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Abstract

1. Abstract
In this work, the role of carbon black (CB) as reinforcing material for elastomer composites
was studied on various length-scales. The technique of static, volumetric gas adsorption was
utilized to elucidate the energetic- and morphological characteristics of the surface of CB on the
smallest length-scale. Therefore, the surface of CB was modified with the ionic liquid 1-allyl-
3-methyl-imidazolium chloride (AMIC). A clear drop in energetic heterogeneity, i.e. a reduced
number of highly active sites on the surface of the modified CB was found.
For the purpose of a holistic multi-scale approach, rheological measurements simultaneously
measuring the mechanical- as well as the dielectric response of the sample, have been con-
ducted. A strong focus was shedding light on the nature of the polymer-filler interaction. Thus,
the build-up process- as well as the break-down of a filler network structure was analysed.
The first was achieved via isothermal flocculation experiments at small dynamic strains, which
showed an interrelation between the mechanical stiffness and the electric conductivity. Simi-
larly the observed drop in mechanical stiffness (Payne-Effect) if rubber is exposed to increasing
strain amplitudes is also found in the electric conductivity. This naturally proves, that the break-
down of the filler network can explain the Pane-effect in filled elastomer. Moreover, by using
different polymer types with varying polarity and double-bond saturation level, evidence of an
interphase affected by the characteristics of the CB-interface as well as the polymer-chain was
found.
Furthermore, a structurally modified CB was used to analyse the influence of the CB-aggregate
structure on a small- to medium length-scales. These samples were analysed using a trans-
mission-electron-microscope (TEM). The relation between the structural findings from the TEM
image analysis to the mechanical stress-strain characteristics of a multi-hysteresis test was ob-
tained by utilizing the dynamic flocculation model (DFM). It could be concluded, that the mix-
ing process might have a strong influence on highly structured CB-types by decreasing its struc-
ture due to high shear forces when a certain critical filler level is exceeded. This finding is con-
tradicting the generally accepted picture of primary aggregates as the smallest, non-breakable
unit inside (CB) filled elastomer-composites.

Keywords: Rubber, Polymer-filler-interaction, Filled elastomers, Reinforcement,Gas adsorp-
tion, Rheology
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2. Kurzfassung
In dieser Arbeit wurde die Rolle von Ruß als Füllstoff in Elastomer-Kompositen auf verschiede-
nen Längen-Skalen untersucht. Die Methode der statischen, volumetrischen Gasadsorption
wurde dabei verwendet um die Oberfläche des Rußes auf ihre energetische- und morpholo-
gische Beschaffenheit hin - auf der kleinsten Skala - zu untersuchen. Zu diesem Zweck wurde
die Oberfläche des Rußes mittels der ionischen Flüssigkeit 1-Allyl-3-Methyl-Imidazol Chlorid
(AMIC) modifiziert. Es wurde ein signifikanter Abfall der energetischen Heterogenität - also
der Anzahl an hochenergetischen Plätzen auf der modifizierten Ruß-Oberfläche festgestellt.
Mit dem Ziel einer kompletten Betrachtung auf verschiedene Skalen, wurden rheologische Ex-
perimente durchgeführt bei denen gleichzeitig die mechanischen- als auch die dielektrischen
Eigenschaften des Materials aufgezeichnet wurden. Der Fokus lag dabei auf einem besseren
Verständnis der Polymer-Füllstoff Wechselwirkung. Daher wurde sowohl der Aufbau- als auch
der Zusammenbruch des Füllstoff-Netzwerkes genauer betrachtet. Der Aufbau des Netzwerks
wurde über isotherme Flokkulations-Messungen bei kleinen Dehnungen beobachtet, welche
einen Zusammenhang zwischen der mechanischen Steifigkeit und der elektrischen Leitfähigkeit
lieferte. Beim Einbruch der mechanischen Steifigkeit durch sukzessive Erhöhung der dynamis-
chen Amplitude (Payne-Effekt) zeigte auch die elektrische Leitfähigkeit einen ähnlich abnehm-
enden Verlauf. Dies zeigt auf natürliche Weise, dass der Payne-Effekt in jedem Fall über struk-
turelle Änderungen im Füllstoff-Netzwerk zu erklären ist. Durch den Einsatz verschiedener
Polymer Typen mit variierender Polarität und Anzahl der Doppelbindungen konnten Hinweise
auf die Existenz einer charakteristischen Grenzschicht zwischen Polymer und Füllstoff erhärtet
werden.
Weiterhin wurde ein Ruß mit erhöhter Struktur untersucht um auf etwas größerer Skala den
Einfluss der Primär-Aggregate zu untersuchen. Zu diesem Zweck wurden die Proben mittels
Transmissionselektronenmikroskop (TEM) analysiert. Ein Zusammenhang zwischen den struk-
turellen Besonderheiten, die mit Hilfe der TEM-Bilder gewonnen wurden und den mechanis-
chen Eigenschaften in einem Mutihysterese-Zugversuch, konnte mit dem dynamischen Flokku-
lations Modell (DFM) gefunden werden. Eine Schlussfolgerung aus diesen Untersuchungen ist
die Abnahme der Struktur von Primär-Aggregaten bei hoch-strukturierten Rußen auf Grund von
erhöhten Scherkräften beim Mischen im Falle von sehr hohen Füllgraden. Diese Beobachtung
widerspricht der allgemeinen Annahme, dass Primär-Aggregate die kleinsten, nicht-aufbrech-
baren Strukturen von Ruß gefüllten Elastomer-Mischungen sind.

Stichwörter: Polymere, Polymer-Füllstoff-Wechselwirkung, gefüllte Elastomere, Verstärkung,
Gas Adsorbtion, Rheologie
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1. Introduction

In today’s technological- and scientific environment, one of the most important class of mate-
rials are polymers. Those, showing a very high degree of elasticity and flexibility, are often
referred to as elastomers or sometimes just rubber. However, the term rubber is usually used
when referring to cross-linked elastomers, i.e. polymers, which are linked via permanent chem-
ical bonds.[1] Generally, elastomers are characterized by weak intermolecular forces, a low
Young’s modulus and a high stretchability, i.e. a large strain at break.[2]
Every elastomer shows a characteristic time dependency, which was empirically described by
Wiliams, Landel and Ferry. They could show, that a time dependency is equivalent to a char-
acteristic temperature dependency, which is often referred to as time-temperature superposition
principle.[3] At short time-scales or at low temperatures, elastomers show a glass transition, i.e.
a gradual and reversible change from hard and brittle ("glassy") into a rubbery elastic state. This
time-scale or temperature is essentially determined by the chemical details of the monomers.
Typical types of polymers are for example natural rubber (NR), which is chemically identical
to cis-1,4-poly-isoprene (IR), styrene butadiene rubber (SBR), ethylene propylene diene rubber
(EPDM) or nitrile butadiene rubber (NBR) (see figure 1.1 for some examples with their respec-
tive typical ranges of glass transition temperatures1 or [4, 5] for more details).
On larger time-scales and at higher temperatures, certain polymer-characteristics on a bigger
length-scale than the monomer become important. Since polymers consist of long chains, they
are entangled to each other and thus form a physical network due to the resulting topological
constraints.[6, 7] During the past 50 years, various theoretical descriptions of entangled polymer
melts have been developed. Based on these findings, a single polymer chain is confined inside
a tube-like structure, which is formed due to the presence of adjacent polymer chains, which
hinder the chain to move freely in all directions, i.e. can hence only reptate within the tube.
The diameter of the tube is therefore proportional to the entanglement density of the polymer.
[8–22] This temperature range (and respectively the characteristic times) is often referred to as
the rubber elastic plateau, which defines the corresponding experimentally determined2 plateau
modulus GN .3 For time-scales (and temperatures) beyond this entanglement dominated regime,
i.e. where chains have enough time to reptate out of their respective tubes, every elastomer
shows viscous flow behaviour.[25] Thus, a typical elastomer is in essence characterized by two
main states: (i) The glass transition – separating the glassy- from the rubbery state; and (ii)
the rubber elastic plateau – defined by the entanglement density and molecular weight of the

1Depending on the corresponding ratio of respective blocks inside the monomer - e.g. the styrene content in SBR
or the nitrile content in NBR (see the indices x, y and z in figure 1.1).

2Usually via rheological experiments of oscillatory shear deformations at varying temperature and frequency.
3The stiffness of the material, which is coupled to the entanglement modulus Ge with a semi-empirical prefactor

of 4/5: GN = 4/5Ge according to Doi-Edwards theory.[23, 24]
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1. Introduction

(a) Cis-1,4-polyisoprene (NR);
Tg = −60 °C

(b) Styrene butadiene rubber (SBR);
Tg = −65 · · · − 10 °C

(c) Nitrile butadiene rubber (NBR);
Tg = −45 · · · − 5°C

(d) Ethylene propylene diene rubber
(EPDM); Tg = −55 · · · − 10 °C

Figure 1.1.: Chemical structure of selected polymer types.

polymer.4

Since every polymer shows a viscous flow behaviour beyond the rubber elastic plateau, it is
not possible to create practically usable samples, which are dimensionally stable over time.
Therefore, the polymer needs to be cross-linked, i.e. the polymer chains are interconnected
via permanent covalent bonds. There are various ways to create these additional network junc-
tions - the most commonly used cross-linking agents are either sulphur or peroxide. While
the latter creates carbon-carbon (C-C) bonds between chains [27], sulphur is used as an inter-
molecular bridge of variable length (Sx with x usually between 1 and 8 [28]). This network
formation-process is often referred to as vulcanization or curing-reaction (for more details see
[29]). Consequently, cured elastomers show enhanced mechanical properties like an increased
tensile strength, a large deformation at break and a lowered energy dissipation compared to
non-cross-linked melts. Moreover, these properties depend on the amount and structure of the
cross-links within the system.[30, 31]
However, cross-linking alone is usually not sufficient in most applications of elastomers like
seals, tires or hoses. In most cases the mechanical stiffness and -strength needs to be increased
even further. Therefore, various types of fillers are used to reinforce the elastomer, i.e. create
an elastomer-composite.[32–35] The most commonly used types of fillers in case of rubber are
carbon black (CB) and precipitated silica (Si). Recently, also nano-scaled fillers like carbon

4The former defines the height of the plateau, (the material stiffness or more precisely the modulus) whereas the
latter is connected to the width of the plateau[26]
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nanotubes (CNT) [36], graphenes [37] or carbon nanohorns (CNH) [38] have been extensively
studied as reinforcement materials for elastomers.
The presence of fillers inside the polymer matrix has several effects on the overall behaviour
of the composite. Apart from simple hydrodynamic reinforcement [39, 40], there are usually
complex structure-formation processes, which form a random, self-similar filler network [41–
44] additionally to the aforementioned physical- (entanglement-driven) and chemical network
(from permanent cross-links). One crucial ingredient to the understanding of these reinforcing
filler-structures is a fundamental insight into the polymer-filler interaction mechanisms. Ap-
parently, the filler influences the polymer on various length-scales. On a molecular level, the
surface of the filler strongly determines the way how interactions with polymer-segments can
ultimately be formed. It is known for CB to have a unique surface characteristic due to the
presence of graphitic crystals [45] with defects and cavities in their vicinity.[46, 47]
To characterize the surface of fillers, the technique of static gas adsorption is one of the most sen-
sitive methods. Here, gas molecules are applied onto the filler-surface and the adsorbed volume
is monitored as a function of pressure to measure the surface coverage. Its pressure-dependent
value gives rise to certain – scale-dependent – characteristic features of the surface:

(i) On the smallest length-scale, the energetic profile via an energy distribution function is
accessible.5[48]

(ii) Close to, and slightly above the amount of gas, which covers the surface with one mono-
layer, the specific surface-area can be evaluated.6[49]

(iii) Well above the mono-layer coverage, i.e. in the multi-layer regime, the surface roughness
can be approximated via the surface fractal dimension.7[50]

In section 2.2 more details about the theory of gas adsorption will be discussed. Following
from point (iii) above, the concept of fractals becomes apparently important even on the scale
of molecules that are covering the surface of the filler. Since Mandelbrot introduced fractals
[51, 52], self-similarity was identified to be an important feature also in nano-filler reinforced
elastomer composites (often referred to as elastomer nano-composites). Especially beyond only
locally important features like the surface-inhomogeneity or -roughness, fillers additionally
form structures on scales of several hundred nano-meters, i.e. aggregates and agglomerates
(or clusters).8 To characterize these structures in a quantitative way by applying the concepts of
fractal objects, images are captured via a transmission electron microscope (TEM).[53] Conse-
quently, this intermediate length-scale – between the molecular details of the filler-surface and
the meso- to macroscopic effect of the three-dimensional filler network structure – serves as im-
portant bridge to understand certain characteristics of elastomer nano-composites (See section
2.3 for more details).
The filler network is therefore on the one hand determined by facets originating on small length-
scales like the polymer-filler interaction; and on the other hand macroscopically effective by

5Here, the pressure is very low, and hence the amount of gas molecules is well below the amount of the mono-
layer coverage.

6The dominant length-scale here is the size of the primary particle - the smaller the primary particle the bigger
the specific surface area.

7At pressures close to the saturation vapour pressure, the relevant length-scale for the surface roughness is the
average curvature between the primary particles - see figure 2.6

8An agglomerate usually consists of several primary aggregates.
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1. Introduction

Figure 1.2.: Left hand side: Illustration of the CB structure including its surface features like
graphitic crystallites and corresponding defects like edges and cavities. On the right
hand side, there is a sketch of part from the 3-dimensional filler network structure
on larger scale.

dominating the mechanical characteristics of a rubber sample (see figure 1.2). Obviously, there
needs to be a sufficiently large amount of filler aggregates to form a continuous, 3-dimensional
network. Below a certain critical amount of filler, there is just hydrodynamic reinforcement
and thus above this threshold – described by percolation theory – there is a fractal network
apparent.[54, 55] In figure 1.3 the effect of CB level is depicted exemplary for the uni-axial ten-
sile test for two different types of polymer. In general, the overall stiffness of the material, i.e.
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Figure 1.3.: Tensile tests for NR and EPDM with varying filler level. The amounts are given in
phr: per hundred rubber.

most obviously the stress at certain levels of strain9 increases with the amount of CB. Further-
more, the ultimate properties change significantly as well. For both depicted types of polymer
the ultimate strain at break decreases systematically with increasing filler level. Compared to

9These stress-values are often called moduli (e.g. modulus 100 - M100 for the stress at 100 % strain), however
they must not be confused with a real modulus, which is defined via the ratio of the incremental changes of
stress σ and strain ε: G ∝ dσ/dε.
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the unfilled polymers there is often first an increase of the elongation at break and at around the
percolation threshold there is a maximum after which the value decreases accordingly.[56] How-
ever, the case of NR is special in this regard since the strain at break systematically decreases (at
similar stress values) with filler level. This effect can be attributed to the NR specific feature of
strain-induced crystallization (SIC), where due to local stretching of polymer strands a collec-
tive alignment is observable, which forms hard crystallites, reinforcing the NR matrix.[57–59]
Although cross-linked rubber should be considered as a non-linear material, i.e. its characteris-
tic properties like modulus show usually dependencies on various parameters like temperature,
frequency or strain amplitude, there are certain conditions where it behaves linearly. For in-
stance at small frequencies and temperatures far above the glass transition, the modulus shows
almost no dependency on the dynamic strain amplitude until reaching ≈ 100 %.
However, introducing filler also enhances the non-linearity of the material significantly. Apply-
ing an oscillatory dynamic load leads to one of the most pronounced and important non-linear
effects for filled rubbers: With continuously increasing strain amplitude the dynamical stiffness
shows a pronounced drop after a critical strain value is reached. This effect is meanwhile widely
known as Payne-effect.[32]

0 , 0 1 0 , 1 1 1 0

0 , 1

0 , 3

0 , 0

0 , 2

0 , 4

 N R  +  C B  a t  1 4 0  ° C

G' 
[M

Pa
]

γ [ % ]
Figure 1.4.: Example of the drop of storage modulus (real part of the complex modulus) as a

function of strain amplitude. Here, non-cross-linked NR filled with CB has been
measured at 140 °C in a rheometer.

In figure 1.4 exemplary data is shown, which will be discussed later in section 4.3.2 in more de-
tail. A first phenomenological description of this softening effect of rubber was found by Kraus
in 1978.[60] Several works have been published since that time to find a physical interpretation
i.e. a theoretical foundation of the Payne effect: [42, 43, 61–64] or recently [65]. Up to this
point, there is no generally accepted model to fully describe the molecular processes governing
the Payne-effect. Nevertheless, there is strong evidence that a break-down of the filler-network
is the main cause for the observed softening effect.
Moreover, there is also a strain-induced decrease in stiffness observable in the limit of quasi-
static deformations. This effect was first discussed and described by Mullins, which is why
it is often referred to as Mullins-effect.[66] Also this characteristic behaviour of elastomers
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1. Introduction

was discussed intensively in literature e.g. [34, 67, 68], special focus in this work should be
on a model developed by Klüppel and co-workers called the Dynamic-Flocculation Model
(DFM)[19, 41, 42, 44, 69–73]. In section 2.4.3 an introduction into the basics of this model
will be given.
To experimentally observe the Mullins-effect, a sample is usually stressed to a certain strain
value and is afterwards unloaded to either a stress-free state or if possible to zero strain10. The
maximum strain is then successively increased to a higher level. One example of a cyclic ten-
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Figure 1.5.: Cyclic uniaxial tensile test to evaluate the Mullins-effect. The inset indicates the
time sequence of the stress-strain cycles.

sile test is depicted in figure 1.5 and is often referred to as multi-hysteresis test since there is
a significant difference between the loading- and de-loading curves. This effect is connected
to an energy dissipation mechanism, which is attributed to a successive break-down and re-
agglomeration process during the loading profile. While the Mullins-effect is usually only
observable in cross-linked rubbers,11 the Payne-effect occurs also in non-cross-linked melts.
Therefore, analysing the material characteristics during a dynamic-mechanical strain sweep (to
observe the Payne-effect) beyond just the mechanical analysis from rheological oscillatory shear
experiments would be even more elucidative.
One technique to get additional insights into the material is the broadband dielectric spec-
troscopy (BDS). Here, in principle a capacitor is formed, where the sample is placed between
two electrodes and is therefore used as the dielectric medium. By applying a varying weak
electric field to the sample, the capacity of the system can be measured.[74] In general the
impedance and the permittivity are evaluated as complex functions of the frequency. For non-
conductive materials, i.e. unfilled- or silica-filled rubbers, the glass-transition as well as other
characteristic time-scales of polymers are accessible from the loss-permittivity12.[75] In case of

10Because of a permanent set of the sample this is only possible for dumbbell shaped specimen since they can be
loaded under compression.

11Since for most elastomers, the time scale of the quasi-static experiment is too long compared to their reptation-
time, thus the material would be dominated by its flow-behaviour rather than a filler induced strain softening.

12The imaginary part of the complex permittivity
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conductive samples, the conductivity as a function of frequency will give important informa-
tions about processes inside the material.[76–79] Especially the percolation threshold can be
analysed very precisely since the value of the conductivity changes significantly close to the
critical volume fraction of filler.13 Consequently, measuring the dielectric spectrum during a
mechanical measurement, i.e. simultaneously monitoring the e.g. modulus and conductivity as
a function of strain amplitude, can give rise to further knowledge about the nature of the filler-
network structure. In figure 3.6 in section 3.4 one possible experimental set-up, which was used
in this work, is sketched and in 4.3 a detailed discussion of combined dielectric-rheological
measurements can be found.

Thus, the aim of this work is to elucidate the nature of the interaction between polymer chains
and fillers.To achieve this goal, several length-scales need to be investigated. First, on a macro-
scopic scale, there are (i) the (physical) network of entangled polymer chains, (ii) in cross-linked
rubbers there is the chemical network – creating a synergistic additional network-structure14 –
and (iii) in (sufficiently) filled elastomers there is the filler network formed inside the other
networks.15 However, all macroscopically active, characteristic properties of the different net-
works originate on the molecular-scale, i.e. the details of their respective building blocks like
the monomers, the curing agents or the filler aggregates.
This work is therefore structured in the following way: After a theoretical introduction into
the most important topics of this work (chapter 2), an experimental chapter will summarize the
used experimental conditions for each test performed in this work (chapter 3). Finally, the main
results are presented including a discussion with respect to the aforementioned aspects of the
role of polymer-filler interactions in elastomer nano-composites (chapter 4). Therefore, at first,
utilizing static gas adsorption measurements, the smallest relevant length-scale of the polymer-
filler interaction – hence the surface of the filler – will be analysed (section 4.1). In particular,
a surface modification, applying an ionic liquid onto the surface is used to modify the surface-
activity in a characteristic way (Details can be found in section 3.3.2).[80] Consequently, these
changes cause significant effects on the macroscopic length-scale observable in the rheological
experiments performed on non-cross-linked melts (section 4.3). To understand the intermedi-
ate length-scale of the filler aggregates and agglomerates, cross-linked samples filled with a
structure-modified CB were analysed using TEM images. Findings on this length-scale have
been compared to various macroscopic tests (section 4.2). Finally, in chapter 5 a conclusive
summary of all main results will be given.

13In a typical CB-filled elastomer it can vary over 10 orders of magnitude from being insulating to conductive.
14With an increasing number of chemical cross-links, the number of entanglements, which are trapped between

(minimum) two cross-links is also increasing. These trapped entanglements are mechanically as effective as
the permanent links.

15Obviously, there can also be the case of only the physical- and filler-network being present in non-cross-linked
polymer melts.
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2. Theoretical Background

In this chapter there will be a brief introduction into some important theoretical concepts for un-
derstanding the materials used in this work. The focus is first on polymers and their non-linear
response to deformations, i.e. the theory of rubber elasticity. Following is an introduction to
different methods how to characterize the surface of filler particles.
A brief introduction is given on how to extract structural properties of the filler particles from
TEM images. Finally, the theory of rubber-reinforcement, i.e. how filler characteristics influ-
ence the polymer-filler interaction, is introduced.

2.1. Rubber elasticity – A brief theoretical introduction

Everyday experience suggests a fundamental difference in the response of materials like metals
or ceramics to deformations compared to rubber-like materials. The former being rather stiff
and not easy to deform, whereas the latter are softer and able to deform up to very large exten-
sions. There are several theoretical approaches to explain this special characteristics and in the
following sections the most import concepts will be briefly introduced.

2.1.1. Entropy elasticity

The fundamental difference in the mechanical properties of rubber-like materials and conven-
tional materials such as steel is well known from our daily life. Scientifically it was first ex-
plained by Kuhn [81] who looked at the free energy F of different materials:

F = U − TS. (2.1)

In the case of steel1 the stress σ, equivalent to the change of the free energy dF/dλ with respect
to the elongation λ, is dominated by the change of free energy dU/dλ resulting from atomic
displacements within the crystal-lattice. However, for rubber the situation is very different since
the material consists of long flexible polymer chains [81] which leads to a change in entropy
dS/dλ dominating the stress contribution. James and Guth [82] and [83] derived an analytical
expression for this entropy elasticity of rubber.
One main assumption for the resulting entropy-driven force is a Gaussian distribution of chain
end-to-end distances ~R, showing all possible conformations Ω of chains with an average length

1or any other material with some crystalline structure
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2. Theoretical Background

of N segments:

P (~R) =
Ω(N, ~R)∫
Ω(N, ~R)d~R

=

 3

2π
〈
~R2
〉
3/2

exp

− ~R2

2
〈
~R2
〉
 . (2.2)

With < ~R2 >= Nl2s the mean square displacement of the chain-ends and ls the length of a
statistical chain segment. Taking into account all these possibilities, i.e. conformations Ω of
arranging itself, the entropy S = kBln(Ω) for the chains can be defined. Neglecting the change
of internal energy dU = 0 the Gibbs free energy (2.1), using (2.2), is:

F = C(T ) +
3kBT

2
〈
~R2
〉 ~R2. (2.3)

Here, C(T ) is just a temperature dependent constant. For n chains, which are stretched, i.e. the
end-to-end distance changes according to ~R0 = (x, y, z)→ ~R = (λxx, λyy, λzz), the change in
free energy ∆F is given by:

∆F =

(
nkBT

2

)(
λ2x + λ2y + λ2z − 3

)
. (2.4)

For the special case of an uni-axial deformation assuming constant volume during deformation,
i.e. λx = λ and λy = λz = 1/

√
λ the free energy becomes:

∆F =

(
nkBT

2

)(
λ2 +

2

λ
− 3

)
. (2.5)

To finally calculate the stress-strain relation, the definition of stress as ratio between force f and
initial cross-sectional area A0, i.e. σ ≡ f/A0 is used:

σ =
1

V0

(
∂∆F

∂λ

)
T,V

= νkBT

(
λ− 1

λ2

)
, (2.6)

with ν = n/V0 as the density of network chains per volume V0. One important feature of
equation (2.6) is the proportionality to the temperature T which leads to an increase of force with
increasing temperature. For instance: Heating a rubber band leads to a contraction, resulting in
a measurable force.2 In contrast to a perfect elastic law like the Hook’s law where there is just a
linear relation between force and elongation f ∝ L, for the simplest model of rubber elasticity
an additional term f ∝ 1/λ2 in (2.6) is apparent, which is why it is also called the Neo-Hooke
law of rubber elasticity.
Moreover, the Young’s modulus E defined via E =

(
dσ
dε

)
ε=0

with ε = λ− 1, yields the relation
for the material stiffness following the Neo-Hookean lawE = 3νkBT and accordingly the shear
modulus for incompressible material is obtained:

G ≈ E/3 = νkBT = νcRT =
ρRT

Mc

. (2.7)

2To observe this typical effect of rubber elasticity, the rubber band needs to be pre-stretched, otherwise there will
be no contraction since the chains are all already in their preferred, coiled state.
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2.1. Theoretical introduction into rubber elasticity

Here, νc is the molar number of network chains, ρ is the mass density and Mc is the molar mass
of the respective network chains, i.e. network-strands between cross-link junctions. However,
this simple model of rubber elasticity is only valid for small deformations and it neglects the
effect of entanglements between chains. Therefore, additionally to the physically based Neo-
Hooke model, a diversity of various models have been developed within the last decades, which
all try to describe the hyperelastic response of rubber.
To mention only a few, there are phenomenological models like the Mooney model [84], Mooney-
Rivlin model [85], the Gent model [86] or the Yeoh model [87].3 Finally, important improve-
ment in the field of rubber elasticity was made, when the concept of topological constraints via
different tube models was developed. First started by Edwards [8] and later further developed by
Vilgis, Heinrich, Gaylord [9, 12, 13, 89] or Rubinstein, Panyukow [90] or Mergell and Everaers
[20].

2.1.2. Tube model
Non-affine extended tube model

Essential to all tube model approaches is the idea of a polymer chain, topologically constrained
inside a tube-shaped volume, caused by the presence of surrounding chains, which are entangled
with each other. In figure 2.1 the basic principle is visualized. Due to the length of each chain,
the chains hinder each other in their movement caused by thermal fluctuations. Therefore, a
chain is only free to move within a specific volume, which is due to the rather linear character of
a chain, shaped like a tube with diameter d0.4 Spatial areas, which are impeding a chain to move,

2d0

Figure 2.1.: Schematic picture of a tube (dashed lines as outer limits), i.e. topological con-
straints for a single chain (thick blue line), which is caused by localizations like
entanglements or cross-links (red crosses) with other chains (not visible) in the
vicinity of the chain

are called localizations. These localizations can be caused by either physical entanglements or
3For a review of different models see for example: [88]
4d0 denotes the tube diameter, i.e. the average distance between entanglements for polymer chains in the melt.
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2. Theoretical Background

chemical cross-links. Both contribute to the overall macroscopic stiffness i.e. the modulus of a
sample. Note, that in the Neo-Hooke model (2.6) there is only the contribution of the chemical
cross-links.
Heinrich et al. [10] first considered a non-affine deformation5 for the tubes: dµ = d0λ

ν
µ, with

ν = 1/2.6 For the free energy density W of the material this leads to:

W = Wc +We =
Gc

2

(
3∑

µ=1

λ2µ − 3

)
+ 2Ge

(
3∑

µ=1

λ−1µ − 3

)
. (2.8)

Here, Gc represents the cross-link modulus defined as:

Gc =AcνmechkBT. (2.9)

The pre-factor Ac takes into account constraints on fluctuations of network-junctions, hence is
a function of the average range of junction-fluctuations dc7 and the average end-to-end distance
between two junction points R [91].8 νmech =

(
νc − 2

f−2nP

)
is the mechanically effective

network density including νc and nP as the density of chains between cross-links and the total
number of chains respectively.
The pre-factorGe of the second addend in (2.8) is related to the entanglement contribution:

Ge =
ρNAl

2
SkBT

4
√

6MSd20
, (2.10)

with ρ as the mass density, lS andMS is the length and molar mass of a statistical chain segment,
d0 denotes the tube diameter and NA, kB and T have their usual meaning. The essential differ-
ence between both contributions lies in the response of the system at different time scales. A
localization due to a chemical cross-link is permanent and therefore stable at longer time scales,
whereas physical entanglements can slide off i.e. the effect of the localization is decreasing with
time. For a non cross-linked polymer melt, this effect is observable as the terminal viscous flow
regime [25]. With increasing cross-link density more of these entanglement localizations will
be trapped between neighbouring cross-links, hence cannot disentangle over longer time scales.
Although the non-affine tube model was a big step forward, still it is not able to explain all
features of the stress-strain response of a typical rubber i.e. the strong non-linear behaviour
at large deformations due to finite chain extensibility. Therefore, it was crucial to add a finite
extensibility term into equation (2.8) [12, 17]:

W =
Gc

2


(∑3

µ=1 λ
2
µ − 3

)(
1− Te

ne

)
1− Te

ne

(∑3
µ=1 λ

2
µ − 3

) + ln

(
1− Te

ne

(
3∑

µ=1

λ2µ − 3

))
+ 2Ge

(
3∑

µ=1

λ−1µ − 3

)
.

(2.11)

5Affine deformations are equivalent to linear transformations, i.e. deformations are equivalent on all length-
scales.

6This result was later confirmed by small-angle neutron scattering (SANS) results [15].
7dc is usually of a similar order of magnitude than the tube diameter d0, hence assuming that chain segments and

network junctions have a similar fluctuation range.
8Ac = 1− 2

f

(
1− 2K exp{−K2}√

πerf(K)

)
with f as functionality and K =

√
3f
2
dc
R .
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2.2. Filler surface characterization via gas adsorption

The additional term in the first addend includes ne and Te as number of segments between
entanglements and the trapping factor respectively (0 < Te < 1). Thus, the ratio ne/Te yields
the number of chain segments between trapped entanglements, i.e. entanglements which can
no longer slip off. In the limit of Te/ne → 0, equation (2.8) is found again. This extended
non-affine tube model is very well confirmed by several experimental studies [15, 88, 92, 93]
and should be the model to choose in case of unfilled elastomers.9

2.2. Characterization of filler surfaces by static gas
adsorption techniques

2.2.1. Essentials of physisorption

The fundamental thermodynamics of physical adsorption and theoretical models are discussed
and presented e.g. in [48]. This section will thus only present the most important ideas of de-
scribing the process of gas adsorption empirically.
First attempts to characterize experimental adsorption isotherms have been carried out by Fre-
undlich [95] and later by Langmuir [96]. In typical adsorption experiments the amount of gas
is measured as a function of adsorptive pressure p. At low pressures the Freundlich isotherm
equation

V (p) = Ap1/n (2.12)

is in most cases valid. The empirical parameters A and n can be derived from linear fits in
double logarithmic plots of the isotherm (See section 4.1). From the parameter n some rough
information about the energetic heterogeneity of the surface can be obtained. Perfectly homo-
geneous surfaces yield a parameter of n = 1.10 Often the value of nRT is often more useful
than n, because it takes into account the effect of temperature in a first approximation.11

At higher pressures, the Freundlich isotherm (2.12) will systematically deviate more from mea-
surements. A better result can be achieved by using the Langmuir isotherm equation, which
will be derived in the following under the assumptions of (i) a homogeneous surface, (ii) no
interactions between gas molecules and (iii) no multilayer adsorption effects.

As depicted in figure 2.2 there is a total number of N = N0 + N1 sites on the surface, which
are either occupied by gas molecules (N1) or empty (N0). Gas molecules move in the gas phase
and can interact with the surface for a characteristic adsorption time τ and after this process are
desorbed again from the surface.12 The number of gas molecules per mole hitting the unit area
per second is given by:[97]

µ =
p√

2πMRT
. (2.13)

9However, there are of course other tube models like the slip-tube model from Rubinstein and Panyukov [90] or
the double tube model from Mergell and Everaers [20], which are as well able to describe all relevant features
of rubber elasticity (see e.g. [94])

10Accordingly, more heterogeneities increase the value of n
11For more details see ref. [48] and references therein.
12A typical adsorption time τ is of the order 10−13 s to 10−12 s [48].
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2. Theoretical Background

N1 N0

Figure 2.2.: Illustration of gas adsorption according to the Langmuir model. There are only two
different types of sites: occupied (N1) or empty (N0). The surface is assumed to be
homogeneous, there is no lateral interaction between the molecules and there is no
multilayer adsorption.

With M the molar mass of the gas molecules, R the gas constant and T the respective temper-
ature. Next step is the definition of rates of adsorption κads and desorption κdes, respectively.
The rate of adsorption depends on the fraction of free sites on the surface θ0 = N0/N hence the
more empty sites are present, the more likely it is for a molecule to be adsorbed. Furthermore,
κads will depend on the fraction of molecules, which actually condense on the surface after
hitting it: kadsµ with kads as an equilibrium constant. Consequently, the rate of desorption will
be proportional to the portion of occupied sites on the surface θ1 = N1/N and an equilibrium
constant on a completely covered surface kdes.
Following these assumptions both rates yield the expressions:

κads =kadsµθ0 (2.14)
κdes =kdesθ1. (2.15)

First, no site will be covered i.e. the adsorption rate will dominate the process. After a certain
time, the system will reach an equilibrium (κads = κdes) where adsorption and desorption will
be equally probable:

kadsµθ0 = kdesθ1. (2.16)

Using furthermore,

θ0 + θ1 = 1 (2.17)

this leads to

θ1 =
kadsµ

kdes + kadsµ
. (2.18)

Introducing the equilibrium constant bL equation (2.18) with Θ = n1

n
as the molar coverage

becomes the well known Langmuir isotherm equation:

Θ(p) =
bLp

1 + bLp
(2.19)

14



2.2. Filler surface characterization via gas adsorption

with

bL =
kads

kdes
√

2πMRT
. (2.20)

The value of kads is always very close to unity (see ref. [96]) and the desorption parameter is
inversely proportional to the adsorption time τ , kdes = 1/τ = (1/τ0)exp {−Q/RT} with the
heat of adsorption Q. At low pressures p there is a linear increase in the Langmuir equation
(2.19) with bLp, which corresponds to the Freundlich isotherm (2.12) in the limit of n = 1. In
contrast to the Freundlich isotherm, the Langmuir isotherm reaches a saturation level Θ = 1
towards high pressure values, which reflects the filling of the surface as a mono-layer of gas
molecules is formed.
There were numerous different approaches to describe an isotherm empirically. Only one im-
portant example should be mentioned in this section.13 Bradley first considered a modified
semi-empirical Freundlich isotherm equation, which fixed the weakness of not tending to a
limiting coverage: [48]

Θ(p) =
(Ap)1/n

1 + (Ap)1/n
. (2.21)

All of these isotherms are not capable of describing the adsorption beyond a mono layer cov-
erage. Actually, it was Langmuir who first described multilayer adsorption in his paper from
1918 (see Ref. [96]). But it is the work of Brunauer, Emmett and Teller from 1938 [49] that
is most often cited with respect to multilayer adsorption.14 The isotherm equation for the BET
model has the following form:

V

Vm
= Θ(p) =

1(
p0
p
− 1
) [(

1− 1
C

)
p
p0

+ 1
C

] . (2.22)

Here, Vm is the volume of one mono-layer of gas covering the surface. C ∝ exp
{
Qm−Qads

RT

}
is a constant proportional to the difference between the heat of adsorption of the gas molecules
in the mono-layer Qm and of those in the gas phase Qads. The BET model is most often used
to calculate the mono-layer volume Vm from the measured isotherm V (p). Knowing the cross-
sectional area of the molecules σ

σ =2
√

3

[
M

4
√

2NAρL

]2/3
(2.23)

and using

As =
VmσNA

Vmol
(2.24)

the specific surface area As can be obtained. M is the molar mass, NA is the Avogadro number
and ρL is the mass density of the gas molecules in the liquid, i.e. condensed state and finally

13More possible empirical isotherm equations are mentioned e.g. in [48]
14Hence, often referred to as BET model.
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Vmol is the molar volume. To easily obtain the volume of a mono layer Vm, it is often more
useful not to use the BET isotherm in the form of equation (2.22), but to plot it in the following
form:

p

V (p0 − p)
=
C − 1

C Vm

p

p0
+

1

C Vm
, (2.25)

as function of p/p0. Accordingly, one expects a linear function y = Ax+B with slopeA = C−1
CVm

and intercept B = 1
CVm

. This leads to the easy expressions for the mono layer volume Vm =
1

A+B
and C = A

B
+ 1. With this, the isotherm V (p) can be normalized, to obtain the surface

coverage Θ(p) = V (p)
Vm

. A typically applicable range of the BET equation (2.25) to coincide
with experimental data is regime II depicted in figure 2.3. In the following two sections, the
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Figure 2.3.: Example adsorption data of a reference carbon black to illustrate the main regimes
of adsorption. The coverage Θ = V/Vm is plotted versus the normalized pressure
p/p0 with p0 as the saturation vapour pressure at the measured temperature. The
indicated regimes are: (I) Dominated by energetic characteristics e.g. heterogeneity,
(II) Coverage of the surface by one mono layer, i.e. BET regime to evaluate Vm and
(III) Multi layer adsorption – dominated by surface roughness

remaining two regimes of figure 2.3 are discussed. First, the role of energetic heterogeneity
will be explained, followed by an analysis of the surface roughness, which is responsible for the
multi-layer adsorption characteristics.
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2.2. Filler surface characterization via gas adsorption

2.2.2. Adsorption on heterogeneous surfaces: Evaluation of the
surface energy distribution in the low pressure regime

In figure 2.3, the surface coverage of a typical homogeneous graphitized carbon black is de-
picted. In the first regime, the volume of adsorbed gas molecules increases linearly with increas-
ing pressure, i.e. the volume is filled up with a behaviour well represented by the Freundlich
isotherm (2.12) with n ≈ 1. However, in most of the cases, the initial regime will not follow
this simple law i.e. n > 1 is usually valid. Especially for typical carbon blacks used in rubber
applications, the surfaces will have certain characteristic features.

Figure 2.4.: Schematic view of the surface-structure of a typical carbon black primary aggre-
gate.

Figure 2.4 shows a sketch of the structure of a typical primary aggregate. Every aggregate con-
sists out of three to ten primary particles15. On the surface of each primary particle graphitic
crystallites, with approximately a size of about 2 to 9 nm, are present [98, 99]. Therefore, for
typical carbon black surfaces the level of heterogeneity will be a substantial feature. Although
the Freundlich model of adsorption allows a rough qualitative estimation of the level of ener-
getic heterogeneity, a more quantitative evaluation is necessary.
Experimental adsorption isotherms Θ(p) represent in general an average over all existing en-
ergies Q on the gas-solid interface. This averaging can mathematically be expressed in a well
known Fredholm integral equation [48]

Θ(p, T ) =

∫ ∞
0

θ(p, T,Q)f(Q)dQ. (2.26)

With θ(p, T,Q) as the local adsorption isotherm, representing the local coverage at given pres-
sure p, temperature T and constant energy Q. f(Q) denotes the distribution of energy sites
present on the surface. To obtain the distribution function f(Q), several numerical methods
have been developed.16 In any case, the crucial step is the choice of a proper model isotherm

15Depending on the type and structure of the carbon black.
16A detailed overview can be found here: [48]
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θ(p, T,Q). Gas molecules with a certain kinetic energy, thus representing a specific temperature
T , lead to a defined level of surface coverage. More specifically, the temperature defines the
adsorption- and desorption rates, hence their ratio bL ∝ kads/kdes.17 This leads to less surface
coverage Θ at the same number of molecules, i.e. equal pressure p, at higher temperatures T .
However, under isothermal conditions, the energy Q determines the coverage at a given pres-
sure p. At very low pressure p < 102Pa (see the linear regime I in figure 2.3) the amount of
molecules is very low. Accordingly, the molecules will first occupy the sites most favourable
for them, i.e. the sites with highest energy Q. The probability for a certain site to be covered,
is therefore depending on its energy Q and the present pressure p. This probability function is
essentially represented by the local surface coverage θ(p, T,Q) needed for solving the integral
equation 2.26. In figure 2.5 this interrelation is illustrated as a three dimensional plot of the
extended Langmuir isotherm (see equation 2.27).

Q

θ

p

Figure 2.5.: Illustration of the model isotherm according to Langmuir. The local surface cov-
erage θ, i.e. the probability a site is covered by a gas molecule, as function of the
energy Q and the pressure p.

For better consistency, the simple Langmuir equation (2.19) is often modified. First, a multilayer
correction according to the BET model is applied and secondly lateral interactions between the
molecules are considered by a correction factor introduced by Fowler and Guggenheim (FG)
[100]:

θ(p,Q, T ) =
b2BET bFGbLp

1 + bBET bFGbLp
(2.27)

17Here, with the nomenclature of the Langmuir adsorption model (equation 2.20)
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with

bBET =
1

1− p
p0

, (2.28)

bFG = exp

{
zωθ

RT

}
. (2.29)

Here, z is the number of neighbouring sites, ω is the lateral interaction energy and θ is the prob-
ability, that the neighbouring site is occupied by a molecule. There are two possible choices for
the probability θ: (i) The local adsorption isotherm θ, hence assuming a patchwise distribution18

or (ii) the global isotherm Θ, thus assuming a random distribution [47]. The surface of carbon
black is considered to consist of graphite micro-crystallites [45], and therefore the choice of θ
as probability function is more realistic.
With equation (2.27) to be used in (2.26) the energy distribution can be calculated by numerical
algorithms. One of the most often used algorithm is the method of Adamson and co-workers
[101–103].19

2.2.3. Adsorption on fractal surfaces: Evaluation of the fractal
dimension of a surface

At low pressures, as was discussed above, the local structure of the surface dominates the ad-
sorption behaviour. Consequently, the surface can be characterized on the sub-nm length-scale
(see regime I in figure 2.3). At medium pressures, a mono layer is filled, thus one can get infor-
mation about the specific surface area of the investigated sample (see equation (2.25) in section
2.2.1). Finally, regime III indicated at the high pressure side of figure 2.3 is dominated by the
adsorption of gas molecules successively filling up multiple layers. Thus, the surface geometry
will strongly influence the adsorption of further gas molecules.
There are different experimental approaches to obtain the surface roughness of carbon black
particles. From more qualitative microscopic investigations using an atomic force microscope
(AFM) [105, 106], to small-angle x-ray scattering (SAXS) [107] and gas adsorption techniques
[46, 47, 104, 108], all investigating different length scales of the surface-structures. Therefore,
the surface roughness obtained via these techniques lead to different results concerning the frac-
tal dimension 2.0 ≤ DS ≤ 2.6 as characteristic value for the surface roughness.
Using gas molecules as yardstick is one of the simplest possibilities to probe the fractal nature of
a surface. Here, the concept of fractals introduced by Mandelbrot [51, 52] is utilized by relating
the mono layer coverage Vm with the cross-section σ (see equation (2.23)) of gas molecules of
varying size:

Vm ∝ σDS/2. (2.30)

Alternatively, the adsorption of a specific type of gas can be considered as a condensation pro-
cess on the surface. A liquid film of thickness z will be formed and will grow with the number

18The sites of equal or similar energies are arranged in patches, i.e. areas of small size.
19Details can be found also here: [104]; In the appendix A.1.2 the python script for estimating the energy distri-

bution in this work is given.
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of molecules, hence the volume V will increase with the film thickness. Using again the relation
from Mandelbrot for fractal surfaces:

V

Vm
∝
(
z

zm

)3−DS
(2.31)

with Vm and zm as the Volume- and film thickness of one mono layer respectively. While the
yardstick method is based on fundamental geometrical relationships on fractal surfaces, the
method of relating the film thickness z with the volume V is based on the classical Frenkel-
Hill-Halsey (FHH) theory of interaction of molecules on surfaces. The classical FHH theory
was generalized for fractal surfaces by Pfeifer et al. [50, 109], taken not only the van-der-Waals
(vdW) interaction into account, but also the capillary-condensation (CC) caused by the vapour-
liquid surface tension.
In section 2.2.1 the basic principles of gas adsorption were discussed. One main assumption of
a static gas adsorption measurement is thermal equilibrium, e.g. a balance between adsorption
and desorption rate. Thus, it is reasonable to assume the same for the interaction between
gas molecules and the surface. There will be attractive forces on one side and, based on the
thermodynamic state of the system, a chemical potential µ, representing the energy needed to
detach a molecule from the surface. In thermal equilibrium this leads to the following balance
equation between the attractive interaction potential Φ and the chemical potential µ:

Φ(z) =
NAα

z3
+
γM

ρL
(DS − 2)

1

z
= RT ln

(
p0
p

)
. (2.32)

Here, the first addend is representing the attractive van-der-Waals potential with α as van-der-
Waals interaction parameter and NA the Avogadro constant. The second addend of (2.32) is the
capillary-condensation term including the solid-liquid surface tension γ, the molar mass M , the
density of the condensed gas ρL and the fractal dimension DS of the surface. On the right side
of equation (2.32) there is the negative chemical potential expressed via the logarithm of the
ratio between saturation vapour pressure p0 and pressure p multiplied by the molar gas constant
R and the temperature T .
Considering the scaling relation (2.31) and ln(p0/p) with z from equation (2.32), this leads to
the following relation between the adsorbed volume V and the relative pressure p/p0:

V ∝
(

ln
p0
p

)κ
. (2.33)

Depending on the respective regime, κ will have different values:

κ =
3−DS

3
for the vdW regime (2.34)

or

κ = 3−DS for the CC regime. (2.35)

Hence, by plotting the surface coverage Θ versus ln(p0/p), often referred to as fractal FHH-plot,
one can easily find the fractal dimension DS of a surface.
In section 4.1.1 some examples of classical FHH-plots will be shown. Additionally to this
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2.2. Filler surface characterization via gas adsorption

Figure 2.6.: Illustration of multi-layer adsorption on a randomly rough surface according to the
fractal FHH-theory. For short range interaction, the van-der-Waals contribution is
dominant (indicated by the molecules with red colour). For greater distances from
the surface, there is a transition to the FHH regime (from orange over yellow to
green molecules) dominated by capillary condensation.

classical approach, one can also try to plot directly the coverage Θ versus the film thickness z.
For this purpose, equation (2.32) needs to be solved for z.20 Assuming all other parameters are
known, the film thickness z can be directly calculated from the pressure p. Note that the fractal
dimensionDS needs to be known for this procedure. Hence, it is necessary to perform a classical
FHH-plot and obtaining the scaling in the CC regime of the surface in a first step. After this,
there are some benefits of this modified FHH approach. By calculating z from p and normalizing
the film thickness with the thickness of one mono layer zm, the point 1 = z/zm = V/Vm must
be found. At least for well defined surfaces, like graphite, this is a check for consistency, thus a
proof of concept.
Furthermore, one can use this consistency check for unknown surfaces, to obtain their surface
properties. One example is the van-der-Waals parameter α in equation (2.32):

α =
π

6

ρsNA

Ms

Iαgαs. (2.36)

Here, ρs and Ms is the density and molar mass of the solid respectively, I is the potential for
ionization of the gas molecules and αg and αs are the polarizabilities of the gas and the solid
respectively [46]. Some values are known in the literature, e.g. adsorption for nitrogen an
graphite, but in general there is a lack of knowledge in this parameter. Thus, the modified FHH
method presented here is one way to get some estimations about how much the surface differs
from a perfectly graphite-crystalline surface.
Using the assumption, that the point (x, y) = (z/zm, V/Vm) = (1, 1) must be found in the
transformed FHH-plot for all surfaces, the van-der-Waals parameter α can be adjusted accord-
ingly.21 Figures 2.7 and 2.8 show the found values for nitrogen and 1-butene respectively. In
20The solution of this can be found in appendix A.1.1
21In principle the choice of the van-der-Waals parameter α as the free parameter is arbitrary. Only the lack of

values especially in case of 1-butene and the found numbers in case of nitrogen on graphitic surfaces, which
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Figure 2.7.: Van-der-Waals interaction constants α for nitrogen (T=77 K) for various filler
surfaces. The vertical dotted line represents the literature value of nitrogen on
graphite.[110]

case of nitrogen there is a literature value of 1.38 · 10−48 J/m3 available, which is also very
well reproduced via this parameter fitting. Apparently, all graphitic surfaces are close to this
value whereas all non-graphitic surfaces show a reduced interaction constant. In general this
observation is also true in case of 1-butene.

In essence: Using gas adsorption techniques, surface-structural characteristics of a filler
aggregate can be obtained. Ranging from: (i) Sub-nm informations regarding different energy-
profiles of sites on the surface, (ii) geometrical roughness, i.e. the surface-fractal dimension DS

probing several nm thick layers of gas, to (iii) the volume of a mono layer Vm, and hence the
specific surface area of the filler. These multi-scale, structural informations strongly influence
the interaction of the filler material with polymer chains. Therefore, it is often very useful to
apply polymer-analogous gases like 1-butene, propylene or ethane in addition to the standard
gas nitrogen.

are close to the literature value, make it reasonable.
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2.3. Analysis of fractal carbon black aggregates
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Figure 2.8.: Van-der-Waals interaction constants α for 1-butene (T=266.89 K) for various filler
surfaces.

2.3. Determination of structural parameters of carbon
black aggregates by TEM-image analysis

During the production process of carbon black, different processes determine the shape and
structure of the final aggregates. In a carbon black reactor petroleum based products are par-
tially combusted and from initial carbon-based seeds first particles are growing. These particles
will grow in size and form the almost spherically shaped primary particles of the final carbon
black. During this period of growth, they will also collide with different other primary particles
and thus form small aggregates. Hence, until the final primary aggregate has reached its shape
and size, always two processes occur: i) surface growth and ii) particle aggregation.[93]
With different process parameters like temperature and time, different shapes of the aggregates
as well as the size of the particles can be tuned. In general, the size of these primary particles
determines the specific surface area obtained via gas adsorption measurements.22 The shape
of the aggregates is often referred to as structure of the carbon black. For rubber applications
the structure is a very important parameter to tune different mechanical properties of the com-
pound.23 Therefore, it is of importance to quantitatively characterize the structural parameters
of the carbon black aggregates.

To characterize the structure of carbon black as raw powder the oil absorption number (OAN)24

is stated. Essentially, this number measures the amount of oil, which can be absorbed by the
carbon black. Thus, the DBP number as one typical structural parameter is connected to the
volume of voids formed by the specific shape of the aggregates. Nevertheless, there is often not
the best correlation between the DPB number and the properties of a rubber compound.[111]

22The smaller the diameter of the particle, the larger the specific surface area.
23One important example would be the energy dissipation.
24Or sometimes also referred to as DBP number for Dibutyl Phthalate (ASTM D2414)
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2. Theoretical Background

One fundamental reason for this effect is the mixing process, where a lot of energy is needed to
distribute the filler aggregates randomly within the polymer matrix. Additionally to this change
in filler-structure caused by mechanical incorporation, the polymer-filler interaction causes dif-
ferent flocculation effects (see section 2.4.2). Thus, the filler structure after mixing as well as
after curing might have very different characteristics as the original raw material.[64] In order to
take these structural changes of the filler into account, it is needed to find an alternative method
of characterization.

Since Mandelbrot first introduced the concept of fractals in the 70s [51] and applied it to natural
phenomena [52], such a characterization method is available. The fundamental relation uses the
scaling between the mass m of an object with its size ξ:

m ∝ ξDf . (2.37)

This defines the mass fractal dimension Df , which represents a fundamental structural parame-
ter to compare differently shaped objects. Typical shapes like spheres or circles yield a fractal
dimension of an integer value like Df = 3 and Df = 2 respectively. However, for so called
self similar (i.e. fractal) objects, one often finds non-integer values for Df . During typical ag-
gregation processes, the particles can move on different paths inside the reactor chamber, which
will lead to different structures of the clusters and therefore varying fractal dimensions. If the
particles only move on a random-walk-trajectory, the resulting cluster has a fractal dimension
of Df = 1.8.[93] This regime is referred to as diffusion limited cluster aggregation (DLCA). A
second typical regime is the ballistic cluster aggregation, where the particles are mainly mov-
ing on linear trajectories before hitting each other and form a cluster with a fractal dimension
Df = 1.9−1.95.[93] If chemical reactions occur between the particles, moving on random walk
trajectories, the clusters will have typically a higher fractal exponent of Df = 2.1.[112] Under
the high temperature conditions in a carbon black reactor, the surface growth and aggregation
process will mainly happen under ballistic conditions.[93]

One possible way to access the fractal structure of filler aggregates - in the dry as well as
in the in-rubber state - is to use the transmission electron microscope (TEM) [53, 113, 114]
or [44]. With this technique, a very high spatial resolution can be obtained.25 Due to the
principle of measuring only a transmission signal, the samples need to be very thin.26 The
complex 3-dimensional shape and structure of filler aggregates is therefore only visible as its 2-
dimensional projection. To nevertheless be able to extract informations about the 3-d volume of
the aggregate, two different methods are discussed in this work. In 1989 Meakin et al. carried
out different computer simulations of aggregation processes and found the following relation
between the number of particles NP ∝ m in the 3-d cluster and the cross-sectional area AS
observed in 2-d TEM images:[117]

NP = 1.51

(
AS
AP

)1.08

. (2.38)

AP is the area of a single particle27 and the two numerical parameters are fitting parameters to

25From 0.5 Å up to several µm [115, 116]
26Typically in the range of 30 nm to 100 nm
27Since in log-scale this parameter would just cause a shift in the vertical direction, it is henceforth set to unity for

simplicity.
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2.4. Reinforcement of elastomers

simulation results.28 From purely geometrical arguments one can find the relation:

VA =
8

3

A2
S

P
(2.39)

between the cross-sectional areaAS and the volume of the aggregate VA, with P as the perimeter
of the cross-section. This relation is exact for a sphere and was proposed by Herd et al. in 1993
to be used in the context of TEM image-based fractal analysis.[53] Consequently, the more the
cluster differs from the perfectly spherical shape, the bigger the error of equation (2.39) gets.
Regardless of which method is used to estimate the mass of an aggregate, the fractal dimension
is obtained by plotting the mass m versus the size ξ in a double logarithmic plot.29 Additionally
to this mass-size scaling-relation to obtain the fractal dimension, there is the possibility to eval-
uate the solid volume fraction ΦA of the aggregates as a function of their respective size ξ. ΦA

is defined as the ratio between the estimated volume of a cluster and the volume of the sphere
around this aggregate:

ΦA =
VA

Vsphere(ξ)
=

VA
4
3
πξ3

. (2.40)

From equations (2.37) and (2.40) it is obvious that the expected scaling of the volume fraction
is ΦA ∝ Df −3. This structural information becomes important when ΦA deviates significantly
from the spherical limit of ΦA = 1. In case these high structured aggregates are mixed into
polymers, the structure leads to occluded rubber effects30 and the volume fraction of filler Φ
becomes an effective volume fraction:

Φeff =
Φ

〈ΦA〉
, (2.41)

with 〈ΦA〉 as the second moment of the distribution for ΦA.31

2.4. Polymer-filler interaction: Reinforcement of
elastomers by nano-fillers

In the first section of this chapter, some characteristics of polymers were discussed and subse-
quently the characterization of fillers was introduced on three different length-scales.32 In the
following section, the characteristics of connecting these different species, i.e. polymers and
fillers, into a filled elastomer is discussed.[42, 44, 69, 93]
28Equation (2.38) is a simple power law valid within 10 % accuracy; It is representing an ideal gas approximation

in the limit of perfectly spherical particles (7 < NP < 2500) assuming only ballistic aggregation. More general
simulations yield a more complex relation between NP and AS : AS = 0.278N0.969

P + 0.517N0.833
P

29By applying eq. (2.37) with a linear fit.
30Polymer is concealed inside voids, formed by the structure and therefore it is mechanically not deformable as

the rest of the polymer, hence is acting like additional filler.
31With the second moment a weighting of the number ΦA with the cluster-size ξ is performed.
32(i) The smallest length-scale is dominated by the energetic heterogeneity of the surface (sub-nm regime); (ii)

Next is the 1− 10 nm scale observable in the surface roughness of the aggregates; and (iii) The largest length-
scale of several 10− 100 nm was investigated via the TEM image-analysis and is connected to the structure of
filler aggregates.
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2. Theoretical Background

2.4.1. Hydrodynamic reinforcement of elastomers
Introducing hard (non-elastic), spherical particles into a soft matrix yields an elastic reinforce-
ment. This effect was first observed by Einstein in 1906 [39] for the change in viscosity of
different suspensions. In 1944 Smallwood showed, that the same concept is true for rubber by
adding randomly dispersed filler particles. [40] The change in modulus G is expressed in the
form

G = Gmatrix (1 + 2.5 Φ) , (2.42)

often referred to as Einstein-Smallwood equation. There are three physical conditions for the
validity of equation (2.42): (i) randomly, freely dispersed particles (therefore only at low vol-
ume fractions Φ), (ii) spherical shaped particles (hence the factor 2.5) and (iii) infinitely stiff
filler particles (non-elastic).
Vilgis et al. discussed several other more physically realistic models to take into account the
fractal nature of typical carbon black aggregates (see section 2.3). One result for fractal aggre-
gates shall be mentioned here:

G−Gmatrix

Gmatrix

∝


R0.1 Φ for Φ < Φcrit (a)

R Φ1.8 for Φ > Φcrit (b).
(2.43)

With Φcrit = (R/b)1.1 the critical overlap volume fraction of the structured filler aggregates.33[93]
Interestingly, equation (2.42) is still valid for small enough volume fractions. Nevertheless, in
typical application in rubber-technology the used filler amount is usually higher than the perco-
lation threshold ΦC , which separates the regime of purely hydrodynamic reinforcement and the
one where a thoroughgoing filler network is formed.

2.4.2. Filler network effect: Flocculation and non-linear dynamic
strain response

In the previous sections filler aggregates were only acting as hydrodynamic reinforcement be-
cause either the filler volume fraction is lower than the gel point concentration Φ < Φ∗ [44] or
the filler network already broke down due to high strain amplitudes. In this subsection, first the
build-up of a filler network is briefly discussed, followed by the non-linear softening apparent
at medium to high strain amplitudes.

Build-up of a filler network structure: Flocculation

Flocculation by definition of IUPAC (International Union of Pure and Applied Chemistry)
is "a process of contact and adhesion whereby the particles of a dispersion form larger-size
clusters."[118] Flocculation in filled elastomers though is not straight forward obeying this def-
inition. That is due to the high viscosity of the surrounding polymer matrix, where a long-range
cluster forming aggregation process is usually strongly suppressed. In fact, the filler aggregates

33R is th spatial size of an aggregate and b the primary particle size.
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2.4. Reinforcement of elastomers

within a highly entangled polymer matrix will only fluctuate around their average position with
a range of the order of the entanglement length.34 [11]
With this assumption, it becomes reasonable to look only at high enough filled systems Φ > Φ+

and Φ > Φ∗35, where the mean cluster trajectory to aggregate with another cluster is smaller
than the fluctuation range.[44] What is typically observed in time-dependent rheological exper-
iments (often referred to as flocculation experiments) at elevated temperatures (see 4.3) is an
increase in modulus with time.[119] This is indicating a structural change of the filler aggre-
gates until a network is formed. In general, filler clusters will move randomly within a certain
volume defined by their fluctuation range. However, in the vicinity of other clusters the move-
ment becomes directed towards each other caused by entropic depletion forces.
Depletion forces are often observed in colloidal polymer systems [120] or fluids [121]. The un-
derlying mechanism is explained easiest at a binary mixture of big and small spheres. If the two
big spheres approach a critical distance to each other,36 the big spheres feel an attractive force
towards each other. This force is caused by an effective pressure due to small spheres hitting
against the big sphere. Below the critical distance, the pressure from the volume between the big
spheres becomes smaller than the pressure from all other directions, hence there is a resulting
net force towards each other.37 Although, in a filled elastomer the actual mechanism driving the
flocculation will be more complicated, it is still more likely to find an depletion-force-related
mechanism than any other forces between the particles.38 Additionally to the depletion force,
the interaction strength between the polymer chains and the filler surface influences the floccu-
lation behaviour.
In section 2.2 it was shown, that there is a constant adsorption and desorption of gas molecules
on the filler surface. It is very likely to expect the same behaviour for segments of polymer
chains. Thus, there will be a layer of adsorbed polymer around the filler surface, which will
only disappear at very high temperatures. The existence of this layer is heavily discussed in the
literature because in simulations and some experiments there are indications, whereas in some
other experiments there is no layer visible. Some examples of literature regarding the immobi-
lized (sometimes also referred to as glassy or glassy-like) layer are for instance: [123–125] or
[44] and references therein.
While the cluster is moving towards the nearest neighbour, the two polymer layers will overlap
and a new filler-filler bond will be established. The strength of this polymer bridge is depending
on several parameters: (i) Polymer-filler interaction, (ii) temperature and (iii) molecular weight
and entanglement density of the polymer chains. A strong or weak polymer-filler interaction
will lead to a different layer thickness around the particles. If there is only a weak interaction,
there will be less polymer bound onto the surface, hence there will be a smaller resulting gap
(i.e. bridge between the clusters) because it is easier to press the polymer away while approach-
ing each other.39 This results in an overall stiffer filler network structure, which is also observed

34Typical values are in the order of several nm
35Φ+ is the aggregation limit filler concentration, where there is still no filler network, but single particles will

start to flocculate to form bigger structures, which are still all separated; Φ∗ is the gelation point of the filler
network, where the mean trajectory is small and the cluster size is only governed by the empty space.

36In the order of the size of the small spheres.
37The basics of depletion interaction can be found here [122]
38All other forces between the particles are of too short interaction range.
39Whereas the opposite is true for strong polymer-filler interaction: There will be a thicker layer around the

particles, hence there will be a wider gap due to more resistance of the polymer while approaching.
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in experiments [44].
Therefore, flocculation experiments are often very helpful to elucidate the fundamental mecha-
nisms of the polymer-filler interaction especially in comparing different (polymer- and/or filler-)
systems. Nevertheless, it is often valuable to have, additionally, a complementary analysis for
the respective systems. Since investigating the build-up of a filler network comprises valuable
informations, it is worth evaluating the corresponding break-down of it as well.

Non-linear strain response under dynamic loading: Payne effect

In the famous work of Payne from 1962 [32] he investigated the softening of filled rubber with
increasing dynamic strain amplitude, often referred to as Payne effect. A few years later Kraus
[60] found an empirical relation to describe this softening with a simple phenomenological
model.40

The work of Kraus [60] and later the one from Maier & Göritz [61] in particular show strong
similarities in the phenomenological description of the Payne effect in their respective mod-
els. In this section there will be a brief derivation of these phenomenological models, because
there are interesting similarities in the derivation of both models and the Langmuir model of
adsorption [96] (see section 2.2.1).

Maier & Göritz model of variable network density: The main assumption of this model
is that the softening is caused by a change in local cross-link density due to chain slippage from
the filler surface as a response to strain and/or temperature changes. Accordingly, there are two
possible states for a chain segment to be in. State 0: The chain is physically attached (adsorbed)
to the surface, hence is strongly bound; and state 1: Due to slippage, the chain segment is only
weakly coupled to the surface (desorbed).41 Defining the (molar) fractions of segments in the
two states to be θ0 and θ1 respectively, one can write

θ0 + θ1 = 1. (2.44)

There is a certain probability p0→1, that chain segments get detached and with p1→0 get adsorbed
again42. Assuming equilibrium conditions the following balance equation is valid

θ1
θ0

=
p0→1

p1→0

. (2.45)

Using the definition χ ≡ p0→1

p1→0
together with (2.44) and (2.45) this leads to:

θ0 =
1

1 + χ
, (2.46)

θ1 =
χ

1 + χ
(2.47)

40Often referred to as Kraus model
41The indices 0 and 1 are chosen according to the nomenclature in section 2.2.1
42In analogy to a rate of desorption and adsorption respectively
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and finally

θ0θ1 =
χ

(1 + χ)2
. (2.48)

The ratio between the two rates of adsorption and desorption χ is assumed to depend on the
dynamic amplitude γ

χ =
γ

γ0
(2.49)

with γ0 as a material dependent, empirical parameter.43 Equation (2.47), describing the number
of chain segments, which get detached with increasing strain amplitude γ, does look like the
Langmuir isotherm equation (2.19) with bL = 1/γ0.44

With respect to the storage- and loss modulus G′(γ) and G′′(γ), there are two explicit assump-
tions in the model of Maier and Göritz. While the former is proportional to the number of still
attached chain segments θ0 ∝ G′(γ)−G′(∞) (see equation (2.46)), the latter is proportional to
the product θ0θ1 ∝ G′′(γ) of both numbers (see equation (2.48)). The term G′(∞) represents
the modulus at the limiting case when all chain segments are detached.

0 , 0 1 0 , 1 1 1 0 1 0 0
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 θ1= 1 / ( 1 + γ)
 θ0= γ/ ( 1 + γ)
 θ1θ0= γ/ ( 1 + γ) 2

Figure 2.9.: Illustration of the trend for chain segments in different states as a function of strain
amplitude γ. Note that θ1 is essentially showing the same behaviour as the Lang-
muir model for a gas adsorption isotherm (Then γ has to be replaced by the pressure
p; omitting any pre-factors).

G′(γ)−G′(∞) =
G′(0)−G′(∞)

1 + γ
γ0

(2.50)

43Which needs to be fitted to real test data to obtain a reasonable value.
44The number of gas molecules adsorbed to a surface increase with increasing pressure p in the same way as the

number of detached chain segments θ1 is increasing with higher strain amplitudes γ (see θ1 in figure 2.9).
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and

G′′(γ) =

1
4
G′′max

γ
γ0(

1 + γ
γ0

)2 . (2.51)

As interesting as the idea of a locally changing network density seems,45 the fact that there is
no consideration of a filler network at all, rules out the Maier & Göritz model as explanation
for the Payne effect. This statement will be discussed and proven in chapter 4, where results of
certain strain dependent measurements will be presented.

Kraus model: In contrast to the above discussed model from Maier and Göritz, the Kraus
model takes into account the filler network as main contributor to the changes in the respective
moduli under dynamic deformations. Mainly Kraus assumes two different processes happening
during deformation: i) deagglomeration (breakdown) and ii) reagglomeration of filler clusters.
Furthermore, there are N = N0 + N1 number of contacts in the filler network, with N0 (still
remaining) and N1 (already) broken contacts.
Accordingly, there is a rate of deagglomeration kb and reagglomeration ka, which in equilibrium
have to be equal. The process of breaking down the agglomerates is set to be proportional to
the fraction of remaining contacts N0

N
= n0 and to the deformation (to the power m) γm. For

the reagglomeration process it is assumed that it depends on the portion of broken contacts
N1

N
= n1 = 1 − n0 as well as inversely on the deformation γ−m.46 Putting these assumptions

together this yields

kb =κbn0γ
m, (2.52)

ka =κan1γ
−m = κa (1− n0) γ

−m (2.53)

now assuming equilibrium conditions ka = kb

n0 =
1

1 +
(
γ
γ0

)2m (2.54)

n1 = 1− n0 =

(
γ
γ0

)2m
1 +

(
γ
γ0

)2m (2.55)

using the characteristic ratio of rate constants γ0 =
(
κa
κb

)1/2m
. The obvious mathematical dif-

ference to the Maier & Göritz model is the power m. For the moduli the following assumptions

45In fact there is little knowledge about the local change in network density in the presence of filler particles.
46This assumption is completely arbitrary but even if there was a different scaling, the overall quality of the fit to

experimental data would not significantly be increased.
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are made:

G′(γ)−G′(∞) ∝ n0 (2.56)

⇒ G′(γ)−G′(∞) =
G′(0)−G′(∞)

1 +
(
γ
γ0

)2m , (2.57)

G′′(γ) ∝ kb = κbn0γ
m = κb

1

1 +
(
γ
γ0

)2mγm (2.58)

using κb =
(

1
γ0

)m
κa
γ20

and the fact that G′′ is has its maximum at γ = γ0

⇒ G′′(γ0) = G′′max =
κa
2γ20

(2.59)

G′′(γ) =

(
γ
γ0

)m
2G′′max

1 +
(
γ
γ0

)2m . (2.60)

Comparing the final equations for the moduli, there are differences between the two models ob-
servable. In figure 2.10 it is obvious, that the qualitative trend is very similar, but there are some
deviations due to the choice of parameters (m = 1 as in Maier & Göritz) for the Kraus model.
In general fitting the Kraus model to experimental data, usually yields values for the exponent
m ≈ 0.6 [93], which will shift the curves closer to the Maier & Göritz curves in figure 2.10.
In the Kraus model the G′(∞) term has a physically more realistic meaning: Here, the filler
network broke down completely and the remaining modulus is only determined by the polymer
network (Ge from entanglements and Gc from cross-links) plus hydrodynamic reinforcement
(G = G(Φfiller)) effects. In chapter 4 some experimental data will show quite good agreement
with these two model curves.47 It shall be mentioned, that the parameters γ0 and m are purely
empirical and there is no deeper physical meaning behind them in these models.
Vilgis et al. tried to develop a physical model to explain the Payne effect with a more realistic
assumption: Clusters, which form the filler network, have a fractal structure. Finally the re-
sulting formulas look very much like the aforementioned of Maier & Göritz or Kraus model.
An important difference is the explanation of the universality of the parameter m, which is
here related to the fractal dimension df of the cluster and their minimum path dimension C
(m = 1

C−df+2
).48 Putting in typical values of df ≈ 1.8 and C ≈ 1.3 one obtains m ≈ 0.66,

which is often very close to the observed value.[93]

2.4.3. Stress-softening and hysteresis for quasi-static
deformations up to large strains

In the previous section the softening of filler reinforced elastomers, i.e. the Payne effect was
discussed. Responsible for this effect is the breakdown of the fractal filler network into smaller
47Often a simultaneous fit of both datasets is recommended, because there are two common parameters γ0 and m.
48C is the scaling exponent relating the geometrical distance between two points on a cluster R with the minimum

path length L on it: L ∝ RC
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Figure 2.10.: Illustration of the trend forG′(γ) andG′′(γ) as a function of strain amplitude γ for
Kraus and Maier & Göritz model. The chosen parameters are just exemplary to
show the qualitative differences between (2.50), (2.51) and (2.57), (2.60) respec-
tively.

sub-clusters. While this effect is showing a certain dependency on frequency, which is typical
for rubber-viscoelasticity, a similar effect can be observed in the limit of quasi-static defor-
mations. For filled elastomers, often a stress-, i.e. strain- induced-softening, during cyclic
deformations, often also referred to as Mullins effect, is observed.[34, 66, 67].49

Klüppel and coworkers [19, 41, 42, 44, 69–73] developed a micro-mechanically based model,
referred to as Dynamic Flocculation Model (DFM), capable of modelling the strain induced
softening and hysteresis loops of filled elastomers. The DFM combines well established con-
cepts of rubber elasticity with a micro-mechanical approach of dynamic filler flocculation in
strained rubbers at different elongations.
In section 2.4 it was discussed that in filler reinforced elastomers the fractal filler clusters are
bonded by immobilized polymer bridges. Hence, it is reasonable to connect macroscopic soft-
ening with a successive breakdown of these clusters with increasing strain amplitude. Therefore,
one distinguishes between the virgin sample with non-broken, virgin filler-filler bonds and pre-
strained samples with a certain amount of softer bonds.
The process of cluster breakdown begins with the largest filler clusters and continues up to a
certain minimum cluster size. Upon decreasing the strain, complete re-aggregation of the filler
aggregates is assumed. However, the filler-filler bonds, which are formed again after once being
broken, are significantly weaker than in the virgin sample. At subsequent stress-strain cycles
of a pre-strained sample, two micro-mechanical mechanisms can be distinguished. (i) Hydro-
dynamic reinforcement of the rubber matrix by a fraction of rigid filler aggregates with strong
virgin filler-filler bonds, which have not been broken during previous deformations. (ii) Cyclic

49A review of the Mullins effect can be found here: [68]
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2.4. Reinforcement of elastomers

breakdown and re-aggregation of the remaining fraction of softer filler clusters with damaged
and thus weaker filler-filler bonds.
The fraction of rigid (unbroken), i.e. still virgin, filler clusters decreases with increasing strain,
while the fraction of soft filler-agglomerates increases. The mechanical action of the soft filler
clusters refers primarily to a viscoelastic effect, since any type of cluster that is stretched in the
stress field of the rubber stores energy that is dissipated when the cluster breaks. This mecha-
nism leads to a filler-induced viscoelastic hysteresis contribution to the total stress, which signif-
icantly affects the internal friction of the filled rubber samples. Accordingly, the apparent stress
resulting in the DFM consists of two contributions: (i) the stress of the rubber matrix including
hydrodynamic reinforcement, and (ii) the stress of the strained and broken filler clusters. The
free energy density of filler reinforced rubber is given by:

W (εµ) = (1− Φeff )WR (εµ) + ΦeffWA (εµ) (2.61)

with Φeff being the effective filler volume fraction of the structured filler particles, e. g. primary
carbon black aggregates (see section 2.3). The first addend considers the equilibrium energy
density stored in the strained rubber matrix, which includes hydrodynamic strain amplification
effects varying with the fraction of relatively stiff filler clusters with strong virgin filler-filler
bonds. The second addend considers the energy stored in the residual fraction of more soft filler
clusters with damaged bonds that are deformed in the stress field of the rubber matrix. The free
energy density of the strained rubber matrix WR is described by the extended non-affine tube
model of rubber elasticity (2.11). The second addend takes into account the energy stored in
strongly strained soft filler clusters:

WA(ε) =

ε̇µ<0∑
µ

1

2d

∫ ξµ(εµ)

ξµ,min

GA(ξ
′

µ)ε2A,µ(ξ
′

µ, εµ)Φ(ξ
′

µ)dξ
′

µ. (2.62)

Here, d is the particle size and ξµ denotes the cluster size in the spatial direction µ. The cluster
size distribution Φ(ξµ) is considered to be isotropic.50 Accordingly, for the soft filler clusters,
εµ and GA denote the strain and the elastic modulus. The upper limit of the sum in (2.62) takes
into account that breaking of clusters will only take place in the direction of stretching, hence
healing of them will only occur in the perpendicular direction. The integration is performed
over the fraction of soft clusters of size ξµ,min < ξmu < ξµ(εµ), which are not broken at the
actual cycle.
There is no contribution of the rigid filler clusters to the stored energy WA. Mechanically they
act via local over-stretching of the rubber matrix, which is quantified by a strain amplification
factor X , relating internal and external strains λµ and εµ respectively:

λµ = 1 +Xεµ. (2.63)

For pre-strained samples the value ofX depends on the maximal strain εµ,max. Huber and Vilgis
[126, 127] tried to derive an expression for the amplification factor in the case of overlapping
fractal clusters:

X(εµ,max) = 1 + cΦ
2

3−df
eff

3∑
µ=1

1

d
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0
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µ

d

)dw−df

Φ(ξ
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′

µ +

∫ ∞
ξµ,min

Φ(ξ
′

µ)dξ
′

µ

 .

(2.64)

50Hence: Φ(ξ1) = Φ(ξ2) = Φ(ξ3)
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2. Theoretical Background

Here, c is a constant of order one, df is the fractal dimension and dw = 2df/D is the anoma-
lous diffusion exponent on fractal clusters. Essentially all parameters of the model, needed to
describe experimental results, have been mentioned until now. First there are 3 fit-parameters
describing the polymer network: Ge, Gc and n = ne/Te, then there is the effective filler volume
fraction Φeff and the average cluster size x0.51 Furthermore, there are two additional unknown
factors, namely the two integration limits of (2.62) and (2.64) respectively. A detailed deriva-
tion will not be shown here (see e.g. [44]), but as a result one obtains two different ultimate
yield-stresses for the bonds of soft clusters sd and the virgin clusters sv.52

In essence: Understanding the behaviour of nano-filler-reinforced elastomer composites es-
sentially is about getting insights of the polymer-filler interaction. Hence, it is crucial to charac-
terize on the one hand the interface, viz., the filler-surface (see section 2.2). On the other hand,
the inter-phase, i.e. the volume in the vicinity of the interface, is important to analyse. In the
previous section, the most important models and basic concepts were briefly discussed. This
leads to the mesoscopic picture of polymer-mediated filler-filler bonds, responsible for connect-
ing filler clusters to form a reinforcing fractal network, which undergoes structural changes in
the course of deformations.

In the following chapters experimental techniques are explained and results are presented. The
theoretical concepts elucidated in this chapter will help in understanding and explaining the
results.

51As one unknown parameter of the cluster-size distribution Φ(ξ), hence it needs to be fitted to experimental data
to get a value.

52The limit of the first integral in (2.62) is related to sd via: ξµ(εµ) = sd
σ̂R,µ(εµ)

and to sv via: ξµ,min = sv
σ̂R,µ(εµ)

with σ̂R,µ(εµ) ≡ σR,µ(ε)− σR,µ(εmin) as the relative stress.
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3. Experimental

In the following chapter experimental details of this work will be described. Beginning with
some material related particularities, there will be a brief description of every experiment used
in this work, each with the respective sample preparation and measuring principle.

3.1. Materials
Polymers of different type and characteristics have been used to investigate the influence of their
chemical details on the interaction with different filler materials. The chemical structures of all
polymers used in this work are shown in figure 3.1. Natural rubber (NR) is one of the most

(a) Cis-1,4-polyisoprene (NR) (b) Hydrogenated acrylonitrile butadiene rub-
ber (HNBR)

(c) Nitrile butadiene rubber (NBR) (d) Ethylene propylene diene rubber (EPDM)

Figure 3.1.: Chemical structure of all used polymer types.

widely used polymers in rubber industry. Especially in the tire industry, NR is still indispens-
able due to its high elastic strength at high deformations. The chemical structure is seen in 3.1a.
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3. Experimental

One of its most interesting characteristics of NR is the effect of strain-induced crystallization
(SIC), which leads to a better resistance to failure and fatigue.[128]
High performance elastomers like hydrogenated acrylonitrile butadiene rubber (HNBR - fig-
ure 3.1b) and nitrile butadiene rubber (NBR - figure 3.1c) or ethylene propylene diene rubber
(EPDM - figure 3.1d) are used mainly in special applications like transmission belts, seals, hoses
or other parts used in the automotive industry, which require special properties like oil or heat
resistance. By studying NBR and HNBR, the influence of double bonds inside the backbone of
the polymer chain can be investigated. Usually the electrons of the double bond will be able
to interact with the π-electrons of the graphite-crystals present on the surface of carbon black,
often referred to as a π-π-stacking mechanism.
Consequently, the properties of compounds are not solely dominated by the polymer, rather they
are influenced by the type of filler and the interaction between polymer and filler. In table 3.1
all used filler materials are listed, including the type of filler and the measured specific surface
area, estimated using the BET method discussed in section 2.2.1. A first type of carbon-based
fillers are graphites, which usually show a very homogeneous surface. Similarly the graphitized
carbon blacks show the same feature. They are produced when carbon blacks are applied to a
heat treatment of about 3000K under nitrogen atmosphere for several hours. Additionally to
the usual carbon blacks, more recently investigated types of reinforcing fillers are graphenes and
carbon nano-tubes (CNT). Their special structures and characteristics are a very recent topic in
rubber technology (see for CNT studies e.g. [36, 129, 130] and for graphenes [131–134]).
All carbon blacks as well as the graphitized CB were produced by Orion Engineered Car-
bon GmbH. Graphenes, more specifically graphene-nano-platelets (GnP) were mainly provided
from XG Science. Carbon nano tubes (CNT) have been provided by Nanocyl and Bayer AG
respectively. The polymers used in this work were all distributed from Lanxess. For the filler
modification the ionic liquid 1-allyl-3-methyl-imidazolium chloride (AMIC), purchased from
Sigma Aldrich, was used (see figure 3.2 for the chemical structure). In section 4.3.1 there will
be more details about why and how AMIC was used as surface modifying agent.

Figure 3.2.: Chemical structure of the ionic liquid 1-allyl-3-methyl-imidazolium chloride
(AMIC).
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3.1. Materials

Table 3.1.: List of all measured carbon black-based filler materials by name, type and measured
specific BET-surface area for four different gases.

Material BET-surface area [m2/g]
Name Type Nitrogen 1-Butene Propene Ethane
Reference Graphite 53 50 - 60
UF 198C Graphite 23 14 - -
SGB10L Graphite 11 - - -
SGA10M Graphite 7 - - -
EDM Graphite 8 - - -
Printex 60g Graphitized CB 76 68 - -
N220g Graph. CB 84 72 - -
N234g Graph. CB 95 79 - -
N326g Graph. CB 77 57 - -
N356g Graph. CB - 67 - -
N121 Standard CB 118 89 - -
N220 CB 108 - - -
N231 CB - 86 - -
N234 CB 113 87 92 -
N326 CB 75 65 - -
N330 CB 73 - - -
N339 CB 83 65 67 67
N347 CB 81 - -
N550 CB 38 29 32 33
N660 CB 36 - - -
N774 CB 27 - - -
N990 CB 8 - - -
Ecorax S247 CB 41 30 33 34
HP170S CB 210 163 168 -
Printex XE2 CB 1024 - - -
xgC750 Graphene 803 519 - -
xgM5 Graphene-nano-Platelet 166 101 - -
xgM15 GnP 103 - - -
xgM25 GnP 227 132 - -
NanoG GnP 361 277 - -
NC7000 Carbon-Nano-Tube 276 221 - -
NC3100 CNT 252 - - -
BTC70P CNT 140 - - -
BTC150 CNT 199 - - -
CNH Carbon Nano Horns 295 239 - -
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3. Experimental

3.2. Static gas adsorption measurements

All adsorption experiments have been carried out on a BELSorp max from BEL Japan, Inc.
(now MicrotracBEL Corp.), purchased from Rubotherm GmbH (Depicted in figure 3.3). Ad-
ditional to the device itself, there was a cooling unit Julabo F81-HL to set the temperature.

Figure 3.3.: Picture of the BELSorp max volumetric, static gas adsorption apparatus located in
DIK Hannover.

Pretreatment:
Before the actual measurement, the sample needs to by pretreated at elevated temperatures. This
is usually done at 305 °C for about 3 hours in a vacuum after flushing the samples with helium.
This is needed to get rid of disturbing surface impurities like water or any other residual from
the production process. However, for surface modified samples or non-carbon-based fillers such
as silica, lower temperatures ∼ 100°C are required to keep the actual structures on the surface.
After this heating step, the samples are weighted and the measurement starts with several hours
of evacuating the sample-tubes to reach a very low starting pressure (p/p0 < 10−6).1

Measuring principle:
First, gas is applied into a precisely defined volume inside the machine. Within the machine,
the temperature is kept constant at 40 °C to avoid any unwanted condensation of gas molecules
onto the inner surface of the apparatus. After closing the valve to the gas reservoir (see V2
in the top left part of figure 3.4), the pressure within the volume is measured. After this step,
the valve to the sample tube (see V9 in the example depicted in figure 3.4) is opened, hence
gas molecules will move into the sample tube. With measuring the increase in pressure while
the gas is applied, the desired amount of gas is controlled. When the desired volume of gas
has been applied, the valve is closed again. After closing the valve, a drop in pressure with
time is apparent (see the white and red lines indicated at the lower part of figure 3.4) due to
gas molecules being adsorbed onto the surface. After a certain time, the pressure reaches a
constant value, thus the equilibrium between adsorption- and desorption-rate has been reached

1Usually this pre-measurement evacuation has been done for at least 12 hours of constant evacuation with leakage
tests every 90 minutes until the desired leakage rate was reached (∼ 10−3Pa/min)
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3.2. Static gas adsorption measurements

Figure 3.4.: Illustration of the measuring principle of the BELSorp max. In the top left corner,
there is a schematic overview of the insights of the machine. On the bottom there
is some information about the pressure measured as a function of time and on the
top right corner the adsorption data points are shown.

(see subsection 2.2.1). From the corresponding drop in pressure, the amount of gas adsorbed
on the surface, is estimated and the result is plotted at the corresponding pressure value in an
adsorption isotherm (see upper right part of figure 3.4).

Temperature control:
In case of nitrogen adsorption the temperature is fixed at liquid nitrogen temperature T =
77K. For this purpose, a dewar was filled with liquid nitrogen and the samples were immersed
into it. Due to evaporation of liquid nitrogen with time, the level will drop with time. To
compensate for this effect, the amount of dead volume is measured at each time via the third
measurement port (see the centred of three ports in the scheme on the upper left side in figure
3.4, where the samples are dipped in the temperature bath), which is always only filled with
gas.2 Another possibility to increase the reproducibility of the test data, is the measurement
of the saturation vapour pressure p0, rather than just use the literature value at the specific
measurement temperature. Here, this opportunity was not used, due to minor influence on the
quality of repeated measurements.
For other gases, the cooling unit has to be used. As cooling-medium inside the device, a silicon
oil, which could cover a broad temperature range between -60°C and +60°C was used. Due to
the pressure limit of the BELSorp max of 1300 mbar, the temperature was usually chosen, such
that the saturation vapour pressure p0 of the respective gas is approximately 1 bar. Consequently,
the isotherm will not reach the point p/p0 = 1 at higher temperatures, hence the multi layer
adsorption is incomplete.

2Nitrogen will be flushed into the dead volume tube at the beginning of the measurement, the valve V10 will be
closed and with the change in pressure, the drop in nitrogen is corrected.
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Gas types:
Additionally to the aforementioned nitrogen, five other gases have been used: Ethane, ethene,
propene, iso-butene and 1-butene. Nitrogen is one of the standard gases used for performing
BET adsorption to obtain the specific surface area. However, to characterize filler materials,
which are used in rubber applications, polymer analogous gases should be used to mimic the
adsorption of monomers onto the surface of the filler. Apparently, all used gases are non-polar
(see figure 3.5), hence only the dispersive part of the surface area can be investigated. To obtain
the complete information, polar gases are additionally necessary, e.g. carbon dioxide.

(a) Nitrogen (b) Ethane (c) Ethene

(d) Propene (e) Isobutene (f) 1-Butene

Figure 3.5.: Chemical structure of all used adsorption gases.
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3.3. Sample preparation

3.3.1. Compounding
Mixing:
All master batches (compounds without curing system) were mixed on an internal laboratory
mixer from Polylab with a chamber volume of 350 ml. The curing system was mixed on a
laboratory two-roll mill from Berstorff with 150 mm roll diameter and 350 mm length in a
second step. For higher filled compounds (φfiller > 40phr with phr as per hundred rubber) the
filler was incorporated in at least two (or more) steps to avoid reaching a torque limit and too
high mixing temperatures.
Curing:
Before the curing of the samples can be performed, the vulcanization kinetics, i.e. the cuing time
at 90 % of cross-linking needs to be obtained (often referred to as t90 time). This intermediate
step was done either on a Moving Die Rheometer (MDR) 2000 or a Rubber Proces Analyzer
(RPA) 2000 from Alpha Technologies. After the curing parameters have been obtained, the
final mix was cured in a vulcanisation press from Wickert & Söhne or from Rucks Machinenbau
KV 207.00. The specific conditions are shown in the respective recipe tables in the following
paragraph.
Recipes:
All mixing recipes include a masterbatch, where only the polymer, the filler and typically some
processing aids like zinc oxide and stearic acid have been used. The cross-linking system was
usually mixed-in separately as a final step. Here, usually sulphur or peroxides were used (in
case of NR and EPDM sulphur was used, for HNBR and NBR a peroxide was used). NBR and
HNBR with similar acrylonitrile content (39 %) were chosen for better comparability. In the
tables 3.2,3.3 and 3.4 the detailed recipes are reported.
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Table 3.2.: Recipe of natural rubber compounds. N-Cyclohexyl-2-benzothiazole sulfenamide
(CBS) was used as accelerator. The filler material N339 (see also table 3.1) was
used with and without surface modification with AMIC (with a ratio of AMIC:Filler
of 1:50; see figure 3.2).

NR compounds
Step 1 – Internal mixer

Ingredient per hundred rubber – phr
NR - Pale Crepe 100
N339 (± AMIC) 20-70
Stearic acid 1
Zinc oxide 3

Step 2 – Two roll mill
CBS 2.5
Sulphur 1.7
Curing @ 150 °C for t90 + 1 min. × sample thickness [mm]

Table 3.3.: Recipe of EPDM compounds. Accelerators: 2-Mercaptobenzothiazole (MBT), tetra-
benzylthiuram disulfide (TBzTD) and TP/S (Composition of 67 % zinc-dithionate
and 33 % silica)

EPDM compounds
Step 1 – Internal mixer

Ingredient per hundred rubber – phr
EPDM - Buna EP G 3440 100
N550/S247/N339 (± AMIC) 20-70
Stearic acid 2
Zinc oxide 5

Step 2 – Two roll mill
MBT 1
Percacid TBzTD 1.2
Rhenocure TP/S 2
Sulphur 0.75
Curing @ 180 °C for t90 + 1 min. × sample thickness [mm]
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3.3. Sample preparation

Table 3.4.: Recipe of HNBR and NBR compounds. Stabilizer: 4-(1-phenylethyl)-N-[4-
(1-phenylethyl)phenyl]aniline (DDA) and 2-Mercapto 4 (5)-Methylbenzimidazole
(ZMB-2); Cross-linking agent: Triallyl isocyanurate (Perkalink 301) and Di(tert-
butylperoxyisopropyl)benzene (Perkadox 1440)

HNBR/NBR compounds
Step 1 – Internal mixer

Ingredient per hundred rubber – phr
HNBR - Therban C3446 or
NBR - Perbunan 3446 100
N550/S247/N339 (± AMIC) 20-70
Magnesium oxide 2
Zinc oxide 2

Step 2 – Two roll mill
Vulkanox DDA 1
ZMB2 0.4
Perkalink 301 2.5
Perkadox 1440 7
Curing @ 170 °C for t95 + 1 min. × sample thickness [mm]
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3.3.2. Surface modification of carbon black
The surface of carbon black is usually showing different heterogeneous structures, like defects
or cavities (see figure 2.4). Hence, to see the influence of these heterogeneities a modification
of the surface can be a valuable approach. In 2012 Kreyenschulte et al. investigated the effect
of carbon black-surface modification by ionic liquids on the properties of filled elastomers [80].
This idea was taken up and analysed in more detail [135, 136].
Here, the modification was performed in three steps:

• First, the carbon black was mixed with ethanol, such that a suspension was obtained. The
AMIC was used in the frozen state (stored in a freezer at -18°C) and therefore easy to add
into the carbon black suspension in a ratio of 1 part AMIC onto 50 parts of carbon black.
After this, the piston was mechanically shaken to obtain a reasonable (macroscopic) dis-
persion of the ionic liquid.

• To further disperse the sample and at the same time, get rid of the ethanol, the sample was
put into a rotary evaporator. There, the piston was constantly rotating within a water bath
of 40°C and inside the piston a pressure of ≈50 mbar was applied. After approximately
2 hours the ethanol was fully evaporated and the remaining carbon black looked already
very dry.

• In the last step the carbon black was dried in an oven at 70°C and lowered pressure. After
several hours the desired modified carbon black was obtained and analysed.
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3.4. Combined rheological and dielectric measurements

3.4. Combined rheological and dielectric
measurements

Rheological measurements have been carried out on the rheometer Physica MCS 501S from
Anton Paar using oscillatory shear deformations in a plate-plate geometry. Simultaneously to
the mechanical measurement, the dielectric properties have been measured using the broadband
analyser BDS 40 from Novocontrol GmbH. For non-cross-linked samples a preconditioning is
required to establish a regular shape of the sample. For this purpose, the samples were pressed
with medium pressure (∼ 100 bar) at 70°C for about 3 hours. After this, in most cases the
thickness was rather homogeneous and a disc-shaped sample could be punched out of it.
However, to be able to measure fairly well reproducible dielectric properties, the surface resis-
tance needs to be reduced. Here, the surface was sputtered with a thin layer of gold (between 1
and 5 minutes of sputtering time was used). In figure 3.6 the schematic setup is depicted. Cru-
cial to the quality and reliability of the experiment, is the contact between the dielectric analyser
and the rotor of the rheometer. Therefore, several setups have been tested. The best results could
be obtained, using a golden clip fixed on the rotor close to the sample, which was connected via
a very thin silver wire with the Novocontrol analyser. It is assumed, that the influence of the
wire, while performing shear deformations to the sample, is negligible.
Since various structures inside the sample act on a wide range of length-scales, the dielectric
frequency was varied from 10 to 106 Hz. Each of this sweep took about 40 s of time, hence
the mechanical tests have been adapted to this time scale to observe changes in both signals,
simultaneously (the mechanical frequency of the shear deformations is set constant to 1 Hz for
the whole experiment). The sample is placed within a chamber, where the temperature can be
controlled between -40°Cand +200°C.

PC

1,645 MHz: 122 

Silver
Wire

Gold clip

Ceramic
 insulator

Motor and electronics

Novocontrol
Dielectric analyser

Sample

Temperature
Chamber

Figure 3.6.: Schematic visualization of the principle setup of the combined rheological and di-
electric measurements on the Anton Paar rheometer.
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3.5. Quasi-static measurements

3.5.1. Standard physical characterization
Usually all rubber compounds are characterized by standard physical properties like hardness,
rebound resilience and quasi-static tensile tests. The hardness is usually measured in units of
shore A [137] for typical elastomers. In a typical hardness tester, here a Zwick digitest, a metal
rod with truncated 35° cone of 0.79 mm of diameter pushes with constant force into the rubber
sample and after 3 seconds the penetration is reported in units of shore A.3 Furthermore, the
rebound of the samples are one important measure in rubber industry. While the hardness is
correlated to the stiffness, i.e. the modulus, the rebound is connected to the energy dissipation
in the material. The rebound resilience was measured with a Zwick 5109.01 device. Here,
a weight is hitting the sample from a defined height and the angle after the hit is reported in
relation to the starting height (usually in percent).
Another standard measurement is an uni-axial quasi-static tensile test, performed with a Zwick
1445 universal testing machine. Here, the sample is stretched with a standard speed of 200
mm/min until it breaks. From this test several important informations can be extracted, most
important usually are the tensile stress and strain at break.

3The waiting time according to ISO is 15 s [138].
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3.5.2. Cyclic Quasi-Static Uniaxial Stress-Strain Measurements
To experimentally observe the Mullins effect (see section 2.4.3) cyclic quasi-static stress strain
measurements have to be performed. Here, again the Zwick 1445 was used with dumbbell-
shaped samples. To see the stress softening effect, the strain needs to be increased successively.
At each level of strain, 5 cycles are measured, to reach an equilibrium cycle. After the 5th cycle
the strain is increased to the next higher level. In figure 3.7 a typical example of a cyclic uni-
axial stress-strain plot is depicted. The testing speed is chosen at 50 mm/min, to suppress any
strain-rate effects.
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Figure 3.7.: Example of a cyclic stress-strain experiment (Data from HNBR + 50 phr N339).
The inset shows the time-signal of the applied strain.
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4. Results and Discussion

In the following sections, the results will be presented and discussed as a hierarchical multi-scale
problem. Starting point will be the surface of filler materials as essential, fundamental cause
for apparent reinforcement mechanisms in elastomer nano-composites. From sub-nm scales
represented by energetically heterogeneous structures – to morphological roughness, scaling in
the range of several nm, adsorption data will be utilized to elucidate the basics of all reinforc-
ing mechanisms in nano-filler reinforced elastomer systems (see section 2.2 for the theoretical
background).
Then, on larger scales, ranging from ten- to several hundred nm, the fractal nature of filler ag-
gregates – as fundamental building-block for a 3-dimensional filler-network – will be analysed,
using TEM image analysis (see section 2.3 for theoretical details). Following this, the build-up
and breakdown of the filler-network is investigated by combined rheological and dielectric mea-
surements on different non-cured elastomers. Finally, some mechanical experiments on cured
samples will be analysed and discussed (see sections 2.1 and 2.4 for an introduction).

4.1. Characterization of Carbon-Based Filler Surfaces
using Static Gas Adsorption Techniques

In this section there will be a detailed discussion of different surfaces and their characteristics
based on static gas adsorption experiments. First, model surfaces without substantial inhomo-
geneity will be shown like graphite and graphitized carbon blacks. Then follows an investigation
on the influence of surface modifications – via the example of an ionic liquid (here: AMIC, see
section 4.3.1 on page 83 for more details) – on the surface features like the energy distribution
or the roughness. The final subsection will focus on special surfaces like CNTs, Graphenes
or specially treated carbon blacks. In all subsections there will always be a first part about
the energetic structure and a second about the morphological roughness to take into account
characteristics on different length-scales of the surface for filler materials.

4.1.1. Adsorption on Homogeneous Surfaces: Graphite and
Graphitized Carbon Blacks

Graphite or graphitized surfaces are particularly useful for understanding the process of gas
adsorption. Due to their very homogeneous surface structure, some theoretical concepts can
be tested very easily on them. Especially for the quantitative evaluation of an energy distribu-
tion function these surfaces represent the starting point for all other carbon-based filler materi-
als.
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4. Results and Discussion

Adsorption at Low Pressures: Energetic Homogeneity

The simplest possible model for describing adsorption phenomena is the Freundlich isotherm
equation (2.12) with n as a first parameter to characterise the energetic homogeneity of the
surface. Hence, by plotting the adsorption data of graphite and graphitized carbon blacks in
a double logarithmic plot, a corresponding scaling can be obtained at least at low pressures.
Since there is no dependency in the model on temperature or the type of gas, the same scaling
is expected for different types of gases. However, due to different cross-sectional areas and
applied temperatures, other gases might yield a different scaling of the surface coverage with
relative pressure. In figure 4.1a an example of pure graphite is shown. Here, the exponent 1/n is
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Figure 4.1.: Adsorption isotherms of graphitized surfaces with applied Freundlich isotherm.
Scaling indicates the Freundlich exponent 1/n.

found to be very close to unity, thus the surface is considered to be very homogeneous. Similar
behaviour is depicted in figure 4.1b for graphitized carbon black using two different types of
gases. Apparently, the exponent 1/n seems to correlate with the type of gas, hence the surface
seems to be more homogeneous for Nitrogen molecules than in the case of 1-Butene adsorption.
However, considering only two gases is not sufficient for any conclusions, therefore in figure
4.2a the carbon black N234g is investigated using four different types of gas. As depicted in
figure 4.2a, the scaling is similar for Nitrogen, Propylene and 1-Butene but very homogeneous
for Ethan. It is however often more sensible to compare the value of nRT , i.e. n multiplied
with the thermal energy RT (where R and T are the universal gas constant and temperature
respectively) rather than 1/n from the direct scaling – to take into account the different thermo-
dynamic conditions of the experiments. Accordingly, in figure 4.2b the value of nRT is plotted
versus the different cross-sectional areas σ (calculated with equation (2.23)). Obviously, there
is a clear correlation between nRT and the size of the used molecules. Therefore, for the inves-
tigated graphitized carbon black N234g the level of homogeneity is depending on the molecules
applied to the surface and the respective temperature of adsorption. At very low temperatures,
i.e. for the adsorption of nitrogen at T=77 K the surface already shows some heterogeneous
structures, whereas for Ethan, i.e. a small (saturated hydrocarbon) molecule but measured at
higher temperature (T=210 K), the surface yields almost no heterogeneities.
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Figure 4.2.: Adsorption isotherms of graphitized carbon black N234g with applied Freundlich
isotherm for four different gases.

However, for unsaturated hydrocarbons like Propylene or 1-Butene, the observation is different.
Here, the surface even shows heterogeneous structures for higher adsorption temperatures. This
is already a first indication, that double bonds are of great importance with respect to their po-
tential for interacting with the π-electrons of the graphite surface via π−π stacking. Therefore,
several graphitized surfaces will be investigated using the adsorption of nitrogen and 1-Butene.
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Figure 4.3.: Adsorption isotherms of different graphitized surfaces. The insets show the low
pressure regimes.

From figures 4.3a and 4.3b a similar medium- to high-pressure region can be identified. At low
relative pressures p/p0 < 10−5 in the case of nitrogen and p/p0 < 10−3 for 1-Butene, a spread-
ing in the surface coverage indicates some differences regarding the energetic heterogeneities
of the different graphitized carbon blacks. In general, the most homogeneous surface is the
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reference sample, which is a graphitized carbon black undergoing a special treatment involving
platinum during the graphitization process.
All other graphitized carbon blacks are very similar and show only very minor differences.
Since the graphitization process is a homogenization of the surface structures, i.e. the defects
vanish almost completely [47] and the graphitic-crystallites are growing in size [139], there is
no dependency on the specific surface area or structure visible in the ranking of the different
carbon blacks. This is even more obvious considering the scale on which these effects are rele-
vant.1 Though, even for graphitized surfaces there can still be a wide range of surface activity.
In figure 4.4 three different types of graphite are depicted. Comparing the pure graphite pow-
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Figure 4.4.: Nitrogen (T=77 K) adsorption isotherms of three different types of graphite. The
indicated special graphite is SGB10L (see table 3.1 on page 37) from Kropfmühl
GmbH, often used in battery technology.

der with an graphitized carbon black yields already a small difference in the level of activity,
hence surface heterogeneity. Obviously, this difference is negligible in comparison to the special
graphite SGB10L from Kropfmühl GmbH. Here, a very high level of heterogeneity is achieved
although the surface area is comparably small (11 m2/g, see table 3.1). This special graphite is
often used in electronics especially in battery technology.
Up to this point, only qualitative statements with respect to the energetic structure of the sur-
faces could be given. For a first-order approximation of the surface-energy and their respective
distribution, a method, which was first used by Ross and co-workers will be used [140]. Here,
a special form of the energy distribution function f(Q) is assumed and with – in the simplest
case – the Langmuir equation without modifications used as model isotherm in equation (2.26),
an isotherm can be constructed. For homogeneous surfaces a single Gaussian peak is often suf-
ficient to describe the observed experimental isotherm fairly well. In figures 4.5a and 4.5b this

1For the surface area, the mean diameter of the primary particles is relevant (10 − 100 nm); The structure is
determined by the shape of the primary aggregate (30− 200 nm).
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Figure 4.5.: Adsorption isotherms of the reference graphitized CB with calculated isotherms,
assuming one single Gaussian-peak, without lateral interaction. The inset shows
the corresponding energy distribution function.

method has been applied for nitrogen and 1-Butene adsorption on the reference carbon black.
Omitting any lateral interactions between adjacent gas molecules, the assumption of one sin-
gle, rather narrow, Gaussian peak agrees reasonably well with the experimental data. However,
the special feature of the characteristic curvature around the transition point between linear, i.e.
Freundlich-like to mono-layer, i.e. Langmuir adsorption, is not very well represented by the
calculated isotherm. Additionally, there is an inflection point in the isotherm data within the
low pressure regime (Nitrogen: p/p0 ∼ 5− 6 10−5; 1-Butene: p/p0 ∼ 1− 2 10−3), which can-
not be found in the calculated isotherm. Regarding the characteristic sharp transition from sub-
to mono-layer coverage, this can be adjusted with the width of the energy distribution function
and more importantly by considering lateral interactions between the adsorbed gas molecules.
In figures 4.6a and 4.6b the effect of the latter is depicted. A clear shift of the energy distribu-
tion is apparent, which leads to a much better fit between the calculated and measured isotherm.
Considering several different Gaussian peaks, enhances the quality of agreement even more.
Especially in the low pressure regime, sites with higher energy are very important. The position
of the various peaks is representing different energetic structures of the surface, i.e. besides the
main peak indicating the graphitic basal plains, there are several structural defects like edges or
cavities present on the surface (see figure 4.7, a similar explanation can be found here: [47]).
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Figure 4.6.: Influence of lateral interaction of gas molecules on a graphitized reference surface.
Depicted in the inset is the estimated energy distribution function, constructed out
of four different Gaussian peaks. The dashed red line was calculated, using the
same energy distribution, but omitting lateral interactions.

Energy

Figure 4.7.: Illustration of different possible surface structures on carbon blacks, representing
different energy levels. With increasing energy there are: (i) basal-plains of graphite
crystallites, (ii) amorphous carbon, (iii) edges due to defects between crystals and
(iv) slit like cavities. Figure based on [113]

Comparing the energy distribution function in the inset of figure 4.6a with the one in figure
4.6b, shows a shift towards higher energy values, but essentially no qualitative different shape.
Therefore, in case of a very homogeneous surface, the surface probed by a nitrogen molecule
looks very similar to the surface a 1-Butene molecule can "see". However, omitting the lateral
interaction, while taking the same energy distribution function as indicated via the red dashed
line in figure 4.6, leads to a very different shape and position of the calculated isotherms. In
other words, there needs to be a shift in the whole energy distribution function towards higher
energies to compensate at least the main discrepancy caused by the effect of lateral interaction.
Henceforth, all energy distributions are calculated considering lateral interaction.
In figure 4.8 two example isotherms of the graphitized carbon black N220g are shown for Ni-
trogen and 1-Butene adsorption. In both cases the experimental data is shown as symbols and
an calculated isotherm, using the energy distribution function depicted in figure 4.9, is shown
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Figure 4.8.: Adsorption on graphitized carbon black (here: N220g as an example) with calcu-

lated isotherms, using four Gaussian peaks in the energy distribution function and
equation (2.27) on page 18 as model isotherm.

with a line. Figure 4.9 finally shows the energy distribution of several graphitized carbon blacks
(see figure 4.3 for all isotherms) for adsorption of Nitrogen an 1-Butene.
All surfaces show a characteristic, sharp main peak and only minor portions of highly active
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Figure 4.9.: Evaluated energy distribution functions for different graphitized carbon blacks (see
figure 4.3 for the respective isotherms). The inset shows a zoomed view of the area
of high energies Q.

sites, i.e. defects or cavities. In case of 1-Butene, the reference carbon black shows a slightly
more narrow peak representing the graphitic crystals. This is presumably due to the special sur-
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face treatment during the graphitization process. In general for both types of gas, the portions
of sites with energies higher than 20% of the main peak Q > 1.2Qgraph. crystals is lower than 1%
in terms of their occurrence.
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Figure 4.10.: Energy distribution function for three different types of graphite (see figure 4.4
for the isotherm data) for the adsorption of nitrogen (T=77 K). The inset shows a
magnification of the high energy region.

Figure 4.4 already indicates, that there will be a much bigger difference in the energetic structure
comparing these different graphite surfaces. Consequently, in figure 4.10 the corresponding en-
ergy distribution functions are depicted. There is a clear difference in the width of the graphitic
main peak as well as in the ratio of highly active sites. Apparently, there are 5 times more sites
with higher energies present, compared to the graphitized carbon black.

Influence of Surface Morphology in Multilayer Adsorption

In the previous paragraph, all relevant scales are in the range of the size of gas molecules, i.e.
below nano-meter, up to the mono-layer coverage V = Vm, which is determined by the size
of the primary filler particles (10-90 nm). Accordingly, the energetic structure of the surface
has been primarily investigated. Additionally to this energetically based inhomogeneity, there
is a morphological roughness of the surface. For characterizing this roughness effects, the ad-
sorption of gas molecules in multiple layers has to be investigated. In figure 4.11 an example
of the adsorption for nitrogen on the reference carbon black is shown. Using a linear y-axis,
first a moderate increase of volume is observed. After approximately twice the volume of a
mono-layer Vm has been adsorbed, the amount of gas increases more rapidly while approaching
the saturation vapour pressure p0. In section 2.2.3 the basics of investigating the morpholog-
ical roughness have been introduced. Using the classical fractal FHH-plot, the surface fractal
dimension DS can be obtained. In figure 4.12 the fractal FHH-plot is depicted for nitrogen
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Figure 4.11.: Multi-layer adsorption of reference material for nitrogen (T = 77 K).
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Figure 4.12.: Classical fractal FHH-plot of reference material for nitrogen (T = 77 K).

adsorption on the reference carbon black. According to equation (2.33) (see section 2.2.3 on
page 19), there should be a linear scaling in a double logarithmic plot. In fact, there are two
separated regimes observable in figure 4.12. At lower pressures, i.e. on the right hand side in
the plot, where the surface coverage V/Vm is around unity, a lower roughness value is observed
(DS = 2.3). As the surface gets covered successively, the roughness changes to a higher value
(DS = 2.6). The first regime is assumed to be dominated by the short-range van-der-Waals
interaction because these low pressures represent only small distances from the surface, i.e. thin
films of gas molecules (Often referred to as FHH-regime – see the red spheres in figure 2.6,
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representing the layer of molecules in the vicinity of the surface.). Hence, the van-der-Waals
potential dominates the interaction process and therefore equation (2.34) can be used to fit the
observed scaling.
In the second regime, often referred to as capillary condensation regime, equation (2.35) is valid
because the interaction is dominated by the surface tension γ of the solid-adsorbate-interface
at larger film thicknesses. This observation for graphitized carbon black indicates a geometri-
cal cut-off length, where the surface becomes rougher, thus the surface is of bi-fractal nature.
However, the value of DS = 2.6 beyond the cut-off represents a rather rough surface and other
methods, e.g. indicate a rather smooth surface for graphitized CB (DS < 2.4).[106] In general,
all graphitized carbon blacks show a similar behaviour with a universal roughness of DS = 2.3
on small scales and DS = 2.6 on larger scales (see: [44, 93]).
Alternatively to the aforementioned classical, fractal FHH-plot, the usual x-axis scaled with
ln(p0/p) can be transformed into a new axis scaled with the film thickness z/zm, where z is
the distance from the surface and zm is the average thickness of a mono-layer, i.e. the size of
the respective gas molecules. By solving equation (2.32) for z, a relation between z and the
pressure p can be obtained (see appendix A.1.1 for the corresponding formulas). In figure 4.13
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Figure 4.13.: Transformed fractal FHH-plot for the reference carbon black for nitrogen (T=77
K) adsorption. Scaling according to equation (2.31) with zm = 0.35 nm [141].

this coordinate-transformation has been performed and the resulting transformed FHH-plot is
shown for the same system as in figure 4.12. Here, the surface coverage V/Vm is shown as a
function of the average film thickness z/zm. On perfectly flat surfaces with DS = 2 a linear
scaling (DS = 2 ⇒ 3 − DS = 1) between the volume and the thickness of the respective
film is expected. In figure 4.13 this case is represented by the gray, dotted line. Interestingly,
there is no simple power-law dependency observed between the mono-layer coverage and the
formation of a second layer of gas V/Vm = z/zm = 1 → V/Vm = z/zm = 2. In fact, the
data of all graphitized carbon blacks coincide within this interval, indicating no (or only minor)
observable roughness effects for the first two layers of gas molecules. Furthermore, the point
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V/Vm = z/zm = 2 seems to represent an universal cut-off length, at which the surface rough-
ness takes effect.
Consequently, beyond the formation of a second layer, the slope is apparently smaller compared
to a flat surface. This first regime of roughness between 2 < V/Vm < 3 and 2 < z/zm < 4
yields a surface fractal dimension ofDS = 2.36. This regime represents small distances z < 1.4
nm and could be attributed to the roughness before the geometrical cut-off observed also in the
classical FHH-plot by only considering the van-der-Waals interaction. However, in the trans-
formed FHH-plot there is no separation of interaction-regimes necessary, since both contribu-
tions are intrinsically considered by calculating the value for the film thickness z from the mea-
sured pressure p. Beyond the point (V/Vm = 3, z/zm = 4) a surface roughness of DS = 2.56
can be found, which is comparable to the expected roughness from the classical FHH-plot.
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Figure 4.14.: Fractal FHH-plots of different graphitized carbon blacks for nitrogen (T=77 K)
adsorption.

Comparing the classical FHH-plot for different graphitized carbon blacks (see: figure 4.14a)
with the transformed FHH-plot (see: figure 4.14b)indicates a wider spreading for larger film
thicknesses in case of the transformed FHH-plot. For the classical FHH-plot all graphitized
carbon blacks follow the same curve until ln(p0/p) < 0.2. Thus, there is an universal scaling in
both regimes. However, the transformed FHH-plot shows increasing differences for thicknesses
z/zm > 2. Hence, there are different roughness values evaluated for the various samples (see
the inset of figure 4.14b).
However, these differences do not reflect any macroscopically accessible structural parameter
like the DPB number.2 Rather, the differences are additionally influenced by experimental un-
certainties in the high pressure regime, i.e. close to the saturation vapour pressure p0. Neverthe-
less, information about the morphological surface-roughness can be obtained via the FHH-plot.
Since small molecules like nitrogen are interacting differently than segments of polymer-chains,
a natural next step is to utilize larger, more polymer-analogues gas molecules like 1-Butene
for instance. In case of 1-Butene adsorption, no transition regime at lower pressures or film-

2The ranking between the values of DS of N234g and N220g is contradicting their DPB number, although for
the N326g and N356g the ranking is correct.
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Figure 4.15.: Fractal FHH-plots of different graphitized carbon blacks for adsorption of 1-
Butene (T=266.89 K).

thicknesses is apparent (see figure 4.15). This is likely to be caused by the size of the 1-Butene
molecules, which are almost twice as big as nitrogen molecules. Consequently, there will be
less sensitivity for small-scale morphological structures present on the surface. For the classi-
cal FHH-plot the scaling is now not equal for the different graphitized carbon blacks, but still
very similar (2.5 < DS < 2.58), although slightly smaller, compared to nitrogen adsorption
(see the inset of figure 4.15a). Again the overall spreading of the data is more pronounced
for the transformed FHH-plot, hence there is a bigger scattering also in the fractal dimensions
(2.12 < DS < 2.3), which are considerably smaller than for the classical FHH-plot. The esti-
mated values suggest a much smoother surface for the graphitized carbon blacks. Additionally
the ranking between the different grades now follows the expected ranking of the macroscopi-
cally defined structure (e.g. DPB number).

4.1.2. Influence of Surface Modification on the Adsorption
Characteristics

In the previous subsection, exclusively graphitized carbon blacks have been investigated. There-
fore, it is necessary to give a comparison between graphitized carbon blacks and its non-
graphitized, i.e. normal version.

In figure 4.16 the ASTM carbon black grade N234 is depicted with its graphitized version
N234g (see table 3.1 for their characteristic descriptors), showing a generally different adsorp-
tion behaviour. At low pressures, the normal CB shows a much higher activity, hence at the
same pressure much more of the surface is covered with gas molecules (e.g. at p/p0 = 10−5 the
N234 shows a coverage of ≈ 10 % whereas for the N234g only 3 % of the surface is covered).
Furthermore, a characteristic differentiation between these CB types at medium relative pres-
sures (10−4 < p/p0 < 10−2) is apparent.
Based on these differences, modifications of the ASTM grade N339 using the ionic liquid AMIC
according to the procedure described in subsection 3.3.2, can be evaluated. Three different
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Figure 4.16.: Nitrogen adsorption isotherm (T= 77K) of N234 and its graphitized version
N234g.

types of gas molecules have been used to characterize influences of the ionic liquid modifi-
cations. For this purpose, nitrogen as smallest molecule – hence probing the surface on the
lowest length scale – propylene and 1-butene as monomer-similar gas molecules have been
chosen. In figure 4.17 the resulting isotherms are plotted. To obtain a comparable saturation
vapour pressure p0 of approximately one bar, the temperature was adapted for the different
gases accordingly. In general, there is a clear trend showing a reduced surface activity due to
the modification compared to the unmodified carbon black. Especially for propylene the differ-
ence in surface coverage at low to medium pressures is significant.3 Comparing the magnitude
of the modification-effect between nitrogen and propylene adsorption, i.e. probing different
length-scales of surface characteristics shows for the smaller nitrogen molecules less effect by
the presence of AMIC molecules blocking certain features on the surface than for the larger,
more polymer analogues propylene molecules.
However, comparing the nitrogen adsorption behaviour of the graphitization with the AMIC
modification, indicates important differences. During the process of graphitization, the mor-
phology of the surface changes on various length-scales. On scales below 1 nm, the surface
will lose almost all its heterogeneous structures like crystallite-defects, edges or cavities, hence
it will become energetically very homogeneous. Additionally, on the scale of several nm, the
size of graphitic crystallites will increase from 5-10 nm up to 10-25 nm. These morphological
changes of the surface lead to an overall remarkably different adsorption trend on a very broad
range of relative pressures p/p0 (see figure 4.16).
Thus, the difference observed in figure 4.17a, i.e. the drop in surface coverage at low pressures,
is originating from purely local blocking of certain high-energy sites due to the presence of
AMIC molecules.4 Since there are no morphological changes because the surface is affected
only locally, the resulting adsorption curves at medium and high relative pressures are similar.
In fact, this is evident for all used gas types, as in all plots the curves with and without modifi-

3There is almost one order of magnitude difference for pressures p/p0 < 10−4 in the surface coverage.
4The AMIC molecules during the modification process will naturally favour the high energy sites of the CB,

hence these sites will be blocked by AMIC molecules and therefore are not longer available for gas molecules.
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Figure 4.17.: Adsorption isotherms for N339 with and without modification with AMIC. The
dotted lines indicate the calculated isotherm using the energy distributions de-
picted in figure 4.18

cation coincide at medium (Nitrogen) or at least higher pressures. Consequently, a calculation
of the energy distribution function is meaningful, since these blocking effects should be appar-
ent at the high energy regime of the surface. In figure 4.18 the respective energy distribution
functions are shown for the three gas types. Unsurprisingly, the resulting graphs show a drop in
the number of high energy sites for all types of gases, hence strengthening the aforementioned
overall hypothesis of blocking surface-sites by AMIC molecules. Finally, analysing the spe-
cific surface area shows – as expected from the previous reasoning – no influence of the AMIC
modification at all. In figure 4.19 the BET plot of all systems is shown. Obviously, there is
no difference in slope at values of relative pressures p/p0 < 0.2 for the respective type of gas,
hence the surface area is unchanged.5 Nevertheless, there are only minor differences occurring
in the FHH-plots shown in figure 4.20, which could be attributed to the change of surface en-

5The specific surface area is calculated via the volume of one monolayer Vm (see eq. 2.24), which is reciprocally
proportional to the sum of slope and intercept of a linear fit (see explanation on page 15). In the shown BET-
plot in figure 4.19, the intercept is very close to zero, thus the slope will be the dominant term in calculating
Vm and therefore also in the specific surface area.
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Figure 4.18.: Energy distribution functions for N339 and N339 modified with AMIC.
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Figure 4.19.: BET plot with respect to equation (2.25) of N339 with and without AMIC modi-
fication for three type of gases as indicated.

ergy due to the polar ionic liquid. The observed differences in scaling, i.e. the fractal dimension
of the surface DS , are of minor magnitude and shouldn’t be attributed to severe morphological
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Figure 4.20.: Fractal FHH-plots for N339 and N339 modified with AMIC.

changes due to AMIC-modifications. It is more likely a result of unknown surface parameters
characterizing the capillary condensation potential (see second addend in eq. 2.32), e.g. the
surface tension γ.
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4.1.3. Gas Adsorption on Surfaces Featuring Unique Structures
In this subsection, special adsorption characteristics of different filler types will be discussed.
Especially focussing on a wide range of different carbon-based filler materials, trying to eluci-
date the differences with respect to a well known reference surface like graphite. Additionally
to carbon blacks, carbon nano tubes (CNT), graphenes or carbon nanohorns (CNH) are of recent
interest as novel filler materials in elastomer composites. That is mainly due to the very high
specific surface area (often several 100 m2/g), which leads to a very high reinforcing potential
and additionally to a very low mechanical- and electric percolation threshold. [130, 131]
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Figure 4.21.: Nitrogen adsorption (T=77K) of different carbon-based filler materials - graphi-
tized CB, CB and carbon nanotubes (CNT). Lines indicate the calculated
isotherms using the energy-distribution depicted in figure 4.26.

Comparing CNTs and the standard ASTM CB N339 with graphitized CB as depicted in figure
4.21 it is apparent, that the shape of the CNT curve shows more similarities to the graphitized
CB than to the N339. Thus, the surface of a typical CNT shows very little high energy sites
or amorphous structures like it is observed in typical CB samples. However, there are some
high energy features present on the surface compared to the homogeneous reference, which is
reflected by an increased surface coverage at low relative pressures p/p0 < 7 · 10−4. These
sites could possibly be found on each end of the tubes since at these locations edges and cavi-
ties are naturally located. This hypothesis is reinforced by a comparison to figure 4.3 with all
graphitized CB types, which shows, that the CNT curve still yields higher low-pressure cover-
age values.
Moreover, there is a different curvature at medium relative pressures 10−4 < p/p0 < 10−2 visi-
ble comparing CNT and graphitized CB. This transition regime shows in principle how quickly
the surface will be covered up to the full mono-layer coverage V = Vm. Therefore, the curvature
is an indirect indicator of the width of the energy distribution function, hence the energetic ho-
mogeneity, which ultimately can be seen in figure 4.26. Especially the N339 shows a very low
curvature, hence shows a very wide energy distribution compared to the very narrow graphitized
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CB. Due to the fact, that CNTs and graphenes are in principal both based on one mono-layer
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Figure 4.22.: Nitrogen adsorption (T=77K) of different carbon-based filler materials - graphi-
tized CB and several graphenes. Lines indicate the calculated isotherms using the
energy-distribution depicted in figure 4.26.

of graphite,6 the comparison to graphitized CB should unveil interesting commonalities. How-
ever, most commercially available CNT-types are multi-wall CNT and graphenes are usually
graphene-nano-platelets (GnP) or graphene-oxides. Especially these GnPs show very interest-
ing structural properties.[131] The nitrogen adsorption isotherms shown in figure 4.22 indicate
a significantly different behaviour of the GnPs compared to the graph. CB (and therefore the
CNT). Most obviously, all types of GnP show a very high activity of the surface i.e. the cover-
age at low pressure is more than 10 times larger compared to graph. CB.
All types of GnPs shown here, exhibit a platelet structure, where stacked layers of graphite
sheets form particles of sizes between 2 (xgC grade) and 25 (xgM25 grade) micrometers. From
the specific surface area data of these GnPs in table 3.1, apparently these particles need to have
an inner structure in the nanometer range, because only then these high values can be explained.7

Most probably, the layered structure of the sheets are forming platelets and therefore causing the
observed high activity of the surface. From a molecular point of view it is reasonable to assume,
that gas molecules can penetrate this layered structure and therefore a lot of gas molecules can
be adsorbed either between the sheets or at the stair-way like structures at the edges of platelets
– already at very low pressure.[133]
In case of 1-Butene there is a qualitatively similar behaviour observable (see figure 4.23for the
isotherms and energy-distributions). Here, the GnPs also show a very high activity compared
to CB or graphitized CB. However, there are some remarkable differences. First of all, the high
energy peak in case of nitrogen shows a higher amplitude compared to the main peak, which

6In principle, a single-walled CNT is a rolled-up graphene-sheet.
7For fillers, which consist of particles in the micrometer range, the typical values for the specific surface area are

below 1 m2/g.
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Figure 4.23.: Comparison of graph. CB, CB and several GnPs for 1-butene (T=266.89 K) ad-
sorption. The lines shown in the isotherm graph represent calculated data using
the energy-distribution plotted besides.

is usually attributed to the graphitic planes of the crystals. This peak-to -peak ratio is reduced
for 1-butene molecules,8 which results from the bigger size of the 1-butene molecules that can-
not enter the stacked structures as easily as nitrogen molecules. On the other hand, comparing
the surface coverage at low pressures for both gases, reveals a very high affinity of 1-butene
molecules to the graphene surface. Nitrogen molecules are covering always more of the sur-
face compared to 1-butene molecules. This effect is shown in figure 4.24 in which the relative
surface coverage ΘNitrogen/ΘGas is plotted versus the relative pressure. For a typical CB (here
N339 as an example) the ratio between nitrogen- and 1-butene surface-coverage is greater than
10 for low relative pressures p/p0 < 10−4, i.e. there are ten times more nitrogen molecules
adsorbed onto the surface than 1-butene molecules. One aspect of this huge difference is the
different temperature at which the measurement has been conducted (∆T = 190K), since the
desorption rate is a function of temperature.9 For N339, additional measurements using propy-
lene as adsorptive gas have been performed at varying temperatures (see: dashed lines in figure
4.24). This yields a clear temperature dependency of the relative surface coverage, i.e. with
increasing temperature, less propylene molecules can cover the surface.10 However, the relative
coverage of the GnPs is significantly lower than of N33911, hence the affinity of the GnP-surface
towards 1-butene molecules is substantially higher. In essence, the introduced relative coverage
is depending on the temperature difference between the respective measurements but is also
sensitive towards the characteristic interaction potential of the surface.
Apart from CNTs and GnPs, another recent type of fillers are carbon nanohorns (CNHs) and
as an example for non-carbon-based fillers the nano-clay CLOISITE 116 was analysed. From
the nitrogen adsorption isotherms (see figure 4.25) two unique features are apparent: (i) CNHs

8For nitrogen this ratio is ≈ 1.44, whereas for 1-butene the ratio changes to ≈ 0.8
9As discussed in section 2.2.1, the desorption rate depends on temperature: kdes = 1/τ = (1/τ0)exp {−Q/RT},

hence increases with temperature.
10A temperature difference of ∆T = 30 K leads to a change of relative coverage of ≈ 80 %.
11Both measured at the same temperature T=266.89 K.
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Figure 4.24.: Comparison of the relative surface coverage (the ratio of coverage between ni-
trogen and the used gas [here 1-butene and propene]) of N339 with two types of
GnP. The dashed lines show relative coverages for propene adsorption on N339
for varying temperatures.
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Figure 4.25.: Nitrogen adsorption (T=77K) of different filler materials - graphitized CB, carbon
nano-horns and nano-clay CLOISITE 116. Lines indicate the calculated isotherms
using the energy-distribution depicted in figure 4.26.

show a very linear adsorption curve, i.e. the surface is filled with constant rate12 and (ii) the

12It can be described by a single power law over a wide pressure range.
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nano clay shows a distinct kink at p/p0 ≈ 2 · 10−5, where a steep curve shows a rapid transition
into a flat shaped curve. Similar to GnPs, the CNHs show a very high surface activity, which is
reflected also in the rather high amount of high-energy sites in the energy-distribution function
(see figure 4.26). A main structural element of CNHs are tubules of about 40-50 nm length with
a diameter of 2-3 nm, which are ended by a five-pentagon conical cap.[38] These tubules alone
would have a similar characteristic as CNT, hence there needs to be an important additional
structure. In fact these tubules associate with each other and form structured aggregates with a
diameter of 80-100 nm and have typically a bud-like shape.[142] Thus, there are many edges,
cavities and conical holes that form a overall very fissured, heterogeneous surface structure.
The kink in the adsorption curve of the nano-clay is possibly caused by nano-pores formed by
tetrahedral-shaped silicate structures, which are completely filled after reaching the pressure of
the kink. However, theses examples should just give a very brief inside into the field of differ-
ently shaped filer materials. Focus of this work will be typical carbon blacks with modification
on different length-scales. Up to this point, only the smallest possible length-scale, i.e. probing
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Figure 4.26.: Energy-distribution function for graphitized CB, CB, CNT, different graphenes,
carbon nano-horns and nano-clay CLOISITE 116.

the surface with single molecules to access the energetic profile of the material, has been anal-
ysed. However, there is also a larger length-scale available to investigate. Therefore, the fractal
FHH plot for the discussed carbon-based materials will be analysed in the following part. In
section 4.1.1 the morphology of energetically very homogeneous surfaces like graphitized CB
have been discussed and revealed rather small surface roughness values – based on the evalua-
tion of the transformed FHH plot. However, for the energetically very active surfaces like GnPs
or CNHs, figure 4.27 yields also a very rough surface (e.g. DS = 2.8 in case of xgM25) for
these materials. Taking into account that a fractal dimension DS = 3 characterises an infinitely
rough surface, the found values for the GnPs should be questioned critically with respect to their
physical meaning. Indubitable the CNHs will have a very jagged surface morphology hence the
found value of DS = 2.6 could be realistic.
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Figure 4.27.: Fractal FHH plot of graphitized CB, CB, CNT, different Graphenes and carbon
nanohorns for nitrogen (T=77 K) adsorption. The inset shows the fractal dimen-
sion DS yielding from the scaling in the range 2 < z/zm < 10 according to
equation 2.31.

Furthermore, the values found for the CNTs are in an expected range, i.e. similar to graphitized
CB and N339. Nevertheless, values beyond DS = 2.7 are most likely artefacts of superim-
posed, secondary effects. Especially the capillary condensation will dominate the adsorption
at these relative pressures13, which can cause the theoretical prediction based on equation 2.32
to become invalid.14 In case of 1-butene adsorption the trend is very similar to nitrogen, i.e.
the roughness of all GnPs is on similar level. Interestingly, the variation in the surface fractal
dimension comparing both gases is much higher for the CB and the graph. CB compared to the
graphenes. This effect supports the hypothesis of an overall very high affinity of the graphene-
surface towards 1-butene molecules as discussed for the relative coverages observed in figure
4.24.

13Typically very close to the saturation vapour pressure p0, hence p/p0 ≈ 1.
14There could be additional terms in (2.32) becoming important for these fissured surfaces, which scale differently

than 1/z with the distance z. Therefore, it is likely an overestimation or upper limit of the fractal dimension.
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Figure 4.28.: Fractal FHH plot of graphitized CB, CB and different GnPs using 1-butene
(T=266.89 K). The inset shows the fractal dimensionDS yielding from the scaling
in the range 2 < z/zm < 10 according to equation 2.31.

4.2. Analysis of Fractal Structures of Filler Aggregates
using TEM-Images

With this section a transition in the investigated length-scale is necessary. In the previous sec-
tion, the surface was determining the scale at which effects were observed. Thus, when mixing
polymers and fillers, the resulting interface15 will influence the interphase and therefore the
polymer-filler interaction. However, changes on a larger scale, i.e. changing the structure of
filler-aggregates, will also lead to observable differences that will determine the macroscopic
properties. Hence, an appropriate method for analysing these larger structures is needed. One
possible tool is the transmission electron microscope (TEM), which covers a wide range of
length-scales for the purpose of analysing filler aggregates or agglomerates respectively.
In the following subsections, TEM images of filler aggregates will be analysed and the results
will be discussed. Two different filler types have been used: (i) N550 and (ii) Ecorax S247.
The latter shows an increased structure (based on the typical oil absorption number DBP) while
having a similar BET-specific surface area (see table 3.1) compared to the former. Both CBs
have been incorporated into an EPDM matrix (The recipe can be found in table 3.3.). In the case
of S247, TEM images of two filler levels (20 and 50 phr) have been taken into consideration.
However, for the N550, only a filler level of 50 phr was measured with TEM.

In figure 4.29 one example of several hundred TEM-pictures is shown. To separate the aggre-
gates, all samples have been swollen16 and afterwards dried before the TEM preparation was

15In section 4.3 an example for modifying the interface will be discussed.
16A solvent can enter the polymer matrix, which leads to an equi-triaxial elongation of the sample.
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Figure 4.29.: Representative of more than 500 TEM-images of Ecorax S247 in a swollen state
of an EPDM-matrix filled with 50 phr.

done. A detailed description of how the TEM images have been analysed including some ex-
amples of code segments about how to calculate the relevant properties of an aggregate can be
found in appendix A.2.

4.2.1. Definitions of cluster size ξ

Characterizing fractal objects like filler aggregates in a quantitative way is key to elucidate their
implications and effects in rubber applications. Therefore, it is important to define the correct
descriptors for characterizing the size and shape of these fractal objects. In section 2.3, the
main theoretical tools for this purpose have been introduced. To be able to apply equation
(2.37) apparently two quantities are needed: (i) The mass m and (ii) the size ξ of the object.
The former is not directly accessible, hence only indirect measures using the cross-sectional
area AS and perimeter P by applying equations (2.38) and (2.39) are possible. However, for
the cluster-size ξ there are at least three natural definitions possible: (i) The radius of gyration
Rgyr

17, (ii) the maximum radius Rmax and (iii) a special radius of gyration - considering only
the edge of a cluster - the hydrodynamic radius Rhyd.
These three different size-definitions are visualized in figure 4.30. All clusters, that will be
characterized in the following, will represent two-dimensional projections of three-dimensional
objects. Thus, the different definitions need to be understood with respect to their limitations
in representing the reality. Choosing the maximum distance between two points on a cluster
as its size Rmax will obviously overestimate the dimensions of the aggregates systematically.
Moreover, this effect will be especially important for significantly big clusters which leads to

17Defined as the average distance from the centre of mass considering all points of the sample.
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4.2. Characterization of fractal Agglomerates – Micro scale

Figure 4.30.: Visualization of different definitions of cluster sizes ξ: Radius of gyration Rgyr

(average distance of all points from the centre of mass (CM)), maximum size
Rmax and hydrodynamic radius Rhyd (Radius of gyration of all points forming the
edge of a cluster).
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Figure 4.31.: Calculated volume of the clusters VA according to equation (2.39) vs. different
choices for cluster sizes ξ. Data from 20phr Ecorax S247 in an EPDM matrix.

an overestimation of the structure, i.e. the fractal dimension Df will be smaller than expected.
In figure 4.31 this effect can therefore be found since the fractal dimension in the case of ξ =
Rmax is only Df = 1.64. Taking furthermore into account that the volume of clusters VA was
calculated using equation (2.39), i.e. an overestimation of the real volume, the found value of
the fractal dimension is much too low.18

However, picking the radius of gyration Rgyr as descriptor for the cluster-size ξ also leads to a
rather small value – albeit already larger than in the previous case – for the fractal dimension of
Df = 1.78 (see figure 4.31). By definition of the radius of gyration as an average distance to the
centre of mass (CM), the resulting size has to be smaller compared to the maximum distance.
Thus, there is usually an underestimation of the size of the aggregate, hence the found value

18Choosing a lower value for the volume will most likely lead to even smaller values for the fractal dimension
because especially larger clusters will be effected, hence the scaling will change accordingly.
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Df = 1.78 is still smaller than the theoretical value of Df = 1.9−1.95 for ballistic aggregation
processes.19

Since the radius of gyration weights every point of the cluster equally, it is not the best choice
for describing its size properly. Consequently, just taking into account those points forming
the edge of a cluster and define the radius of gyration of only these points as hydrodynamic
radius, seems to be a more reasonable choice for the size of an aggregate. In figure 4.31 the
resulting scaling, i.e. the fractal dimension Df = 2.1 is much closer to the expected value
than both previous discussed values. Especially investigating the position of the results for the
hydrodynamic radius in relation to the other two possibilities, reveals an explanation for the
good match of the fractal dimension. Neither is the hydrodynamic radius underestimating the
small clusters nor is it overestimating the size of larger ones. Rather are the points in the case
of small sized aggregates closer to the Rmax values20 and for the larger clusters closer to the
results of Rgyr

21.
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Figure 4.32.: Influence of the choice of cluster size ξ on the solid volume fraction ΦA calculated
by using equation (2.40) with three different choices of radius ξ: Here Φgyr =
ΦRgyr , Φmax = ΦRmax and Φhyd = ΦRhydrodynamic in the case of 20 phr of S247 in
EPDM.

This result can be emphasized by examination of the solid volume fraction ΦA defined as the
ratio between (an estimated) volume of the cluster VA and a sphere around it (see section 2.3,
equation (2.40)). Obviously, the definition of the sphere around the cluster is again depending
on its size ξ, since there are three definitions for the size, there are also three different choices
for the solid volume-fraction ΦA = ΦRgyr , ΦA = ΦRmax and ΦA = ΦRhyd respectively. The
resulting values are depicted in figure 4.32 as a function of the corresponding cluster size ξ.
Consequently, again the best match for the fractal dimension Df = 2.1 is found for ΦRhyd vs.

19Now especially the effect of small clusters leads to the wrong scaling.
20Since these are less structured, therefore the maximum distance will be close to the Rhyd value.
21Since these are more likely structured, thus the maximum distance can be much larger than Rhyd
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4.2. Characterization of fractal Agglomerates – Micro scale

Rhyd. Moreover, the found values for ΦA in the case of Rmax are too small (0.5 < ΦRmax <
0.002) and for ΦRgyr even values greater than unity can be found. Henceforth, the hydrodynamic
radius Rhyd will be used as the cluster size ξ.
A next step is to compare the cluster size distributions for different systems. First, a sample
filled with high structured S247 below percolation threshold, secondly a sample with the same
filler type but above percolation volume fraction and finally a sample with the same filler level
as the latter but with a low structured N550 have been analysed. In figure 4.33 the resulting
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Figure 4.33.: Cluster size distribution for three different samples: top - 20 phr of S247, center -
50 phr of S247 and bottom - 50 phr of N550, all in EPDM. The lines indicate a fit
using the log-normal distribution.

histograms of the sizes are depicted. All images are scaled equally, such that 10 pixels are
approximately representing 50 nm in reality. Therefore, all cluster size distributions start at
a value of about 10 pixels, i.e. 50 nm, which is characteristic for these types of CB as their
primary particle size. Usually the smallest unit in rubber compounds are primary aggregates,
which by definition are not breakable. Nevertheless, there is always a small probability to find
primary particles or aggregates, which only consist out of few primary particles.
However, the average aggregate size for the low filled sample is roughly 150 nm. Increasing the
filler level shifts the average value towards smaller sizes (≈ 120 nm). This effect is most likely
explained by increased shear forces during the mixing process, which will break down bigger
clusters more often. Moreover, also the width of the distribution is decreased by an increased
filler level - again showing a better micro-dispersion due to higher energy input during mixing.
A comparison of the two latter samples22 doesn’t show significant differences in the distribution
of the aggregate sizes. Thus, a more thoroughly performed analysis is needed to explain the
differences between these two samples.23

2250 phr S247 vs. 50 phr N550
23In section 4.4.2 mechanical data will be discussed in more detail. An observation was, that the S247 in EPDM

shows always an improvement in mechanical strength and energy dissipation until 50 phr of filler level was
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4.2.2. Determining the fractal dimension of different aggregates
In this subsection the aforementioned scaling relation between the mass, i.e. the volume of
an aggregate and its size, expressed in equation (2.37), will be applied to all three samples, to
extract their respective fractal dimension Df . The previous subsection explained why the hy-
drodynamic radius Rhyd was chosen as cluster size ξ. However, the mass m or volume V are
more difficult to access. As discussed in section 2.3 there are two easily applicable methods
available to calculate the volume from a two dimensional picture. Both methods are only valid
under certain assumptions, hence can only serve as approximations. In particular, the method
of Herd et al. [53] using equation (2.39) only will give an upper limit of the volume. Whereas
the method of Meakin et al. [117], using equation (2.38), is mostly an underestimation of the
real volume. Taking into account these boundary conditions for both methods, an assessment
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Figure 4.34.: Number of particles and volume of 20 phr Ecorax S247 clusters vs. their size (here
the hydrodynamic radius) mixed in EPDM.

of the resulting scaling relations, i.e. the fractal dimensions is nevertheless possible. In figure
4.34 the first sample is analysed accordingly. For this low-filled compound the method of Herd
gives a fractal dimension of Df = 2.1 whereas the other method only yields Df = 1.91.
Typical aggregation processes in a CB reactor are assumed to be under ballistic conditions,
hence a fractal dimension of Df = 1.9 − 1.95 is expected. Therefore, the Meakin method is
giving a very reasonable number. However, considering all the processes previous to capturing
the TEM image, like mixing of the compound, curing and afterwards the sample preparation
including swelling of the sample, the resulting fractal dimension will most likely be higher than
the expected ballistic aggregation value. During the process of mixing, mechanical forces will
successively break down large clusters until theoretically24 only non-breakable primary aggre-
gates are present. In reality there will always be secondary or higher order aggregates present,
which can be highly structured (leading to a lower value of Df ) or more compact (higher value

reached. Then the advantage of S247 was vanishing or was even a disadvantage.
24Assuming a perfect micro-dispersion.
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4.2. Characterization of fractal Agglomerates – Micro scale

of Df ). After mixing, samples are prepared via curing in a press. Before the actual cross-links
will be formed (via a reaction of either sulphur or peroxides), the filler aggregates can form
larger clusters due to flocculation processes.
Below the percolation threshold, only larger clusters but no filler network structure will be
formed. In essence, there are processes that will reduce the fractal dimension (like flocculation
of highly structured aggregates) and occurrences that will rather increase the fractal dimension.
In case of the sample depicted in figure 4.34, both mechanisms (build-up and break-down of
structures) will be of minor importance due to the low filler amount that leads to fairly small
shear forces during mixing as well as to little flocculation effects. In general for typical com-
pounds, the mixing process will have a larger influence compared to the flocculation during
curing because the cross-linking reaction starts typically after a few minutes whereas the floc-
culation is a long time process which will be jammed by a permanent network. Therefore, the
found average value25 for the fractal dimension Df = 2.0 seems to be in very good agreement
with the expectation of ballistic particle aggregation processes.
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Figure 4.35.: Number of particles and volume of 50 phr Ecorax S247 clusters vs. their size (here
the hydrodynamic radius) mixed in EPDM.

Investigating the samples with a higher filler level changes this agreement between both con-
sidered methods significantly. In figure 4.35 the S247 with 50 phr is depicted in a similar way.
Here, the Meakin method yields a fractal dimension of Df = 2.05, which is very close to the
previously discussed overall value. In contrast, the method of Herd gives a very different value
of Df = 2.55. Such a high fractal dimension points towards very compact, i.e. much less
structured aggregates. Both methods use the cross-sectional area A for calculating the volume.
However, the Meakin method uses exclusively the value of A to estimate the number of par-
ticles (hence, the volume), whereas the method of Herd additionally uses the perimeter P of
the clusters. While the area based method yields an increase of fractal dimension of 7.3 %, the
Herd method shows an increase of 21.3 % compared to the lower filler level. Thus, the main

25Due to the fact that the difference between the two used methods is rather small.
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difference between these two samples will be caused by changes in the perimeter-scaling.
In figure 4.36 the scaling relation between the cross-sectional area A ∝ Rγ

hyd and the perimeter
P ∝ Rγ

hyd with the hydrodynamic radius Rhyd are depicted for both samples respectively. For
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Figure 4.36.: Area A and perimeter P of aggregates vs. their hydrodynamic radius Rhyd for
S247 in EPDM. The respective scaling is indicated with the exponent γ.

the area, the found scaling increases by approximately 7 % indicating slightly more compact
structures. However, additionally the perimeter scaling changes by 14 % towards lower values,
which explains the total change in the fractal dimension of 21 %.26 Therefore, the method of
Meakin is missing an important feature of capturing the structural change, which is found in
the perimeter of aggregates. Although the method of Herd is very likely an overestimate of
the aggregates’ volume, it is nevertheless more sensitive to structural changes than the Meakin
method. Analysing the third sample accordingly (see figure 4.37), reveals a similar scaling of
the area compared to the 50 phr S247 sample but a much larger value for the exponent is found
in case of the perimeter scaling. Thus, there are more highly structured aggregates found for
the sample filled with 50 phr N550. Unsurprisingly, the found overall fractal dimension for this
sample (see figure 4.38) is in case of the Herd method smaller than for the 50 phr S247 sample.
Also the similar value for the Meakin method is already visible in figure 4.37 from the scaling
of the cross-sectional area.
As discussed already in the previous subsection, calculating the solid volume fraction ΦA using
equation (2.40) often reveals more insights than the pure volume-size relation. In figure 4.39 a
comparison of the S247 sample filled with 20 phr and 50 phr are shown respectively. Using this
representation, the above discussed big difference in the aggregate-structure due to the higher
filler loading becomes even more obvious. Since the value of ΦA represents the ratio of the
estimated value of the volume to the volume of a sphere with size ξ, more compact structures
will lead to higher values of ΦA

27 whereas highly structured clusters yield much lower numbers.
Comparing clusters of equal size for both samples exhibits very different volume fractions. For

26According to equation (2.39) the volume scales with VA ∝ A2

P , hence an increase in A- and a decrease in
P-scaling, overall increases the scaling (= Df ) of VA.

27A sphere will consequently lead to the limiting value of ΦA = 1, which is in these examples represented by the
primary particles.
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Figure 4.37.: Area A and perimeter P of aggregates vs. their hydrodynamic radius Rhyd for 50
phr N550 in EPDM. The respective scaling is indicated with the exponent γ.
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Figure 4.38.: Number of particles and volume of 50 phr N550 clusters vs. their size (here the
hydrodynamic radius) mixed in EPDM.

instance clusters with a size of 50 nm in case of the S247 filled with 20 phr leads to values of
0.1 < ΦA < 0.3, while the highly filled sample yields values of about 0.3 < ΦA < 0.6. Most of
this breakdown of aggregate-structure will occur during the mixing process. With higher filler
loading, the shear forces inside the compound are increased, since more energy is needed to
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Figure 4.39.: Solid volume fraction ΦA (equation 2.40) using the hydrodynamic radius Rhyd as
cluster size for S247 in EPDM. Fractal dimension Df calculated via ΦA ∝ ξDf−3.

separate larger agglomerates. However, the filler fraction alone cannot explain this breakdown.
In figure 4.40 the two types of CB are compared with respect of their solid volume fraction ΦA.
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Figure 4.40.: Solid volume fraction ΦA (equation 2.40) using the hydrodynamic radius Rhyd as
cluster size for the highly filled (50 phr) samples of S247 and N550 in EPDM.
Fractal dimension Df calculated via ΦA ∝ ξDf−3.
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For N550 the volume fraction ΦA at 250 nm sized aggregates28 is still lower (0.13 < ΦA < 0.35)
than for S247. Thus, the structural-breakdown inside the mixer is especially pronounced for the
S247. Since the S247 was developed for having a higher structure compared to the N550, this
advantage leads to an accelerated loss of just its structure. This mechanism of auto-amplification
of structure-loss obviously occurs above a threshold value of filler level.29 Additionally to these
differences at larger cluster sizes, there is an overall different shape of the cloud of points.30

For the purpose of quantifying this difference, an analysis of the distribution of ΦA-values is
depicted in figure 4.41. First of all, the mean values for the high and low filled samples differ
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Figure 4.41.: Histogram of solid volume fraction values ΦA for all three samples. The data was
fitted by a Gaussian distribution function (including 95 % confidence bands).

significantly. The 20 phr filled sample yields an average value of 〈ΦA〉 = 0.38. For the highly
filled samples 〈ΦA〉 = 0.54 and 〈ΦA〉 = 0.56 can be found for the S247 and N550 respectively.
Thus, on average the clusters for the S247 and N550 have the same solid volume fraction. This
fact shows, that for the mechanically relevant effective volume fraction Φeff in equation (2.41)
the denominator is not the number average of ΦA but the second moment, i.e. a weighted aver-
age, amplifying the effect of larger ξ-values. In section 4.4.2 the effective filler volume fraction
will be calculated using the mechanical material model DFM (see section 2.4.3) and these values
will be compared to those from TEM image analysis discussed here.31

2850 pixels
29This threshold will probably be closely related to the mechanical percolation threshold, which defines the tran-

sition between hydrodynamic amplification and a superstructure forming a filler-network.
30It should be noted, that the overall uncertainty is larger compared to the volume-size plots. This effect is caused

by the calculation of ΦA, which includes the error of both the volume VA and the cluster size ξ.
31See figure 4.62.
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4.3. Rheological Characterization of Compounds to
Investigate the Polymer Filler Interaction

In this section the effect of an ionic liquid treated surface will be analysed in rubber compounds.
Focus will be the elucidation of relations between structural characteristics on nano-scales (sec-
tion 4.1) and the resulting mechanical- and dielectric properties of the samples on the macro-
scale.
For this purpose, non-cured compounds will be investigated in special combined rheological-
dielectric experiments. Especially focussing on different types of polymers with varying po-
larities to understand the nature of polymer-filler coupling mechanisms. Since in cured rubber
compounds several different networks exist32, and hence influence each other, it is reasonable
to investigate non-vulcanized samples in order to switch off the effect of chemical cross-links
and thus focus on the effects of polymer-filler coupling. Therefore, rheological measurements
described in section 3.4 have been performed using the measurement profile depicted in figure
4.42. The whole experiment can be divided into six different sections as indicated in figure
4.42, where various effects can be observed. This section is therefore organized in three major
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Figure 4.42.: Measuring profile for flocculation and strain sweep experiments at different tem-
perature. Right axis indicates the dynamic amplitude γ and the right axis shows
the temperature. I: Initial Flocculation at 140 °C; II: Strain sweep at 140 °C; III:
Re-flocculation at 140 °C; IV: Cooling down at low amplitude to room tempera-
ture; V: Strain sweep at room temperature; VI: Relaxation at room temperature

subsections. Within the first part, the process of filler-network formation will be discussed (see
part I, III and VI in figure 4.42), followed by an investigation of its breakdown (see part II and
V in figure 4.42) and finally the influence of temperature (see part IV in figure 4.42) will be
analysed. Each subsection compares data from three types of polymers: (i) Natural rubber (NR

32Additional to the intrinsic polymer entanglement network, there is the filler network if the filler level is above
the percolation threshold. Finally there is the chemical network due to curing reactions of sulphur or peroxides,
interconnecting polymer chains.
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- see figure 3.1a; using the recipe shown in table 3.2.), (ii) nitrile butadiene rubber (NBR - see
figure 3.1c; using the recipe 3.4) and (iii) hydrogenated nitrile butadiene rubber (HNBR - see
figure 3.1b;: using the recipe 3.4).33

4.3.1. Combination of Rheological and Dielectric Measurements
for Various Polymer Systems using Surface-Modified
Carbon Black Part I: Filler-Flocculation

Within the initial part of the experiment depicted in figure 4.42, filler flocculation at a small
strain amplitude and high temperature is observed as discussed previously in the initial part of
section 2.4.2.
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Figure 4.43.: Flocculation experiment at 140 °C for all polymers (color code as indicated) filled
with 50 phr of N339 with (filled symbols) and without (open symbols) modifica-
tion of AMIC. (a): Storage modulus G′ and (b): Real part of the conductivity σ′ at
a frequency of 1 MHz.

In figure 4.43 the build-up process of a filler network is shown as a function of time. Espe-
cially two parameters are measured simultaneously: (i) The mechanical (storage) modulus G′,
i.e. the material stiffness at a respective frequency34 (see figure 4.43a) and (ii) The electrical
conductivity (see figure 4.43b), thus the dielectric response of the sample at different electric
frequencies.35

Especially at elevated temperatures, filler aggregates will form larger agglomerates induced by
entropic depletion forces. Hence, the average distance between two aggregates will decrease
with time, thus the mechanical modulus will increase due to a stiffening of filler-filler bonds

33Here, the filler level of N339 is always 50 phr.
34Here always constantly 1 Hz.
35Henceforth, all conductivity values are taken at an electric frequency of 1 MHz to increase the signal to noise

ratio and to reduce the influence of a bad contact between the sample and electrode, which could induce
electrode-polarization effects.
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mediated by a thin layer of confined polymer at the filler surface. Therefore, also the conductiv-
ity shows qualitatively a similar trend since the ability for charge carriers to move through the
material will increase due to the reduced filler-filler gap-distance and the overall higher number
of filler-filler contacts.
In case of NR, figure 4.43a indicates a much faster increase with time for the AMIC-modified
surface. Thus, the mechanism of flocculation is strongly depending on the polymer-filler cou-
pling. In section 4.1.2 the filler surface, i.e. the interface between particle and polymer-
monomers was analysed focusing on the energetic characteristics. It was found, that deploy-
ing ionic liquid molecules onto the filler surface, decreases its activity36 via blocking of mostly
high-energy sites of the surface.37

Taking this into account, the observed differences in the flocculation behaviour (see NR curves
in figure 4.43a) show the expected behaviour: By decreasing the amount of energetically high
active sites, the polymer-filler interaction is reduced in its strength. Hence, at elevated tempera-
tures, it becomes easier for filler aggregates to push polymer chains aside while moving through
the matrix. This movement is directly influenced by adjacent filler particles due to entropic
depletion forces.38 Consequently, the build-up of a filler-network will be accelerated in the case
of an decreased polymer-filler interaction, thus the modulus increases faster in the NR-AMIC
system. Furthermore, this reduced coupling results in smaller average filler-filler distances, in
which polymer chains will be confined, thus the conductivity will be increased accordingly.
However, comparing the flocculation curves for the NBR, which mainly differs from NR by
its polarity, shows a less pronounced influence of the AMIC modification especially in case of
the mechanical stiffness. While the NR shows a significantly different slope between unmod-
ified and modified surface, the NBR curves are much more similar to each other. Moreover,
the conductivity shows an overall smaller value compared to the NR and there is no significant
difference between the modified and non-modified sample.39

In case of the hydrogenated NBR (HNBR), the qualitative behaviour of the mechanical network
formation process is similar to both other polymers since the modulus in case of AMIC rises
faster and is therefore on a higher level. However, the conductivity does show a unique be-
haviour by being smaller in case of the modified surface. This effect supports the hypothesis
of an overall weak polymer filler interaction between HNBR and N339 since the average filler-
filler gap distance is reduced, hence there is an overall higher conductivity. With the addition of
AMIC, the interaction is then even enhanced (see figure 4.45b), therefore there is more polymer
bound to the interface, thus the conductivity is reduced.
These polymer-specific flocculation characteristics are especially apparent in the re-flocculation
stage40 (after the first break-down discussed in the next sub-section) depicted in figure 4.44. For
a better comparison, the curves have been quantitatively analysed applying a simple power law
dependency of the modulus G′ ∝ tα and the conductivity σ′ ∝ tβ with time t. The respective
slopes, i.e. the exponents α and β are summarized in table 4.1.

36Since only non-polar gases could be used, also only the activity of the dispersive part of the surface decreases.
Hence, there is no information about the polar part of the surface.

37See the energy-distributions depicted in figure 4.18
38See section 2.4.2 for more details.
39Although the general trend of an reduced conductivity in case of AMIC is also valid in case of NBR
40Since the state of the material after mixing and pre-treatment is not fully comparable (e.g. due to not fully

relaxed normal stresses in the material) the state after the first strain sweep is well defined and will lead to more
reliable results.
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Figure 4.44.: Re-flocculation experiment, i.e. after a conditioning strain sweep (see subsection
4.3.2), at 140 °C for all polymers (color code as indicated) filled with 50 phr of
N339 with (filled symbols) and without (open symbols) modification of AMIC.
(a): Storage modulus G′ and (b): Real part of the conductivity σ′ at a frequency of
1 MHz.

Table 4.1.: Summary of all scaling-exponents following a power-law relation for the modulus
G′ ∝ tα and the conductivity σ′ ∝ tβ for both flocculation tests (initial and re-
flocculation) at 140°C for all systems NR, NBR and HNBR respectively. All values
including the given errors are from a linear fit at larger times.

α [-] β [-]
System initial re-flocculation initial re-flocculation
NR+N339 0.1± 0.001 0.09± 0.001 0.3± 0.006 0.22± 0.0003
NR+AMIC 0.19± 0.004 0.15± 0.0006 0.13± 0.005 0.12± 0.0005

NBR+N339 0.05± 0.001 0.06± 0.0005 0.09± 0.007 0.01± 0.0016
NBR+AMIC 0.13± 0.0006 0.06± 0.0005 0.11± 0.0006 0.04± 0.0005

HNBR+N339 0.26± 0.008 0.16± 0.0005 0.24± 0.007 0.3± 0.0007
HNBR+AMIC 0.21± 0.02 0.16± 0.0005 0.12± 0.02 0.2± 0.0005

The build-up process of a mechanically active network structure is most affected by the pres-
ence of a surface modification in the NR system since the exponent α is only there significantly
increased. Moreover, both polar polymers show no influence of the AMIC treatment in the
rate of the mechanical flocculation. However, the absolute value of the exponent α suggests
already substantial differences between both polar polymers. In case of the non-saturated NBR,
the flocculation rate, i.e. the exponent α, is significantly reduced in comparison to the saturated
HNBR. Thus, the presence of double bonds within the polymer chain strongly affects the ability
to interact with the filler surface through bonds formed via a π-π stacking mechanism. Further-
more, the value of α in case of the modified NR is almost the same as in case of the HNBR,
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Figure 4.45.: Sketch (Note: wrong scale) of the principle mechanism of different polymer-filler
interactions. On the surface of the CB (gray sphere) are the graphitic crystallites
distributed and the AMIC molecules (small red spheres) block a certain portion
of them. Additionally, 3 monomers of the respective polymer types are shown
with there characteristic groups (e.g. nitrile group: red part) and the double bond
(highlighted in gray). The possible bonds are indicated as arrows (red=polar, dark-
gray=π-π, light-gray=van-der-Waals).

indicating once again only a weak polymer-filler interaction.
The build-up of an electrically conducting network shows similar trends as well as differences
between all polymers. In case of NR the effect of the surface modification leads to opposite
trends in the absolute value of the flocculation exponent β in comparison to α, i.e. there is a
decrease in β where there is an increase in α with AMIC. Accordingly, also the HNBR shows
the same decrease in electrical flocculation speed with the addition of AMIC, albeit on a higher
absolute level. In case of the NBR both exponents are on very small levels, i.e. there is very lit-
tle change in the network structure with time. In figure 4.45 a simplified sketch41 as a proposed
material model is illustrated.
In both non-saturated polymers (NR and NBR) the polymer filler interaction is dominated by
the aforementioned π-π stacking effect. Hence, blocking active sites of the surface disturbs
this bonding-mechanism and reduces the effective polymer-filler coupling. In case of NR, this
weakening is most pronounced since there is only one main bonding mechanism. In contrast,

41The shown sizes of the polymer and the filler are not matching, since a typical size of a primary CB particle is
in the range of 10-50 nm and the monomer of a polymer chain is usually below 1 nm in length.
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the polar groups of the NBR can interact with the AMIC molecules on the filler surface and
therefore balance the missing π-π stacking effect. Consequently, the absence of double bonds42

in the HNBR leads to a weak overall filler-interaction and the presence of polar groups on the
surface – although blocking high-active sites – should overall increase the ability to interact
with the surface. From just the mechanical stiffness this effect is not observable, however the
reduced conductivity in case of the AMIC modified system supports this picture.
Obviously, from the similarities and differences between the mechanically- and electrically ef-
fective network structures, more information of the nature of the polymer-filler coupling can
be extracted. To further elaborate specifically on this point, the next subsection will discuss the
breakdown of the filler-network during the strain sweep in between the two previously discussed
flocculation phases.

4.3.2. Combination of Rheological and Dielectric Measurements
for Various Polymer Systems using Surface-Modified
Carbon Black Part II: Filler-Network Breakdown

In between the two previously discussed flocculation phases, a conditioning strain sweep was
performed. With increasing dynamic strain amplitude the material is exposed to rising shear
stresses. These stresses are distributed over the various network structures and hence the net-
work will undergo structural changes. In particular the break-down of the filler-network is
well known for filled elastomers as the Payne-Effect. In figure 4.46 the respective curves are
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Figure 4.46.: Strain sweep comparison at 140 °C for NR, HNBR and NBR with and without
AMIC modification.including a fit using the Kraus-Model (see: solid- and dashed
lines; According to equation 2.57).

depicted. Figure 4.46a shows the mechanical storage modulus G′ and figure 4.46b the simulta-
neously measured real-part of the conductivity σ′ at 1 MHz. In both cases, the Kraus model (see
section 2.4.2) was applied to quantify the characteristics of the respective changes in modulus
and conductivity. In table 4.2 the fitting parameters of the model are summarized. In accordance

42Usually the degree of hydrogenation is about 95 %, thus there are only view double bonds present.
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Table 4.2.: Summary of all fit parameters using the Kraus model to parametrise the strain sweep
depicted in figure 4.46. Instead of the small strain modulus G′0 in case of fitting the
Kraus model also to conductivity data, i.e. the small strain conductivity σ′0 was used
respectively.

System G′0 [kPa] / σ′0 [10−4S/cm] γ0 [%] m [-]
NR+N339 (G’) 375.1± 1.91 1.95± 0.1 0.59± 0.03
NR+AMIC (G’) 501.9± 2.79 1.04± 0.03 0.67± 0.03

NR+N339 (σ′) 3.6± 0.02 2.19± 0.09 0.97± 0.07
NR+AMIC (σ′) 12.7± 0.07 2.19± 0.12 0.69± 0.04

NBR+N339 (G’) 294± 1.7 9.86± 0.35 0.47± 0.02
NBR+AMIC (G’) 418.5± 2.4 2.63± 0.02 0.53± 0.04

NBR+N339 (σ′) 0.41± 0.0033 2.77± 0.33 0.54± 0.04
NBR+AMIC (σ′) 0.749± 0.0032 2.55± 0.13 0.75± 0.04

HNBR+N339 (G’) 545.8± 4.4 1.04± 0.05 0.55± 0.03
HNBR+AMIC (G’) 791.5± 7.7 0.73± 0.04 0.63± 0.04

HNBR+N339 (σ′) 15.4± 0.12 1.67± 0.09 0.84± 0.06
HNBR+AMIC (σ′) 8.1± 0.04 1.33± 0.05 0.72± 0.03

with the accelerated build-up process of the mechanically active filler-network in case of the NR
due to the presence of AMIC, also its break-down shows a similar tendency. Since for the NR the
AMIC molecules reduce the polymer-filler interaction, the resulting filler-filler bonds are much
stiffer and hence show a characteristic brittleness or a decreased elasticity at larger deforma-
tions.43 This effect is reflected by an increased small-strain modulus G′0 (more filler-filler-bond
brittleness), a decreased critical strain γ0 (less stability due to a lack of bond-elasticity) and an
increased fractal exponent m (an overall accelerated break-down of the network).
However, in case of both polar polymers, where the blocking mechanism of the AMIC can
(partly) be compensated by additional polar bonds, the break-down of the load-bearing paths
shows significant differences. Only the increased level of the small-strain modulus for the
AMIC-modified systems is common to all polymers. A comparison of the strain sweeps of
only the non-modified systems in figure 4.46a yields a clear ranking with respect to characteris-
tics of the filler network break-down. HNBR shows the highest initial value of stiffness and the
steepest drop at higher strains. Due to a lack of double bonds, the potential for interacting with
the surface of the CB via the aforementioned π-π-stacking mechanism is lowest.
Both double bond-containing polymers NR and NBR show a dynamically softer response and
yield a more stable filler-network. Nevertheless, they are different since the NR filler network-
structure is still stiffer and therefore breaks down more rapidly than the NBR. These differences
are likely caused by the different micro-structure since the methyl group of the NR might re-
duce the effectiveness of the π-π-stacking due to spatial hindrance effects. Therefore, the load-
bearing paths within the NBR system show the highest stability of all polymers.
Introducing the AMIC as polar surface modification leads to additional bonds utilizing to the

43There is less polymer confined to the surface, thus the average filler-filler gap is smaller and therefore behaves
less elastic.
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4.3. Rheological Characterization of Compounds – Macro-Scale

nitrile group of both NBR and HNBR. Consequently, comparing all three modified systems in
figure 4.46a shows a different ranking with respect to the overall Payne-effect. Now the NR sys-
tem is by far the weakest since the modulus drops the fastest, showing the influence of blocked
interaction sites on the surface. Although the HNBR has the highest small-strain modulus, the
break-down of the filler network is less pronounced compared to the NR. This indicates, that
the additionally available bonds between the polymer and the more polar CB stabilize the filler-
filler bond. Moreover, in case of NBR this effect is even more pronounced since there can
additionally be π-π-stacking bonds.
In essence, the polymer-filler coupling is determined by both the filler surface, on which there
are various energetically active sites, and the polymer microstructure, which defines what type
of dispersive and polar bonds can be formed. Hence, this interaction can be altered via block-
ing active sites with polar ionic liquid molecules on the surface, which reduces the dispersive-
but increases the polar-interaction potential. For NR there are almost only dispersive interac-
tions important, thus a blocking reduces its interaction. HNBR almost has no strong dispersive
bonding potential but due to the polar nitrile groups some polar potential, therefore blocking
dispersive bonds with polar groups shows even a slight advantage. Finally, the NBR does have
the potential for both types of bonds and is hence able to benefit from a blocked dispersive bond
by being able to form also polar bonds at the same position.
From the simultaneously measured conductivity (see figure 4.46b) further insights of the filler-
network structure can be revealed. In particular, the role of paths within the fractal network,
that are able to carry load or conduct charge carriers through the system is of significance.
In general, both types of network, i.e. the mechanically- and electrically effective structures,
show qualitatively a similar behaviour. However, there are also important differences observ-
able. Overall, the strain level at which the conductivity drops from the initial value due to the
break-down of the conductive network is slightly larger compared to the break-down of the me-
chanical network. This effect is more obvious when both strain sweeps are normalized to their
respective small-strain values (see figure 4.47). While in case of the storage modulus there is
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Figure 4.47.: Normalized (with respect to the small strain value) strain sweep comparison at
140 °C for NR, HNBR and NBR with and without AMIC modification.

a pronounced differentiation between the various system (polymer type and surface modifica-
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tion), the difference in the conductivity is less significant. Especially the critical strain at which
the network breaks down is almost the same for all systems (only the AMIC-modified HNBR is
slightly different). Apparently, all systems, which show a reduced polymer-filler coupling due
to either surface modification (NR+AMIC) or in general a weak interaction (HNBR± AMIC),
yield an early mechanical breakdown but still a normal conductivity breakdown. Moreover, the
absolute value of the conductivity is in these systems the highest due to the stiffest filler-filler
bonds, which are formed because of a reduced amount of confined polymer adjacent to the filler
interface.
Therefore, the effect of an early mechanical breakdown is caused by these stiff filler-filler bonds,
which then cannot carry any load, and hence the modulus drops. On the other hand, these filler
aggregates – formally connected mechanically via the filler-filler bond – are not spatially sepa-
rated very much after the mechanical break-down. Hence, electrons or other charged particles
might still be able to use the filler-filler contact to be transferred further, i.e. the conductivity
is still on high level. Nevertheless, also the conductivity drops significantly albeit later than the
modulus. Overall the changes of the conductivity - once the conductive network breaks-down
- are in average more pronounced than those of the modulus, i.e. the slope of the Payne-Effect
curves are steeper in case of the conductivity (see also the values of the parameter m in table
4.2, which are higher in case of the conductivity compared to those describing the modulus).
While the conductivity is governed by continuous paths within the filler network, the mechan-
ical network is additionally influenced by non-continuous substructures which still reinforce
hydrodynamically but have no effect on conductivity any more.44

4.3.3. Combination of Rheological and Dielectric Measurements
for Various Polymer Systems using Surface-Modified
Carbon Black Part III: An-isothermal heat Treatment

The previously discussed isothermal re-flocculation phase is followed by a cooling-down phase
from 140 °C to 20 °C with a cooling rate of 1 K/min (see regime IV in figure 4.42). Since only
non-cross-linked systems are analysed, mainly the filler-polymer interaction determines the be-
haviour of the material. However, also polymer specific characteristics like the molecular weight
distribution influences the temperature dependency. To better assess the micro-mechanical pro-
cesses, which lead to the characteristic changes in modulus and conductivity, the previously
discussed isothermal flocculation phase is plotted additionally to the non-isothermal phase in
figure 4.48. Apparently, there is only a weak increase of the modulus during the isothermal
flocculation phase in contrast to a significantly stronger change during the an-isothermal cool-
ing. Essentially, the characteristic behaviour during flocculation depends on (i) the depletion
forces, which are the main driver for the movement of filler particles or aggregates and (ii)
the strength of the polymer-filler interaction. The latter defines the molecular friction between
polymer segments and the filler surface, i.e. how easily a filler particle in motion45 is able to
push away adjacent polymer chains. Moreover, the strength of the polymer-filler coupling in-

44The effect of a more pronounced drop in conductivity with increasing strain amplitude should also be influenced
by the total filler amount since at very high filler concentrations the conductivity will become less dependent
on the load, because the structural rearrangements within the filler network will not lead to significant spatial
distances between adjacent filler agglomerates.

45Driven by entropic depletion forces.
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Figure 4.48.: Storage moduli and conductivity of all three polymer types (NR, NBR and HNBR)
+ 50 phr N339 (± AMIC) as a function of time during the flocculation and the
cool-down. The vertical dashed line indicates the change from isothermal to an-
isothermal conditions.

fluences the effective thickness of the layer formed via polymer chains, which are reduced in
mobility due to the confinement effect at the filler surface. However, the volume of this im-
mobilized, interfacial layer will apparently depend on the temperature since with increasing
thermal energy the desorption rate of polymer segments at the surface will be increased. Thus,
the layer-thickness will decrease with increasing temperature.
Consequently, under isothermal conditions the layer thickness around filler particles will be
predominantly influenced by (i) the temperature and (ii) the respective strength of the polymer-
filler coupling. Thus, the observed agglomeration and filler-network-build-up is mainly caused
by the movement of fillers influenced by depletion forces.46 However, at non-isothermal con-
ditions both mechanisms will change with time. Especially the gradient of polymer-mobility –
from the filler surface to the polymer-bulk – will have a pronounced temperature dependency.
Since a reduced thermal energy decreases the desorption rate of chains at the filler-interface, the
amount of segments, which are confined at the filler surface, is increased. Therefore, the result-
ing effective layer-thickness of immobilized chains will grow during the cool-down phase. The
filler-filler bonds that have been created during the process of flocculation are rather weak at el-
evated temperatures due to only minor overlapping of two adjacent polymer-layers (of reduced
mobility) at the filler surfaces.47 With decreasing temperature, these filler-filler bonds become
stronger because of an increasing volume (∝ (thickness)3) of layers, which can consequently
lead to a more pronounced overlap between two filler aggregates. Hence, at similar average dis-
tances of adjacent filler particles, the main difference between high- and low temperature is the
strength of filler-filler bonds, which are formed through bridges of immobilized polymer chains
confined at the polymer-filler interface. In essence, these bridges are weak at high temperature
since the polymer is less confined and become stronger with decreasing temperature due to an

46Therefore, it is reasonable to expect only a weak dependency of modulus and conductivity on time, since all
observed slopes [see table 4.1] are much smaller than unity.

47Since these layers are rather thin at high temperatures.
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increasing overlap of the aforementioned layers.
While this transition of layer-mobility changes the mechanical stiffness of the filler network
substantially48, the conductivity is almost not influenced. As previously discussed in subsec-
tion 4.3.1, under isothermal conditions the main parameter, which changes with time is the
average inter-particle distance, and hence the conductivity changes according to the mechanical
stiffness. That is, because paths, which are able to carry stresses as well as transport charge car-
riers, are build-up with time. However, with decreasing temperature the average inter-particle
distances are less affected and the dynamics of the filler-filler bridges will be the dominant pro-
cess. Consequently, for charge carriers the paths are not significantly changing with time, thus
the conductivity will stay on a similar level compared to the initial value at the beginning of the
non-isothermal phase or even will decrease due to the reduced mobility of charge carriers in the
filler-filler bridges.49
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Figure 4.49.: Storage moduli of all three polymer types (NR, NBR and HNBR) + 50 phr N339
(± AMIC) as a function of inverse temperature 1/T . The temperature was chang-
ing from 140 °C to 20 °C as depicted in figure 4.42 IV. The lines indicate a linear
fit to evaluate the apparent activation energies.

In figure 4.49 the anisothermal phase is depicted in an Arrhenius-like plot, i.e. the logarithmic
property (here storage modulus G′) is plotted vs. the inverse temperature 1/T . This repre-
sentation is useful to reveal characteristic temperature dependencies that follow an exponential
function like ∝ exp {−Ea/RT}. Consequently, a linear increase in modulus with decreasing
temperature becomes apparent for all systems – yielding an apparent activation energy Ea. In
table 4.3 all respective apparent activation energies - performing a linear fit over the whole tem-
48The approximated slope (since the thermal behaviour is better described via an exponential function - see figure

4.49) in the log-log plot shown in figure 4.48 is 10-15 times higher than during the isothermal flocculation
phase.

49Additionally to this main process, the depletion forces will be reduced with decreasing temperature since there
is less thermal energy available for kinetic processes of fillers in the system. Therefore, the resulting rate of
flocculation due to depletion forces will be reduced at lower temperatures.
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perature range in figure 4.3 - are summarized. In case of the HNBR, the values for the activation

Table 4.3.: Summary of apparent activation energies for all measured polymers following the
Arrhenius-law applied on the change of modulus while cooling the samples from
140 °C to 20 °C. (see figure 4.49 for the corresponding curves.)

Ea [kJ/mol]
System NR NBR HNBR
N339 17.9± 0.05 24.2± 0.02 27.1± 0.14
AMIC 21.9± 0.07 25.1± 0.02 25.5± 0.14

energy are the highest in comparison to the NR and NBR. Moreover, only for the HNBR, the
AMIC system shows a lower value compared to the reference. Although the value itself is in-
fluenced by the characteristic polymer-filler interaction, there are also other influencing factors.
Each polymer without filler shows already a distinct temperature dependency. At low temper-
atures, the mobility of chain segments determine the glass transition temperature.50 Towards
more ambient temperatures the rubber-elastic plateau is found, which is determined by the en-
tanglement density in terms of its height. The width of this plateau is influenced by the molec-
ular weight of the polymer chains,51 i.e. its length.[26] Consequently, there is a certain charac-
teristic temperature after which there will be finally viscous flow behaviour, thus the modulus
decreases monotonously with increasing temperature. Moreover, the shape of this crossover re-
gion gives rise to the polydispersity52 of the polymer, i.e. the skewness of its molecular weight
distribution.
Introducing filler into the system will change this temperature dependency in several ways.
Locally, the dynamics is slowed down due to an additional filler interface, which creates an
interphase with different characteristic temperature dependencies than the bulk polymer. This
shifts the crossover between rubber plateau and viscous flow towards higher temperatures53 and
creates an additional slope in the G’ vs. T plot due to thermally activated filler-filler bonds
formed by the polymer-filler interphase. In essence, for all three discussed types of polymer,
not only the interaction between polymer and filler is responsible for the characteristic temper-
ature dependency depicted in figure 4.49, but also their characteristic differences determined by
the entanglements and molecular weight distribution as unfilled melts.
Natural rubber has by far the highest weight average molecular weight Mw in comparison to the
NBR and HNBR.54 In terms of polydispersity, the NBR yields the largest value of 3.2 whereas
the NR and HNBR both have a value of 2.4. The entanglement density is lowest in case of

50The more flexible, the lower the glass-transition temperature. Here: TNRG = −60 °C; TNBRG = −14 °C and
THNBRG = −23 °C

51The longer the chains, the more time (=̂ higher temperature) they need to thermally fluctuate out of their tube
(constrained by the neighbouring entanglements).

52The ratio between the weight average < MW > and the number average < MN > of its molecular weight
distribution f(M).

53The characteristic relaxation times will be larger since the system is locally slowed down, thus also more thermal
energy is required to generate enough fluctuations for a chain to relax.

54MNR
w =832 kg/mol from GPC, MNBR

w =190 kg/mol and MHNBR
w =150 kg/mol from [143] since the same poly-

mers were used here.
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the NR, which leads to a plateau modulus of GN=0.46 MPa.55 Syed et al. [143] measured
the plateau modulus GN=0.79 MPa and GN=1.38 MPa of both NBR and HNBR respectively.
Qualitatively this entanglement related polymer ranking of moduli is also found in figure 4.49
but only at lower temperatures. While the HNBR is showing the largest value of modulus over
the whole range of temperatures, there is a crossover between the NR and the NBR occurring
towards elevated temperatures. This crossover is caused by different slopes of the curves, which
indicate different interfacial properties on the one hand and additionally characteristic polymer
dynamics on the other hand. However, the main contribution is caused by the influence of the
filler interphase, since the AMIC modification in case of NR changes the slope significantly and
the resulting curve in figure 4.49 is actually very similar to the NBR-AMIC curve. Neverthe-
less, there is still a different slope comparing these two polymers. Finally, the comparison of the
HNBR yields overall the largest slope and moreover the only time that the AMIC system shows
a slightly decreased apparent activation energy, indicating an enhancement in the strength of the
polymer-filler coupling.

4.4. Energy Efficiency of Elastomers – Results

4.4.1. Ionic Liquid Modifications of Carbon Black in Cured
Compounds

In the previous subsection, only the physical networks consisting of polymer entanglements
and fillers influenced the characteristics of the compounds. Hence, the effect of a surface-
modification with an ionic liquid solely resulted in an altered polymer-filler coupling. In con-
trast, this subsection describes additionally the potential influence of AMIC on the chemical
network formation. Moreover, the type of CB and the non-polar polymer were changed from
N339 to N550 and from NR to EPDM respectively due to higher practical significance in real
applications.
In table 3.3 and 3.4 the recipes can be found for the EPDM and HNBR respectively. Before the
samples can be prepared, a rheometer test has to be performed to measure the curing time of the
compounds. In figure 4.50a the torque56 at 180 °C is depicted as a function of time. There is a
pronounced difference in the final torque reached after the vulcanisation reaction is finished and
a plateau is reached. The EPDM with AMIC-modified N550 only reaches 75 % of the torque
compared to the reference. Thus, the overall network density is reduced due to the modifica-
tion of the filler surface with AMIC. Although in a non-polar system like NR depicted in figure
4.46 there is a significant drop in mechanical stiffness in case of AMIC,57 this difference in
torque is mainly attributed to the chemical network. If this effect would purely be caused by the
polymer-filler interaction, the torque curves would show an off-set already from the beginning.
Therefore, it is reasonable to assume that the AMIC-modified surface is more polar compared
to the reference and hence more attractive for the polar molecules, thus there is potentially less
free accelerator available for the network formation reactions since more of it is bound to the
55The plateau modulus GN measured with rheological experiments is connected to the entanglement modulus Ge

(which is 0.58 MPa in case of NR [144]) by a simple prefactor of 4/5: GN = 4/5Ge.
56More precisely, the real part of the torque, since this is a dynamic test at a frequency of 1.67 Hz and 6 % of

dynamic strain.
57At 6 % strain there is a drop to only 70 % of modulus for the AMIC system in comparison to the reference.
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Figure 4.50.: Curing curve, i.e. torque as a function of time for EPDM (at 180 °C) and HNBR
(at 170 °C) + 40 phr N550 (± AMIC).

CB surface.
However, in case of a more polar polymer like HNBR depicted in figure 4.50b, the effect of the
ionic liquid is very different. For HNBR the reference yields almost the same final torque value
than the corresponding EPDM, but the modified system shows an even higher plateau value.
This indicates either an increased network density or the effect of an enhanced polymer-filler
coupling as discussed in the last part of the previous subsection. In principle, both effects are
probable to occur at the same time and additional tests are necessary to decouple these phenom-
ena.
Consequently, mechanical tests have been performed on these samples. First, a quasi-static
tensile test58 was performed. In figure 4.51 the resulting stress-strain curves for the EPDM are
shown. There is again a very pronounced influence of the AMIC modification by reducing the
stress level and therefore increasing the overall strain. However, the ultimate stress at break is
almost identical compared to the reference, only at a significantly higher elongation at break.
Although in general this effect is expected assuming an overall decreased network density, the
magnitude of the softening due to AMIC seems rather high to be solely caused by an altered
chemical network. Most likely, there is an additional effect of the filler network structure due to
an decreased strength of the polymer-filler coupling.
In case of the HNBR, depicted in figure 4.52, the difference between AMIC and the reference
is vice versa and much less pronounced. To further elucidate the different mechanisms of the
observed network and filler effects, cyclic stress strain experiments have been conducted. As
explained in section 2.4.3, this kind of experiment yields parameters describing the characteris-
tics of the polymer on the one side, and some filler mechanics on the other side. In figure 4.53,
both the measured curves and the respective fits using the DFM are shown. Additionally, there
are all fitted parameters of the model given as an inset within the graph. Qualitatively, there is
a pronounced difference between both systems with respect to the shape of the cycles and their

58See subsection 3.5.1
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Figure 4.51.: Quasi-static tensile test for EPDM + 40 phr N550 (± AMIC). Error bars indicate
95 % confidence from at least 5 samples.
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Figure 4.52.: Quasi-static tensile test for HNBR + 40 phr N550 (± AMIC). Error bars indicate
95 % confidence from at least 3 samples.

stress values at the respective strain amplitudes. In general, this indicates again a softer response
of the modified sample, which is mostly caused by the reduced network density, which is also
quantitatively found in the modulus Gtotal = Ge + Gc in both cases, since the AMIC sample is
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Figure 4.53.: Cyclic, quasi-static stress-strain test to quantify the Mullins effect for EPDM +
40 phr N550 (± AMIC) using the DFM model. Only the 5th cycle at each strain
amplitude is shown.
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Figure 4.54.: Loss energy-density, i.e. the energy, dissipated in each cycle (unloading- sub-
tracted from loading path), as a function of maximum strain amplitude for EPDM
+ 40 phr N550 (± AMIC).

only reaching 78 % of the modulus compared to the reference.5960

However, the difference between the loading- and unloading paths, i.e. the energy-density,

59The model cannot decouple the effects of entanglements (∝ Ge) and cross-links (∝ Gc) easily, therefore it is
recommended not to investigate the single values but the sum Gtotal of both moduli.

60Additionally the parameter n shows a rather high value in case of AMIC, which is caused by the lack of an
upturn in the stress-strain cycles. Hence, the network is much looser and network strands are not stretched to a
very high extend.
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which is caused by the successive breakdown and re-agglomeration of filler clusters, also shows
a systematic deviation between both systems. In figure 4.54 these hysteresis-energy-densities
are depicted at each loading cycle, i.e. as a function of the respective maximum loading strain.
Clearly, the AMIC modification leads to a higher loss of energy within each loading cycle
compared to the reference. Furthermore, the absolute delta even increases with higher load-
ing strains, although the relative difference is decreasing. Thus, though the main effect of
AMIC seems to be the reduced overall network density, also an altered polymer-filler interac-
tion is apparent, resulting in less stable filler-filler bonds, which dissipate more energy during
their break-down and reformation process. Finally all other DFM-parameters sd, sv and x0 are
strongly affected by the different network density and therefore their values should not be inter-
preted. Only the measured set-stress σset arising from a permanent elongation of the sample at
zero stress is also increasing by about 50 % due to the previously discussed cluster breakdown
characteristics, additional to the network density effect.
From the previous discussion in subsection 4.3.1 and the first results of the curing curves (figure
4.50b) and the tensile test (figure 4.52), the expectation for the HNBR samples is a general trend
towards more stability of the filler network in case of AMIC. Hence, opposite effects comparing
the same cyclic tensile test with the EPDM samples are expected. In figure 4.55 the respective
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Figure 4.55.: Cyclic, quasi-static stress-strain test to quantify the Mullins effect for HNBR + 40
phr N550 (± AMIC) using the DFM model.

results are shown and qualitatively there are only slight differences observable. Similar to the
tensile test (figure 4.52), the stress is systematically higher in case of AMIC. Moreover, quanti-
tatively the total modulus from the DFM is 7 % higher for the modified system. Consequently, a
comparison of the hysteresis arising from the cluster breakdown and re-agglomeration depicted
in figure 4.56 yields slightly decreased values in case of the AMIC system. This observation is
in accordance with the expectation of an improved polymer-filler interaction by the addition of
AMIC molecules onto the surface as discussed already extensively in section 4.3.
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Figure 4.56.: Loss energy-density, i.e. the energy, dissipated in each cycle (unloading- sub-
tracted from loading path), as a function of maximum strain amplitude for HNBR
+ 40 phr N550 (± AMIC).

4.4.2. Carbon Black Structure in Cured EPDM Compounds

In this subsection also carbon black filled samples are analysed with respect to the influence of
a certain modification on mechanical characteristics. In contrast to the two former subsections,
where the modification affected mainly the surface and therefore its energetic heterogeneity,
now the difference mainly can be found in a different structure of the primary aggregates. Thus,
the length-scale of the modification-effect is much larger now.61 In fact, here the samples, dis-
cussed in section 4.2 with respect to a quantification of the structural differences using TEM,
are further analysed especially focusing on their mechanical behaviour.
From the analysis of the structural characteristics, it could be concluded that the fractal dimen-
sion describing the spatial mass distribution of aggregates in case of S247 is reduced compared
to N550 when the filler was used at a level of 50 phr. Moreover, this number was also reduced
comparing the 20- versus 50 phr filled S247 samples. Hence, at higher filler loading the intrin-
sic structure of the aggregates breaks down to a certain degree most probable due to high shear
forces during the mixing process. However, an analysis of the mechanical data is essential to see
if these differences can be found also in the macroscopic properties of the samples. Therefore,
first the compounds have been tested using some standard measures like shore A hardness and
rebound resilience. In figure 4.57 both properties are plotted versus each other in such a way,
that the energy-dissipative measure (rebound) is shown as a function of the respective stiffness
(hardness). With this representation it is possible to better assess a realistic potential of the com-
pound either at equal hardness (vertically) or at equal energy dissipation (horizontally). In case
of the S247, there is a significant advantage compared to the N550 in terms of energy efficiency,

61While the surface modification happens on the sub-nm scale, the structure of the primary aggregates mainly
shows up on several nm up to tens of nm.
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Figure 4.57.: Rebound and shore A hardness of EPDM filled with various levels of N550 and

S247.
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Figure 4.58.: Quasi-static tensile test for EPDM + CB (N550 and S247) (30-70 phr as indicated
in the legend).

i.e. a high rebound value due to low hysteresis at similarly low hardness values. However, this
advantage decreases slightly at medium and large hardness values, i.e. at filler levels higher than
50 phr. In case of standard tensile tests depicted in figure 4.58, the S247 shows higher stress
values below 50 phr and lower values above 50 phr of filler level. This indicates a change in the
reinforcing potential of the S247 compared with the N550. While below the mechanical perco-
lation threshold the high structure CB S247 shows the expected benefit over the standard N550,
above this limit of filler level the advantage vanishes and becomes even a disadvantage. This
observation is expected from the previously discussed hypothesis of a structural breakdown of
the aggregates inside the mixer due to high shear forces if there is a certain limit of filler volume
fraction reached.
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Figure 4.59.: Quasi-static, cyclic stress-strain test for EPDM + 50 phr CB (N550 and S247) to
quantify the Mullins effect using the DFM model.

Since the filler level of 50 phr seems to be the critical point of transition, the corresponding
cyclic quasi-static tensile tests of these samples including a quantification using the DFM are
depicted as an example in figure 4.59.62 The graphs in figure 4.60 show all parameters of the
DFM except the effective filler volume fraction Φeff (which is separately plotted in figure 4.61)
as a function of filler level. Fitting the DFM to the data yields larger values of Gc and smaller
values of n, indicating an enhanced network density caused by a larger ratio of filler induced
localizations, i.e. additional apparent network junctions due to the presence of filler aggregates.
Moreover, the filler-effect is increasing the filler-filler bond strength (sd and sv), decreasing the
average cluster size x0 and leads finally to an increased effective filler volume fraction Φeff .
All of these effects point into the direction of an enhanced structure in case of S247 and seems
to disagree with the aforementioned hypothesis. Therefore, figure 4.61 summarizes the most
robust parameter of the model with respect to the filler effect Φeff versus the filler volume
fraction based on the value from the recipe Φ.63 Compared to the identity line shown as gray
dash-dotted line, both CBs show an increased slope, which is a direct evidence of the inherent
structure of the filler. However, the expectation for the high structured S247 would be an even
larger slope compared to the N550, which is not observable. There is even a decreasing slope
at very high filler volume fractions in case of the S247. Hence, the structural breakdown of
the S247 inside the mixer is still a reasonable hypothesis and figure 4.62 finally compares both
methods of measuring the effective volume fraction. There is a clear correlation observable
between both methods although they are operating on completely different lengths scales. Also
there is an overestimation in case of the TEM analysis probably due to the averaging process to
get the weight average solid volume fraction.64

62All other filler levels have been analysed in a similar way.
63See appendix ?? for all DFM-parameters as a function of filler level.
64The number of data points is most important for the quality of the distribution, which is the basis for any later

processing.
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Figure 4.60.: DFM Fit-parameters for EPDM + CB (N550 and S247) (30-70 phr).
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Figure 4.61.: Effective filler volume fraction Φeff from the DFM model of EPDM filled with
various levels of N550 and S247 as a function of filler volume fraction (from
recipe). The dash-dotted line indicates the identity.
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As discussed very generally in chapter 1, understanding the fundamental mechanisms of the
polymer-filler interaction is a multi-scale problem. Therefore, various experimental results
have been shown and discussed in the previous chapter 4 focussing on different scales respec-
tively.

The smallest length-scale, i.e. the molecular interaction between polymer-chain segments and
the surface of fillers, was analysed using the technique of static gas adsorption (see section 2.2
for a theoretical introduction, 3.2 for details of the experiment and 4.1 for results). In case of
intrinsically homogeneous surfaces like graphite or graphitized CB, the amount of high energy
sites is found to be very low. Thus, there are only few defects like edges of crystallites or cav-
ities present on these surfaces (see figure 4.9 as an example of the narrow energy distribution
function). Moreover, also the surface roughness is in general the lowest for these carbon-based
reference materials (see e.g. figure 4.28 to compare various different surfaces).
Furthermore, there are materials like graphene and carbon nano-horns that exhibit an extraordi-
nary high degree of energetic heterogeneity and morphological roughness (see figures 4.26 and
4.27 for the energy distribution and roughness respectively). Additionally, modifying an inho-
mogeneous surface (e.g. the ASTM CB N339) with ionic liquid molecules (AMIC) leads to an
energetically more homogeneous surface without effecting the overall specific surface area and
morphological surface-roughness. This effect can be explained by an interaction of the AMIC
molecules with the high-energy sites of the surface. Since these sites are not longer available
for interaction with gas molecules, they are blocked and hence the dispersive part of the surface
is reduced in its activity (see figure 4.18 for the respective energy distribution functions).
Consequently, these blocked sites vary the polymer-filler interaction in a characteristic way. To
investigate these changes on a macroscopic length-scale, combined rheological- and dielectric
experiments have been conducted for non-cross-linked polymer melts using various types of
polymers. In case of non-polar NR, containing many double bonds, a significant decreases in
the strength of the polymer-filler interaction was found. On the one hand there was a higher
flocculation-rate, leading to an increased modulus observable (see the black curves in figure
4.44 for the flocculation behaviour.). On the other side the break-down of the filler network
was found to be accelerated (see again the black curves in figure 4.46 for the Payne-effect.).
Hence, due to the blocking of high-energy sites, less polymer segments are bound strongly onto
the filler surface and therefore form only a thin layer of confined polymer at the interface. The
overlapping of interfacial layers of adjacent filler aggregates leads to the formation of stiff and
brittle filler-filler bonds, which leads to the observed higher stiffness at small strain amplitudes
(and a faster flocculation) and the rapid break-down at higher strains.
However, in case of more polar polymers like NBR and HNBR observations yield additional
aspects about the mechanism of polymer-filler interaction. Although the addition of AMIC onto
the surface reduces its dispersive activity, the polar part of the surface is enhanced. Therefore,
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the rheological experiments revealed no disadvantageous effect (HNBR) or even an enhance-
ment in the polymer-filler coupling strength (NBR) (see again figures 4.44 and 4.46). Here, the
additional polar groups of both polymers can benefit from the polar surface modifications via
further polar interactions. The comparison between NBR and HNBR showed the importance
of double bonds within the polymer chain, since these are able to interact with the graphitic
structures of the CB surface via a π-π-stacking mechanism.
Moreover, cured EPDM1- and HNBR-based samples revealed an influence on the energy dis-
sipation and the network density in case of AMIC-modifications (see figure 4.54 and 4.56 for
the energy losses during a cyclic stress-strain experiment and figure 4.50 for the network den-
sity, depicted via the curing curve.). Apparently, the more polar surface of the filler within the
EPDM matrix reduces the network density and thus increases the energy losses, whereas in case
of HNBR the opposite effects were observed.

1Which is also a non-polar polymer.
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Symbols

G,GN , Ge, Gc, E Shear-, Plateau-, Entanglement-, Cross-Link-, Young’s Modulus
U, F Internal-, Free Energy
T Temperature
S Entropy
λ Elongation
~R End-to-end distance
Ω Conformations
ε Strain
kB Boltzman constant
R Universal gas constant
f Force
σ Stress
νc Molar Cross-Link Density
ρ Mass Density
Mc Molecular Weight between cross-links
d0 Tube Diameter
p, p0 Pressure, Saturation Vapour Pressure
V Volume
Θ Surface Coverage
Vm Monolayer Volume
Q Adsorption Energy
z Film Thickness
NA Avogadro Constant
α Van-der-Waals Constant
DS, Df Surface-, Mass-Fractal Dimension
m Mass
ξ Cluster Size
VA Aggregate Volume
AS Aggregate Cross-Sectional Area
P Perimeter
ΦA,Φeff Aggregate-, Effective Filler Volume Fraction
sd, sv Yield Stress of Damaged- or Virgin Filler-Filler bonds
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A.1. Static Gas Adsorption

A.1.1. Solving the FHH-equation

The three solutions of equation 2.32 are:

z1/2 =− 1

3

(
−1

2
±
√

3i

2

)− 27Naα

2RT log
(
p0
p

) +
1

2

− 27Naα

RT log
(
p0
p

) +
2 (−DSMγ + 2Mγ)3

R3T 3ρ3 log3
(
p0
p

)
2

− . . .

−4 (−DSMγ + 2Mγ)6

R6T 6ρ6 log6
(
p0
p

)
1/2

+
(−DSMγ + 2Mγ)3

R3T 3ρ3 log3
(
p0
p

)


1/3

− −DSMγ + 2Mγ

3RTρ log
(
p0
p

) − . . .
− (−DSMγ + 2Mγ)2

3R2T 2ρ2
(
−1

2
−
√
3i
2

)
log2

(
p0
p

) · . . . (A.1)

· 1

3

√√√√− 27Naα

2RT log ( p0p )
+ 1

2

√(
− 27Naα

RT log ( p0p )
+ 2(−DSMγ+2Mγ)3

R3T 3ρ3 log3 ( p0p )

)2

− 4(−DSMγ+2Mγ)6

R6T 6ρ6 log6 ( p0p )
+ (−DSMγ+2Mγ)3

R3T 3ρ3 log3 ( p0p )

z3 =− 1

3

− 27Naα

2RT log
(
p0
p

) +
1

2

− 27Naα

RT log
(
p0
p

) +
2 (−DSMγ + 2Mγ)3

R3T 3ρ3 log3
(
p0
p

)
2

− . . .

−4 (−DSMγ + 2Mγ)6

R6T 6ρ6 log6
(
p0
p

)
1/2

+
(−DSMγ + 2Mγ)3

R3T 3ρ3 log3
(
p0
p

)


1/3

− −DSMγ + 2Mγ

3RTρ log
(
p0
p

) − . . .
− (−DSMγ + 2Mγ)2

3R2T 2ρ2 log2
(
p0
p

) · . . . (A.2)

· 1

3

√√√√− 27Naα

2RT log ( p0p )
+ 1

2

√(
− 27Naα

RT log ( p0p )
+ 2(−DSMγ+2Mγ)3

R3T 3ρ3 log3 ( p0p )

)2

− 4(−DSMγ+2Mγ)6

R6T 6ρ6 log6 ( p0p )
+ (−DSMγ+2Mγ)3

R3T 3ρ3 log3 ( p0p )

115



A. Appendix

A.1.2. Calculation of energy distribution function

To calculate the energy distribution function the following python script script was used:

import pandas as pd
import numpy as np
import matplotlib.pyplot as plt
from matplotlib import cm
#from scipy.optimize import curve_fit
from scipy import interpolate
import scipy as sy
import pylab as plb
#import math
import glob
import scipy.constants as sc
from mpl_toolkits.mplot3d import Axes3D
#################################################
def Data_Import(Name):
header_names = [’p’,’p0’,’Vd’,’V’,’-’]
data=pd.read_csv(Name,sep=’\t’,header=0,names=header_names)

return data
#################################################
def BET(Name,Gas,T):
Data=Data_Import(Name)
Na = sc.Avogadro
if Gas=="Nitrogen":
M = 0.02801348
rho = 816
elif Gas=="1Butene":
M = 0.05611
rho = 620
elif Gas=="Ethan":
M = 0.03006
rho = 506
elif Gas=="Propene":
M = 0.04208
if T==227.5:
rho = 607
elif T==232.5:
rho=600
elif T==257.5:
rho = 567
Constant = Na*(2*np.sqrt(3)*(M/(4*np.sqrt(2)*Na*rho))**(2/3))/(22414)
x=Data[’p’]/Data[’p0’]
Index_min=np.max(np.where(x<=0.01))
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Index_max=np.min(np.where(x>=0.15))
y=Data[’p’]/(Data[’V’]*(Data[’p0’]-Data[’p’]))
#BET_Fit=np.polyfit(x[Index_min:Index_max],y[Index_min:Index_max],1)
#BET_Fct=np.poly1d(BET_Fit)
par=np.polyfit(x[Index_min:Index_max],y[Index_min:Index_max],1,
cov=True)
A=par[0][0]
B=par[0][1]
V_m=1/(A+B)
#Fit_X = np.linspace(x[0:1], x[-2:-1], 150)
#Fit_Y = BET_Fct(Fit_X)
#C = 1+A/B
Area = round(V_m*Constant,3)
return V_m,Area#,C,Fit_X,Fit_Y,x,y
#################################################
def LogNorm(Q,A,Q_av,het):
return A*plb.exp(-plb.log(Q/Q_av)**2/(2*het**2))
#################################################
def Gauss(Q,A,Qav,het):
return A*plb.exp(-(Q-Qav)**2/(2*het**2))
#################################################
def Langmuir_Iso(p,Q,C,p0,T):
R = sc.R
return (p*C*np.exp(Q/(R*T)))/(1+p*C*np.exp(Q/(R*T)))

#################################################
def ModelIso(p,Q,C,p0,T,Gas):
R = sc.R
z = 4
if Gas==’Nitrogen’:
omega = 5600
elif Gas==’1Butene’:
omega = 22400
elif Gas=="Ethan":
omega = 15600
elif Gas=="Propene":
omega = 20000
theta = Langmuir_Iso(p,Q,C,p0,T)
b_BET = 1/(1-p/p0)
b_FG = np.exp(z*omega*theta/(R*T))
#b_FG = 1
return (p*b_FG*b_BET**2*C*np.exp(Q/(R*T)))/
(1+p*b_FG*b_BET*C*np.exp(Q/(R*T)))
#def Adamson(Name,Gas,T):
def DataFrameExport(Data):
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Name = Data[5]

Temp_Iso =
{’p/p0’:pd.Series(Data[0]),’\g(Q)\-(exp)’:pd.Series(
Data[1]),’\g(Q)\-(sim)’:pd.Series(Data[2]),
’Area’:pd.Series(Data[15])}
Temp_Energy = {’f(Q)’:pd.Series(Data[4]),’Q’:pd.Series(Data[3]),
’A’:pd.Series(Data[6]),’width’:pd.Series(Data[7]),
’Q_av’:pd.Series(Data[8]),’alpha’:pd.Series(Data[9]),
’beta’:pd.Series(Data[10]),’gamma’:pd.Series(Data[11]),
’shift’:pd.Series(Data[12]),’width2’:pd.Series(Data[13]),
’width3’:pd.Series(Data[14])}
df_Iso = pd.DataFrame(Temp_Iso)
df_Energy = pd.DataFrame(Temp_Energy)
df_Energy.to_csv(Name+’_EnergyDistribution_RossMethod.txt’)
df_Iso.to_csv(Name+’_Isotherm_exp_vs_calc_RossMethod.txt’)
return print(’finished!!’)

R = sc.R

#############-------------Test-----------------#################

def Ross_Method(Name,Gas,T,Q_avstart,w_start,a1,a2,Iterations,
alpha,beta,gamma,shift,type):

R = sc.R
Data = Data_Import(Name+".txt")
B = BET(Name+".txt",Gas,T)
p0 = Data[’p0’]*1000
p = Data[’p’]*1000
Q = np.arange(0,40000,40000/len(p))
Q_av = Q_avstart
a = w_start
#da = 0
w1 = a1*R*T
w2 = a2*R*T
w = a*R*T
Err = [100]*Iterations
Err[0]=100
#l = 1
if Gas==’Nitrogen’:
tau = 0.00000008
k=1
M=0.02801348
elif Gas=="1Butene":
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tau = 0.0000000000001
k=1
M=0.05611
elif Gas==’Propene’:
if T==227.5:
tau = 0.0000000000001
k=1
elif T==257.5:
tau = 0.0000000000001
k=1
elif T==232.5:
tau = 0.0000000000001
k=1
elif T==237.5:
tau = 0.0000000000001
k=1
elif T==242.5:
tau = 0.0000000000001
k=1
elif T==247.5:
tau = 0.0000000000001
k=1
elif T==252.5:
tau = 0.0000000000001
k=1
M=0.04208
elif Gas=="Ethan":
tau = 0.0000000000001
k=1
M=0.03007
C=k/(1/tau*np.sqrt(2*np.pi*M*R*T))

THET2 = [0]*len(p)
delta = 0
# First Iteration of main peak position
for l in range(0,Iterations):

Q_av = Q_av + delta
a = a #+ da
alpha=alpha#+delta
w = a*R*T
A = 0.001
if type==’Gauss’:
f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
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Gauss(Q,gamma*A,Q_av+2*shift,w2)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I

f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
elif type==’Lognormal’:
f = LogNorm(Q,A,Q_av,w)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I
f = LogNorm(Q,A,Q_av,w)
#while I>1.02 or I<0.98:

I = sy.integrate.simps(f,Q)
#a Min Work: Calculate Iso from model iso and energydist####
for i in range(2,len(p)):
theta = ModelIso(p[i],Q,C,p0,77.,Gas)
THET2[i] = sy.integrate.simps(f*theta,Q)

Theta_exp = Data[’V’]/B[0]

Err[l] = 1/len(p)*sum(np.sqrt(np.abs(1/p)*(THET2-Theta_exp)**2))
delErr = Err[l]-Err[l-1]
if delErr>0:
break

delta = 50

delta = 0
print(’Iterations: position 1st ’,l)
for l in range(0,Iterations):

Q_av = Q_av #+ delta
a = a #+ da
alpha=alpha+delta
w = a*R*T
A = 0.001
if type==’Gauss’:
f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
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Gauss(Q,gamma*A,Q_av+2*shift,w2)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I

f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
elif type==’Lognormal’:
f = LogNorm(Q,A,Q_av,w)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I
f = LogNorm(Q,A,Q_av,w)
#while I>1.02 or I<0.98:

I = sy.integrate.simps(f,Q)

for i in range(2,len(p)):
theta = ModelIso(p[i],Q,C,p0,77.,Gas)
THET2[i] = sy.integrate.simps(f*theta,Q)

Theta_exp = Data[’V’]/B[0]

Err[l] = 1/len(p)*sum(np.sqrt(np.abs(1/p)*(THET2-Theta_exp)**2))
delErr = Err[l]-Err[l-1]
if delErr>0:
break

delta = 0.0005

print(’Iterations: height alpha ’,l)
delta = 0

for l in range(0,Iterations):

Q_av = Q_av #+ delta
a = a #+ da
alpha=alpha#+delta
beta = beta + delta
w = a*R*T
A = 0.001
if type==’Gauss’:
f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
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Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I

f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
elif type==’Lognormal’:
f = LogNorm(Q,A,Q_av,w)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I
f = LogNorm(Q,A,Q_av,w)

I = sy.integrate.simps(f,Q)

for i in range(2,len(p)):
theta = ModelIso(p[i],Q,C,p0,77.,Gas)
THET2[i] = sy.integrate.simps(f*theta,Q)

Theta_exp = Data[’V’]/B[0]

Err[l] = 1/len(p)*sum(np.sqrt(np.abs(1/p)*(THET2-Theta_exp)**2))
delErr = Err[l]-Err[l-1]
if delErr>0:
break

delta = 0
print(’Iterations: height beta ’,l)

for l in range(0,Iterations):

Q_av = Q_av #+ delta
a = a #+ da
alpha=alpha#+delta
gamma = gamma + delta
w = a*R*T
A = 0.001
if type==’Gauss’:
f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
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I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I

f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
elif type==’Lognormal’:
f = LogNorm(Q,A,Q_av,w)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I
f = LogNorm(Q,A,Q_av,w)

I = sy.integrate.simps(f,Q)

for i in range(2,len(p)):
theta = ModelIso(p[i],Q,C,p0,77.,Gas)
THET2[i] = sy.integrate.simps(f*theta,Q)

Theta_exp = Data[’V’]/B[0]

Err[l] = 1/len(p)*sum(np.sqrt(np.abs(1/p)*(THET2-Theta_exp)**2))
delErr = Err[l]-Err[l-1]
if delErr>0:
break

delta = 0
print(’Iterations: height gamma ’,l)

Q_av = Q_avstart
for l in range(0,Iterations):

Q_av = Q_av + delta
a = a #+ da
alpha=alpha#+delta
w = a*R*T
A = 0.001
if type==’Gauss’:
f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
I=sy.integrate.simps(f,Q)
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if I>1.1 or I<0.9:
A = A/I

f = Gauss(Q,A,Q_av,w)+Gauss(Q,alpha*A,Q_av+shift,w1)+
Gauss(Q,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q,gamma*A,Q_av+2*shift,w2)
elif type==’Lognormal’:
f = LogNorm(Q,A,Q_av,w)
I=sy.integrate.simps(f,Q)
if I>1.1 or I<0.9:
A = A/I
f = LogNorm(Q,A,Q_av,w)

I = sy.integrate.simps(f,Q)
#a# Min Work: Calc Iso from model iso and energydist###
for i in range(2,len(p)):
theta = ModelIso(p[i],Q,C,p0,77.,Gas)
THET2[i] = sy.integrate.simps(f*theta,Q)

Theta_exp = Data[’V’]/B[0]

Err[l] = 1/len(p)*sum(np.sqrt(np.abs(1/p)*(THET2-Theta_exp)**2))
delErr = Err[l]-Err[l-1]
if delErr>0:
break

delta = 50
print(’Iterations: position 2nd’,l)

plt.loglog(Data[’p’]/Data[’p0’],Data[’V’]/B[0],’ko’,ms=20,markevery=1,
fillstyle=’none’)
plt.loglog(p/p0,THET2,lw=’3’)

print(A,w,Q_av,alpha,beta,gamma,’Surface Area= ’+str(B[1])+’ m²/g’)

Q_new = np.arange(0,np.max(Q),10)
f_new = Gauss(Q_new,A,Q_av,w)+Gauss(Q_new,alpha*A,Q_av+shift,w1)+
Gauss(Q_new,beta*A,Q_av+1.5*shift,w2)+
Gauss(Q_new,gamma*A,Q_av+2*shift,w2)
plt.figure()
plt.plot(Q_new,f_new)
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return p/p0,Theta_exp,THET2,Q_new,f_new,Name,A,w,Q_av,alpha,
beta,gamma,shift,a1,a2,B[1]

A.2. TEM Image analysis
In this section there will be a detailed description of the TEM image analysis. In section 2.3 two
different relations between the number of particles NP (∝ m ∝ VA) in a cluster and the cross-
sectional area AS are given (equation (2.38) and (2.39)). With these equations one can estimate
the volume and hence the mass of the cluster. By plotting the volume as a function of the size
ξ the mass-fractal dimension Df can be evaluated by applying equation (2.37). The challenge
regarding the evaluation of the TEM images is in how to measure the different dimensions (e.g.
area, size, perimeter) of the clusters.
As analysis tool the mathematical software Maple was used. The original TEM image is a
gray-scale image, which means there are many intensity values (I). The first step will be to
convert this multi-intensity image into a binary image where only black (=cluster) or white (=
no cluster) pixels are present. To achieve this, a threshold value needs to be defined and every
pixel with an intensity above this value is set to be I = 1 and below is set to I = 0 accordingly.
Due to various defects within the image, a second step is required, in which the single black
pixels that are not part of a bigger cluster are removed.

Figure A.1.: Sketch to illustrate the transformation from a continuous to a discrete intensity
distribution.

The following lines of code show this procedure in detail:

AreaApproximation := proc (Bild::hfarray)
local Flaeche, img, img2, img3, x, y, Intensitaet, Schwelle;
Intensitaet := 1;
Schwelle := .5;
img := Create(Height(Bild, lower) .. Height(Bild, upper),
Width(Bild, lower) .. Width(Bild, upper),
proc (x, y) options operator, arrow; 1 end proc);
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img2 := FitIntensity(Bild, Intensitaet .. 0);
img3 := Create(Height(Bild, lower) .. Height(Bild, upper),
Width(Bild, lower) .. Width(Bild, upper),
proc (x, y) options operator, arrow; 1 end proc);
for x from Height(Bild, lower) to Height(Bild, upper) do

for y from Width(Bild, lower) to Width(Bild, upper) do
if Intensitaet*Schwelle <= img2[x, y] then

img[x, y] := 0;
img3[x, y] := 0

end if
end do

end do;
for x from Height(Bild, lower)+iquo(Height(Bild), 100)
to Height(Bild, upper)-iquo(Height(Bild), 100) do

for y from Width(Bild, lower)+iquo(Height(Bild), 100)
to Width(Bild, upper)-iquo(Height(Bild), 100) do

if img[x, y] = 0 and img[x+iquo(Height(Bild), 100), y]
= 1 and img[x, y+iquo(Height(Bild), 100)] = 1 and
img[x-iquo(Height(Bild), 100), y] = 1
and img[x, y-iquo(Height(Bild), 100)] = 1 and
img[x+iquo(Height(Bild), 100), y+iquo(Height(Bild), 100)] = 1
and img[x-iquo(Height(Bild), 100), y+iquo(Height(Bild), 100)]
= 1
and img[x-iquo(Height(Bild), 100), y-iquo(Height(Bild), 100)]
= 1
and img[x+iquo(Height(Bild), 100), y-iquo(Height(Bild), 100)]
= 1
then

img[x-iquo(Height(Bild), 100) .. x+iquo(Height(Bild), 100),
y-iquo(Height(Bild), 100) .. y+iquo(Height(Bild), 100)] := 1

end if
end do

end do;
return img
end proc

With an image of only two intensities as depicted on the right side of figure A.1 the area can
easily be calculated with the mean intensity Imean, which is calculated with Maple via:

Imean =
NblackIblack +NwhiteIwhite

Nblack +Nwhite

(A.3)

with the second equation:

Nblack +Nwhite =(width of image)× (height of image). (A.4)

Equation A.3 is solved for Nblack to get the number of pixels i.e. the cross-sectional area of the
aggregate. This calculation is shown as code-lines in the following:
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NumberofBlack := proc(Bild::anything)
local A,x,y,Hoehe,Breite;
Hoehe:=Height(Bild):Breite:=Width(Bild):
A:=solve({y/(x+y)=Intensity(Bild,mean),x+y=Hoehe*Breite},{x, y}):
assign(A):
return x;
end proc:

With this method, the area of the aggregates can be measured. Two more properties are still
needed to estimate the fractal dimension: i) the perimeter P and ii) the size of the cluster ξ. To
get the perimeter P the edge of a cluster needs to be detected. This is easily achieved by looking
for pixels where the intensity is changed with respect to the neighbouring pixel. A procedure
where this is done is shown in the following:

EdgeDetection := proc(Bild::anything)
local x,y,imgHelp,Hoehe,Breite,xmin,ymin,xmax,ymax,Schwelle,
Intensitaet,
Praezision; Hoehe:=Height(Bild):Breite:=Width(Bild):
Schwelle:=.5:Intensitaet:=1:Praezision:=1:
xmin:=Height(Bild,lower):xmax:=Height(Bild,upper):
ymin:=Width(Bild,lower):ymax:=Width(Bild,upper):
imgHelp:=Create(xmin..xmax,ymin..ymax,(x, y)->1,fit=true):
for x from xmin+Praezision to xmax do

for y from ymin to ymax-Praezision do
if Schwelle*Intensitaet <= abs(Bild[x,y+Praezision]-
Bild[x-Praezision,y]) or
Schwelle*Intensitaet <= abs(Bild[x-Praezision,y]-
Bild[x,y]) or
Schwelle*Intensitaet <= abs(Bild[x-Praezision,y+Praezision]-
Bild[x-Praezision,y]) or
Schwelle*Intensitaet <= abs(Bild[x,y]-
Bild[x-Praezision,y+Praezision]) then

imgHelp[x-Praezision, y]:=0:
end if:

end do:
end do:
return imgHelp:
end proc:

The last missing ingredient for the fractal analysis of the aggregate structure is the size ξ. There
are actually three obvious choices for the size: i) ξ = Rmax the maximum diameter of the
cluster, ii) ξ = Rgyration the radius of gyration and iii) ξ = Rhydrodynamic the hydrodynamic
radius, which is the radius of gyration of only considering the edge of the cluster. To calculate
these radii it is needed to estimate the coordinates of the centre of mass ~RCM of the cluster (see
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figure 4.30 for an illustration).

~RCM =
1

Nall

Nall∑
i

~ri (A.5)

Rmax = max
(∣∣∣~Ri − ~RCM

∣∣∣) (A.6)

Rgyration =
1

Nall

Nall∑
i=1

∣∣∣~Ri − ~RCM

∣∣∣ (A.7)

Rhydrodynamic =
1

Nedge

Nedge∑
i=1

∣∣∣~Ri − ~RCM

∣∣∣ (A.8)

The respective Maple code is as follows:

SchwerpunktBestimmung := proc(Bild::anything)
local x,y,xs,ys,xmin,xmax,ymin,ymax,N,X,Y,SP:
xmin:=Height(Bild,lower):xmax:=Height(Bild,upper):
ymin:=Width(Bild,lower):ymax:=Width(Bild,upper):
N:=round(NumberofBlack(Bild)):
X:=0:Y:=0:
for x from xmin to xmax do

for y from ymin to ymax do
if Bild[x,y]=0 then

xs:=x:ys:=y:
X:=X+xs:Y:=Y+ys:

end if:
end do:

end do:
SP:=evalf([X/N,Y/N]):
return SP:
end proc:

MeanSizeOf := proc(Bild::anything)
local x,y,xs,ys,xmin,xmax,ymin,ymax,SP,diffx,diffy,RGyr,N,R,
R1,Rmax,Groesse,Groessemin,i;
read("SchwerpunktBestimmung"):
SP:=SchwerpunktBestimmung(Bild);
xs:=SP[1]:ys:=SP[2]:
xmin:=Height(Bild,lower):xmax:=Height(Bild,upper):
ymin:=Width(Bild,lower):ymax:=Width(Bild,upper):
N:=round(NumberofBlack(Bild)):
Rmax:=Array(1 .. N):R:=1:R1:=0:
diffx:=0:diffy:=0:
i:=1:
for x from xmin to xmax do

for y from ymin to ymax do
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if Bild[x, y] = 0 then
diffx:=abs(x-xs):diffy:=abs(y-ys):
R:=evalf(sqrt(diffx^2+diffy^2)):
Rmax[i]:=R:
i:=i+1:
R1:=R1+R:

end if:
end do:

end do:
Groesse:=max(Rmax):
Groessemin:=min(Rmax):
RGyr:=evalf(R1/N):
return RGyr:
end proc:

Finite size effects:
Maple is converting each TEM-image into a matrix with entries of the intensity at each pixel.
Accordingly, the speed with which the program can scan through the matrix is depending on
the size of the image. The original images were taken with a resolution of 4 megapixels (MP)
which leads to very computationally expensive calculations when analysing several thousands
of individual clusters. To reduce the effort, the size of the images was reduced by a factor of 100
(200 × 200 instead of 2000 × 2000 pixels). This leads to a much faster calculation, but also to
unwanted side effects. One of this is the so called finite size effect. The images consist of single
pixels and by reducing the resolution the accuracy of describing shapes (e.g. of clusters) with
these low amount of pixels is reduced. To take into account this inaccuracy, 1000 test-images
with circles of different diameter were created and analysed.

Figure A.2.: Typical example of small sized circle with finite size effects due to a limited amount
of pixels.

Depicted in figure A.3 is the scaling of the perimeter P , volume V and area A for spheres
with different radius. As expected, the scaling turns out to be S ∝ R, A ∝ R2 and V ∝ R3

respectively. This serves as proof of concept for the calculation of the different values in the
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Figure A.3.: Perimeter area and volume calculated for 1000 spheres of different radii.
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Figure A.4.: Perimeter of 1000 spheres measured vs. calculated with i) radius of gyration Rgyr

and ii) maximum radius Rmax.

analysis explained in the text above. For radii between 10 and 20 pixels one observers a bit
more deviation from the perfectly linear behaviour, which is a first hint on some finite-size
effects (see figure A.2). Additionally to the area and the volume of spheres, the perimeter
is used as one important measure. In figure A.4 the measured perimeter is compared to two
different calculated values. One of those perimeters was calculated with the maximum radius of
the sphere, whereas the other was using the radius of gyration. It turns out that for the maximum
diameter an almost perfect correlation is found. For the radius of gyration a small correction
needs to be considered.
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The finite size effects gets more obvious if not only the volume itself is considered but the
volume-fraction of each aggregate (here: spheres) ΦA as the ratio of volume which is measured
and a sphere with radius Rmax.

ΦA =
VSphere
4

3
πR3

max

(A.9)

This volume fraction in case of spheres (or circles as their respective 2-D-projections) should
always be equal to one. In figure A.5 the deviation becomes very obvious for small radii. In
case of spheres with radius larger than 30 pixels the error becomes less than 2 % of the expected
theoretical value.
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Figure A.5.: Solid volume fraction Φ for spheres with different radii Rhydrodynamic.
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