon Blacks in Carbon
black (ed Jean-Baptiste Donnet Roop Chand Bansal, M.-J. W.) (CRC Press,
1993), 90-174.

83. Ephraim Feinblum Raissa Kosso, D. W. S. & Kohls, D. . Silica Fillers for
Elastomer Reinforcement in Current Topics in ELASTOMERS RESEARCH
(ed Bhowmick, A. K.) (CRC Press, 2008), 14.

84. Jacques Noordermeer, W. D. Rubber-Silica Mixing in Current Topics in
ELASTOMERS RESEARCH (CRC Press, 2008), 15.

85. Thiele, S. & Rulhoff, S. US Patent US8895684B2 (2014).

86. Robert, P. & Mathieu, S. US Patent US7649042B2 (2010).

87. Garance Lopitaux Didier Vasseur, F. V. US Patent US20120259043A1 (2012).

88. Georges Marcel Victor Thielen, F. S. US Patent US7671128B1 (2010).

89. Schuster, R. in Mixing of Rubber Compounds (ed Limper, A.) 173 -236
(Hanser, 2012).

90. Tauban, M. Impact of Filler Morphology and Distribution on theMechanical
Properties of Filled Elastomers : theory andsimulations PhD thesis (The Uni-
versit ‘e de Lyon, 2016).

91. Limper, A.in Mixing of Rubber Compounds (ed Limper, A.) 47 -69 (Hanser,

2012).



Bibliography 113

92. Klockmann, O. in Mixing of Rubber Compounds (ed Limper, A.) 95 -105
(Hanser, 2012).

93. Callan, J., Hess, W. M. & Scott, C. Elastomer Blends. Compatibility and
Relative Response to Fillers. Rubber Chemistry and Technology 44, 814-837
(1971).

94. Dong, A. et al. Effect of Carbon-black Nature on Dynamic Mechanical
Properties and Reinforcement of NR Vulcanization by Latex Techniques.
Rubber Chemistry and Technology 90 (Jan. 2017).

95. Wunde, M. & Kliippel, M. Influence of Phase morphology and Filler Dis-
tribution in NR/BR and NR/SBR Blends on Fracture Mechanical Prop-
erties. Rubber Chemistry and Technology 89, 588-607 (2016).

96. Berkemeier, D. in Mixing of Rubber Compounds (ed Limper, A.) 1 —46
(Hanser, 2012).

97. Keuter, H. & Ryzko, P. in Mixing of Rubber Compounds (ed Limper, A.)
107 -171 (Hanser, 2012).

98. Wang, M.-],, Lu, S. X. & Mahmud, K. Carbon-silica Dual Phase Filler. |
Polym Sci B: Polym Phys 38, 1240-1249 (2000).

99. Kliippel, M. & Heinrich, G. Physics and Engineering of Reinforced Elas-
tomers: From Mechanical Mechanisms to Industrial Applications. KGK
Kautschuk Gummi Kunststoffe 58, 217-224 (2005).

100. Smallwood, H. M. Limiting Law of the Reinforcement of Rubber. | App
Phys 15, 758-766 (1944).

101. Einstein, A. Eine neue Bestimmung der Molekiil dimension. Ann. Physics,
289-306 (1906).

102. Guth, E. & Gold, O. On the Hydrodynamical Theory of the Viscosity of
Suspensions. Phys. Rev. 53, 322 (1938).

103. Vilgis, T. & Heinrich, G. Disorder-induced enhancement of polymer adsorption-
A model for the rubber-polymer interaction in filled rubbers. Macro-

molecules 27, 7846-7854 (1994).



114

Bibliography

104.

105.

106.

107.

108.

109.

110.

111.

112.

Thomas, D. G. Transport characteristics of suspension: A note on the vis-
cosity of Newtonian suspensions of uniform spherical particles. | Colloid
Sci 20, 267-277 (1965).

Hinkelmann, B. The analytical descrption of the filler influence on the
flow behaviour of the polymer melt. Rheol Acta 21,491 (1982).

Wolff, S. & Donnet, ]J.-B. Characterization of fillers in vulcanizates ac-
cording to the Einstein-Guth-Gold equation. Rubber Chemistry and Tech-
nology 63, 3245 (1990).

Karasek, L., Meissner, B., Asai, S. & Sumita, M. Percolation Concept:
Polymer-filler Gel Formation, Electrical Conductivity and Dynamic Me-
chanical Properties of Carbon-black Filled Rubbers. Polymer 28, 121-126
(1995).

Kraus, G. Mechanical Losses Carbon-black Filled Rubbers. App. Polym.
Sci.: App. Polym. Symp. 39, 75-92 (1984).

Ulmer, J. D. Strain Dependence of Dynamic Mechanical Properties of
Carbon-black Filled Rubber Compounds. Rubber Chemistry and Technol-
ogy 69, 15-47 (1996).

Ulmer, J., Hergenrother, W. & Lawson, D. F. Hysteresis Contributions
in Carbon-black Filled Rubbers Containing Conventional and Tin End-
modified Polymers. Rubber Chemistry and Technology 71, 637667 (1998).
Clement, F, Bokobza, L. & Monnerie, L. Investigation of the Payne Ef-
fect and its Temperature Dependence on Silica-Filled PDMS Networks.
Part I: Experimental Results. Rubber Chemistry and Technology 78, 211-231
(2005).

Clement, E, Bokobza, L. & Monnerie, L. Investigation of the Payne Ef-
fect and its Temperature Dependence on Silica-Filled PDMS Networks.
PartlI: Test of Quantitative Models. Rubber Chemistry and Technology 78,
232-244 (2005).



Bibliography 115

113.

114.

115.

116.

117.

118.

119.

120.

121.

Huber, G., Vilgis, T. A. & Heinrich, G. Universal Properties in the Dy-
namical Deformation of Filled Rubbers. Journal of Physics: Condensed Mat-
ter 8, L409-L412 (1996).

Heinrich, M. K. G. Fractal Structures in Carbon-black Reinforced Rub-
bers. Rubber Chemistry and Technology 68, 623—-651 (1995).

Le Gal, A., Yang, X. & Kliippel, M. Evaluation of Sliding Friction and
Contact Mechanics of Elastomers Based on Dynamic-mechanical Analy-
sis. The Journal of Chemical Physics 123, 014704 (2005).

Vieweg, S., Unger, R., Hempel, E. & Donth, E. Kinetic Structure of Glass
Transition in Polymer Interfaces Between Filler and SBR Matrix. J.non-
cryst.solids 235-237, 470-475 (1998).

Vieweg, S., Unger, R., Schroter, K. & Donth, E. Frequency and Temper-
ature Dependent of the Small-strain Behaviour of Carbon-black Filled
Vulcanizates. Polym Net Blends 5, 199-204 (1995).

Robertson, C. G., Bogoslovov, R. & Roland, C. M. Structural Arrest and
Thermodynamic Scaling in Filler-Reinforced Polymers. Rubber Chemistry
and Technology 82, 202-213 (2009).

Richter, S., Kreyenschulte, H., Saphiannikova, M., Gotze, T. & Heinrich,
G. Studies of the So-called Jamming Phenomenon in Filled Rubbers Us-
ing Dynamical-Mechanical Experiments. Macromolecular Symposia 306~
307, 141-149 (2011).

Tunnicliffe, L. et al. Flocculation and Viscoelastic Behaviour in Carbon
Black-Filled Natural Rubber. Macromolecular Materials and Engineering
299 (Dec. 2014).

Tunnicliffe, L., Thomas, A. & Busfield, J. Effects of Surface Deactivation
of Carbon Black on Thermomechanical Sensitivity of Filler Networks in
Rubber Compounds. Macromolecular Materials and Engineering 301 (June

2016).



116

Bibliography

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Wolff, S. & Wang, M. ]. Filler Elastomer Interactions. Part 4. The Effect
of the Surface Energies of Fillers on Elastomer Reinforcement. Rubber
Chemistry and Technology 65, 329-342 (1992).

Warasitthinon, N., Genix, A.-C., Sztucki, M., Oberdisse, ]J. & Robertson,
C. The Payne Effect: Primarily Polymer-Related or Filler-Related Phe-
nomenon? Rubber Chemistry and Technology 92, 599-611 (2019).

Song, Y. & Zheng, Q. Concepts and conflicts in nanoparticles reinforce-
ment to polymers beyond hydrodynamics. Progress in Materials Science
84, 1-58 (2016).

Sternstein, S. S. & Zhu, A.-]. Reinforcement Mechanism of Nanofilled
Polymer Melts As Elucidated by Nonlinear Viscoelastic Behavior. Macro-
molecules 35, 7262-7273 (2002).

Chazeau, L., Brown, J. D., Yanyo, L. C. & Sternstein, S. S. Modulus Re-
covery Kinetics and Other Insights into the Payne Effect for Filled Elas-
tomers. Polymer Composites 21, 202-222 (2000).

Maier, P. G. & Goritz, D. Molecular Interpretation of the Payne Effect.
KGK Kautschuk Gummi Kunststoffe 49, 18-21 (1996).

Fukahori, Y. New Progress in the Theory and Model of Carbon-black
Reinforcement of Elastomers. ] App Polym Sci 95, 60-67 (2005).

Ouyang, G. Network Junction Model for Carbon-black Reinforcement.
KGK Kautschuk Gummi Kunststoffe 59, 454-458 (Sept. 2006).

Dannenberg, E. M. The Effects of Surface Chemical Interactions on the
Properties of Filler Reinforced Rubbers. Rubber Chemistry and Technology
48, 410-444 (1975).

Mostafa, A., Abouel-Kasem, A., Bayoumi, M. & El-Sebaie, M. Rubber-
filler Interactions and Its Effect in Rheological and Mechanical Proper-
ties of Filled Compounds. Journal of Testing and Evaluation 38 (ed M. R.
Mitchell, R. E. L.) 347-359 (2010).



Bibliography 117

132.

133.

134.

135.

136.

137.

138.

139.

140.

Litvinov, V. M. & Steeman, P. A. M. EPDM-Carbon-black Interactions
and The Reinforcement Mechanisms, as Studied by Low-resolution 1H
NMR. Macromolecules 32, 84768490 (1999).

Dannenberg, E. M. Bound Rubber and Carbon-black Reinforcement. Rub-
ber Chemistry and Technology 59, 512-524 (1986).

Tunnicliffe, L., Thomas, A. & Busfield, J. Energy losses at small strains
in filled rubbers. Constitutive Models for Rubber VII - Proceedings of the 7th
European Conference on Constitutive Models for Rubber, ECCMR, 63-67 (Jan.
2012).

Litvinov, V. M., Orza, R. A., Kliippel, M., van Duin, M. & Magusin,
P. C. M. M. Rubber - Filler Interactions and Network Structure in Rela-
tion to Stress Strain Behavior of Vulcanized, Carbon Black Filled EPDM.
Macromolecules 44, 4887-4900 (2011).

Hess, W. M. Characterization of Dispersions. English. Rubber chemistry
and technology (1991).

Le, H. H., Ilisch, S, Prodanova, I & Radusch, H. Online electrical con-
ductivity as a measure to characterize the rheological and thermody-
namic effects on the carbon black dispersion in rubber compounds. KGK
Kautschuk Gummi Kunststoffe 57, 388-395 (July 2004).

Papon, A. et al. Solid Particles in an Elastomer Matrix: Impact of Col-
loid Dispersion and Polymer Mobility Modification on the Mechanical
Properties. Soft Matter 8, 4090-4096 (2012).

Baeza, G. P, Genix, A. C. & Oberdisse, ]. Multiscale filler structure in sim-
plified industrial nanocomposite silica/SBR systems studies by SAXS
and TEM. Macromolecules 46, 317-329 (2012).

L. Conzatti G. Costa, L. E. & Turturro, A. Microscopic Imaging of Rubber
Compounds in Rubber Technologist’s Handbook (ed ]J. R. White Sadhan Ku-
mar De, K. N.) 2 (Smithers Rapra Technology, 2009), 1-29.



118 Bibliography

141. Huang, M., Tunnicliffe, L., Thomas, A. & Busfield, J. The glass tran-
sition, segmental relaxations and viscoelastic behaviour of particulate-
reinforced natural rubber. European Polymer Journal 67 (June 2015).

142. Baeza, G. P. et al. Effect of Grafting on Rheology and Structure of a Sim-
plified Industrial Nanocomposite Silica/SBR. Macromolecules 46, 6621—
6633 (2013).

143. Musino, D. et al. Synergistic Effect of Small Molecules on Large-Scale
Structure of Simplified Industrial Nanocomposites. Macromolecules 50,
5138-5145 (2017).

144. Ramier, J., Chazeau, L., Gauthier, C., Guy, L. & Bouchereau, M. N. Influ-
ence of Silica and its Different Surface Treatments on The Vulcanization
Process of Silica Filled SBR. English. RUBBER CHEMISTRY AND TECH-
NOLOGY 80, 183-193. 1SSN: 0035-9475 (2007).

145. Ten Brinke, J. W.,, Litvinov, V. M., Wijnhoven, J. E. G. J. & Noordermeer,
J. W. M. Interactions of Stober Silica with Natural Rubber under the In-
fluence of Coupling Agents, Studied by 1H NMR T2 Relaxation Analy-
sis. Macromolecules 35, 10026—10037 (2002).

146. Vieweg, S. Einfluss von Polymeren Fiillstoffen auf den Glasiibergang und die
Gummiplateauzone ven SBR 1500 Vulkanisaten PhD thesis (Martin Luther
Universitat Halle Wittenberg, 1997).

147. Fragiadakis, D., Bokobza, L. & Pissis, P. Dynamics near the filler surface
in natural rubber-silica nanocomposites. Polymer 52, 3175-3182 (2011).

148. Klonos, P. A. et al. Glass Transition and Molecular Dynamics in Core-
Shell-Type Nanocomposites Based on Fumed Silica and Polysiloxanes:
Comparison between Poly(dimethylsiloxane) and Poly(ethylhydrosiloxane).
English. The Journal of Physical Chemistry C 123, 28427-28436 (2019).



Bibliography 119

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Merabia, S., Sotta, P. & Long, D. R. A Microscopic Model for the Rein-
forcement and the Nonlinear Behavior of Filled Elastomers and Thermo-
plastic Elastomers (Payne and Mullins Effects). Macromolecules 41, 8252—
8266 (2008).

Berriot, J., Montes, H., Lequeux, E, Long, D. & Sotta, P. Evidence for the
Shift of the Glass Transition near the Particles in Silica-filled Elastomers.
Macromolecules 35, 9756-9762 (2002).

Berriot, J.,, Montes, H., Lequeux, E, Long, D. & Sotta, P. Gradient of
Glass Transition Temperature in Filled Elastomers. Europhys Lett 64, 50—
56 (2003).

Gusev, A. A. Micromechanical mechanism of reinforcement and losses
in filled rubbers. Macromolecules 39, 5960-5962 (2006).

Zhu, A +j. & Sternstein, S. S. Nanofiller-Polymer Interactions At and Above
the Glass Transition Temperature. MRS Proceedings 661, KK4.3 (2000).
Robertson, C. & Roland, C. Glass Transition and Interfacial Segmental
Dynamics in Polymer-particle Composites. Rubber Chemistry and Tech-
nology 81, 506-522 (2008).

Jouault, N. et al. Bound polymer layer in nanocomposites. Macro Lett 2,
371-374 (2013).

Jimenez, A. M., Zhao, D., Misquitta, K., Jestin, J]. & Kumar, S. K. Ex-
change Lifetimes of the Bound Polymer Layer on Silica Nanoparticles.
ACS Macro Letters 8, 166—171 (2019).

Popov, L. et al. Strong Reduction in Amplitude of the Interfacial Segmen-
tal Dynamics in Polymer Nanocomposites. Macromolecules 53, 4126—4135
(2020).

Cheng, S. et al. Focus: Structure and Dynamics of the Interfacial Layer
in Polymer Nanocomposites with Attractive Interactions. The Journal of

Chemical Physics 146, 203201 (2017).



120 Bibliography

159. Nagaraja, S. M., Mujtaba, A. & Beiner, M. Quantification of different con-
tributions to dissipation in elastomer nanoparticle composites. Polymer
111, 48 -52 (2017).

160. Aguiar da Silva, C., Nagaraja, S. M., Weydert, M. & Beiner, M. Diblock-
Copolymer-Based Composites for Tire-Tread Applications with Improved
Filler Network Topology. ACS Applied Nano Materials 1, 1003-1008 (2018).

161. Stauch, C. et al. Silanization of Silica Nanoparticles and Their Processing
as Nanostructured Micro-Raspberry Powders - A Route to Control the
Mechanical Properties of Isoprene Rubber Composites. Polymer Compos-
ites 40, E732-E743 (2019).

162. Bernal-Ortega, P. et al. New insight into structure-property relationships
of natural rubber and styrene-butadiene rubber nanocomposites filled
with MWCNT. Polymer 201, 122604 (2020).

163. Rubinstein, M. & Colby, R. H. Polymer Physics (Oxford University Press,
Oxford, 2003).

164. Hess, W. M., Vegvari, P. C. & Swor, R. A. Carbon Black in NR/BR Blends
for Truck Tires. Rubber Chemistry and Technology 58, 350-382 (1985).

165. Kliippel, M., Schuster, R. H. & Schaper, J. Carbon black distribution in
rubber blends: A dynamic-mechanical analysis. Rubber Chemistry and

Technology 72, 91-108. (1999).



8 Appendix

G'/ MPa

G'/ MPa

G'/ MPa

25_f cg = 20.4 NR - CB

[f cnr = 6.5 NR - CNT

(b)

f wecs =137 NR/BR - NRMB

()

f giica = 26.4 BR-SBR Copolymer

()

f siica=26.4 SBR/BR blend

1072 10 10° 10!
Strain Amplitude / %

Strain Amplitude / %

FIGURE 8.1
Strain amplitude dependent dynamic shear loss modulus G’(7y) measured at (T=25°C and
w=10 rads ') for (a) NR containing 20.4 Vol% of CB and (b) NR with 6.5 vol% CNT (c) NR/BR
blend filled with 13.7 Vol% CB, (d) NB/BR blend with 13.7 Vol% CB introduced via master
batch, (e) a BR-SBR block copolymer filled with 26.4 vol% silica as well as (f) a SBR-BR blend
containing 26.4 vol% silica. Further details about these samples are discussed later in this
section. The data fitting of G’(y) by equation 5.1 according to the Kraus model, are represented

in red line.
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FIGURE 8.2

Strain amplitude dependent (Top) storage modulus G'(vy) and (bottom) loss modulus G” (1)
measured at 25°C and four different angular frequency (0.01, 1, 10 and 10 rads™') for (left)
NR-CB and (right) NR/BR-CB containing 20.4 vol% of carbon black (®¢p) The data points are
approximated by Kraus equation 5.1 for G’(«y) and G”(y) are approximated by equation 5.1

and 5.3, respectively.
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(a) AGY, (b) AG}, are modified Kraus fitting parameters from equation 5.3 with respect to
silica loading ®g;;;, for BR-SBR block copolymer and SBR/BR composites at three different
temperatures 0°C, 25°C and 60 °C.
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