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Zusammenfassung (Abstract)

Aufgrund seiner hervorragenden Elastizität und Langlebigkeit wird vernetzter Naturkautschuk
(NR, natural rubber) in einer Vielzahl von Produkten eingesetzt, von Reifen bis hin zu Luftfed-
ern. Während ihrer langen Lebensdauer werden die Produkte durch thermische Oxidation
gealtert und durch die lang anhaltende große Verformung ermüdet. Daher wurden der
Alterungsmechanismus von NR sowie die relevanten Charakterisierungsmethoden intensiv
untersucht. Der Alterungseffekt auf die dynamisch-mechanischen Eigenschaften dieser viskoe-
lastischen Materialien wird üblicherweise mittels linearer Rheologie mit den Parametern
Elastizitätsmodul, G′, und dem Verlustfaktor, tanδ, bewertet. Im nichtlinearen viskoelastis-
chen Bereich ist das sinusförmige Drehmomentssignal jedoch verzerrt (nichtlinear). Der
nichtlineare Teil wurde in dieser Arbeit quantifiziert, um dessen physikalische Bedeutung
besser zu verstehen. Die Fourier-Transformations-Rheologie (FT-Rheologie) als kürzlich
entwickelte Technik kann die Nichtlinearität durch Fourier-Transformation des Drehmo-
mentssignals direkt quantifizieren. Um die Netzwerkstrukturänderung nach dem Altern zu
charakterisieren, wird zusätzlich die 1H Kernspinresonanz (NMR) Relaxometrie in der Zeit
Domäne eingesetzt. Im Vergleich zu herkömmlichen Methoden ist das Zeit-Domänen-NMR
zügiger und liefert umfangreiche Informationen über die Dynamik der Polymerketten im
Nanometerbereich.

In der vorliegenden Arbeit wurden die rheologischen Eigenschaften und die Netzwerkstruk-
turen von NR erfolgreich mit Wirkung von Heißluft oder mechanischer Alterung bewertet.
Die rheologische Nichtlinearität wurde durch die relative Intensität der 3. Harmonischen
der Anregungsfrequenz I3/1 aus der FT-Rheologie quantifiziert. Das Füllernetzwerk und
das Polymernetzwerk induzieren eine rheologische Nichtlinearität bei charakteristischen
Dehnungsamplituden von γcF = 2,5% bzw. γcP = 70%. Die Vernetzungsdichte und die Menge
der Defekte wurden mittels 1H-Doppelquanten-Kernspinresonanz (DQ-NMR) hinsichtlich
der verbleibenden dipolaren Kopplungskonstante und der Defektintensität Dres bzw. Idef
untersucht.

Bei einer aeroben Alterung bei 70 ◦C für 28 Tage nimmt die Vernetzungsdichte zu, was zu
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Zusammenfassung (Abstract)

einer höheren Elastizität und einem verringerten I3/1 führt. Bei einer aeroben Alterung bei
120 ◦C für 3 Tage nimmt die Vernetzungsdichte zu Beginn zu, führt jedoch später zu einer
breiteren Maschengräoßenverteilung mit mehr Defekten. Des Weiteren nimmt die rheologische
Nichtlinearität des Materials im Frühstadium zunächst zu und dann ab. Im Vergleich zu den
mit Heißluft gealterten Proben wurden in den mechanisch gealterten Proben ca. 100 µm
lange Risse gefunden. Das Intensitätsverhältnis I3/1 bei γ0 = 70% nimmt in Abhängigkeit
von der Anzahl Ermüdungszyklen und dem Streckverhältnis kontinuierlich ab, während das
Polymernetzwerk nach der Ermüdung laut DQ-NMR Ergebnissen stabil ist. Der Abfall der
rheologischen Nichtlinearität durch Ermüdung kann auf die Mikrorisse zurückgeführt werden,
die zwischen den Rußagglomeraten (CB, carbon black) und der Kautschukmatrix erzeugt
werden.

In Anbetracht der Ergebnisse aus beiden Charakterisierungsmethoden kann die Änderung
des Polymernetzwerks auf molekularer Ebene während der Heißluftalterung durch DQ-NMR,
jedoch nicht unter Verwendung der Mikroskopie, nachgewiesen werden. Die resultierenden
Risse in mechanisch gealterten Proben können unter dem Mikroskop im Mikrometerbereich
beobachtet werden, aber die DQ-NMR kann diese nicht differenzieren, da die mittlere Än-
derung des Polymernetzwerks im Nanometerbereich durch Risse vernachlässigbar ist. Das I3/1

bei γ0 = 70% reagiert jedoch auf beide strukturellen Änderungen im NR-Komposit. Darüber
hinaus zeigt I3/1 im Vergleich zu den linearen rheologischen Parametern G′ und tanδ eine
höhere relative Empfindlichkeit gegenüber dem Alterungseffekt auf NR sowohl bei aeroben
als auch bei mechanischen Ermüdungsbedingungen bei hohen Temperaturen.

Abstract in English:
Owing to its excellent elasticity and endurance, crosslinked natural rubber (NR) is used in a
wide range of products from tires to air suspension springs. During their long term service
life, the products are aged by thermal-oxidation and fatigued by the longstanding large
deformation. Thus, the aging mechanism of NR as well as the characterization methodology
have been intensively investigated. The aging effect on the dynamic mechanical properties of
this viscoelastic material is commonly evaluated via linear rheology with parameters such
as the elastic modulus, G′, and the loss factor, tanδ. However, in the nonlinear viscoelastic
regime, the stress response signal is already distorted (nonlinear) and the nonlinear portion
is also worth quantifying to further understand the physical meaning. Fourier-transform rhe-
ology (FT-rheology) as a recently developed technique can directly quantify the nonlinearity
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through Fourier transformation of the signal. In addition, to reveal the network structural
change after aging, 1H nuclear magnetic resonance (NMR) in time domain can be employed.
Compared to conventional methods, time domain NMR is more efficient and contains rich
information about the polymer chain dynamics.

In the presented work, the rheological properties and the network structures of NR were
successfully evaluated with effect of hot-air a or mechanical aging. The rheological nonlin-
earity was quantified by the relative intensity of the 3rd harmonic, I3/1, from FT-rheology.
The filler network and polymer network induces rheological nonlinearity at characteristic
strain amplitudes of γcF = 2.5% and γcP = 70%, respectively. The crosslink density and
the amount of defects were investigated by 1H double quantum nuclear magnetic resonance
(DQ-NMR) in terms of the residual dipolar coupling constant and the intensity of network
defects, Dres and Idef , respectively.

For aerobic aging at 70 ◦C for 28 days, the crosslink density increases, leading to a higher
elasticity G′ and a reduced I3/1. For aerobic aging at 120 ◦C for 3 days, the crosslink density
increases at the beginning, but later turns into a broader mesh size distribution with more
defects. Accordingly, the rheological nonlinearity of the material increases in the early stage
and then decreases. Compared to the hot-air aged samples, there were ca. 100 µm long
cracks found in the mechanically aged samples. The I3/1 at γ0 = 70% continuously decreases
as a function of the fatigue cycles and the stretch ratio, whereas the polymer network is
stable after fatigue, according to DQ-NMR. The drop of rheological nonlinearity after fatigue
can be attributed to the micro-cracks generated between the carbon black (CB) agglomerates
and the rubber matrix.

Considering the characterization methodologies, the alternation of polymer network at
molecular level during hot-air aging can be revealed via DQ-NMR but not using microscopy.
The resulting cracks in mechanically aged samples can be observed under microscope at
micrometer scale, but the DQ-NMR is similar since the polymer network change is neglectable
at nanometer scale. However, the I3/1 at γ0 = 70% response to both structural changes in
the NR composite. Furthermore, compared to the linear rheological parameters, G′ and tanδ,
I3/1 exhibits higher relative sensitivity to the aging effect on NR at both high temperature
aerobic and mechanical fatigue conditions.
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Nomenclature

Abbreviations
6PPD N -(1,3-dimethylbutyl)-N ′-phenyl-p-phenylenediamine, the anti-

oxidant used in rubber
ADC Analogue-to-Digital Converter
BPP Bloembergen-Purcell-Pound model in NMR theory
BR Butadiene Rubber (polybutadiene homopolymer)
CB Carbon Black
CBS N -cyclohexyl-2-benzothiazole sulfenamide, used as rubber

crosslinking accelerator
CPMG Carr-Purcell-Meiboom-Gill NMR pulse sequence
CV Conventional Vulcanization
DSC Differential Scanning Calorimetry
DQ Double Quantum in NMR theory
DQ-NMR Double Quantum Nuclear Magnetic Resonance
EDSX Energy Dispersive Spectrometer of X-rays
EV Efficient Vulcanization
FID Free Induction Decay
FT Fourier Transform
FTIR Fourier Transform Infrared Spectroscopy
FT-rheology Fourier Transform Rheology
I.D. Inner Diameter
ILT Inverse Laplace Transformation
kc kilocycles of stretching for mechanical fatigue
LAOS Large Amplitude Oscillatory Shear
LVE Linear Viscoelastic regime
MAOS Medium Amplitude Oscillatory Shear
MSE Magic Sandwich Echo NMR pulse sequence
MWD Molecular Weight Distribution
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Nomenclature

NMR Nuclear Magnetic Resonance
NR Natural Rubber (mainly cis-1,4-polyisoprene from natural source)
NVE Nonlinear Viscoelastic regime
PDI Polydispersity Index
phr parts per hundred rubber by weight, unit used in rubber formu-

lations
PI Polyisoprene
PS Polystyrene
RD Recycle Delay time in NMR experiments
RDC Residual Dipolar Coupling in DQ-NMR
RF Radio Frequency electromagnetic waves in NMR experiments
RheoNMR the setup combined Rheometer with NMR
RT Room Temperature
SAOS Small Amplitude Oscillatory Shear
SBR Styrene-Butadiene Rubber (polystyrene-butadiene copolymer)
SR Synthetic Rubber, to differentiate from NR
SEM Scanning Electron Microscopy
SEV Semi-Efficient Vulcanization
TQ-NMR Time Domain Nuclear Magnetic Resonance
TTS Time Temperature Superposition to build the master curve of

the materials’ properties measrued at a variety of temperatures
XmCT X-ray micro-Computed Tomography
xx4 CPMG pulse sequence with alternating phase cycling via +x and

-x axis in NMR relaxometry
WLF Williams–Landel–Ferry equation for TTS
ZnO Zinc Oxide

Greek symbols
α crosslinking degree
β stretch/compress factor in an exponential function for the T2

relaxation time analysis in NMR relaxometry
γ shear strain in rheology; magnetogyric ratio in NMR
γ0 shear strain amplitude
γc critical shear strain amplitude for rheological nonlinearity
γcF critical shear strain amplitude of filler network
γcP critical shear strain amplitude of polymer network
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γcF−P critical shear strain amplitude of non-reinforcing filler filled poly-
mer system

γmin minimum shear strain amplitude for the onset of the scaling law
γmax maximum shear strain amplitude to tear the network
δ phase lag angle, the angle of the mechanical loss factor
δ1, δ3, δ5 ... the phase angle in the Taylor’s series for a nonlinear, symmetric

stress response, with the odd subscript associated with the exited
and odd higher harmonics

ε0 stretching ratio for mechanical aging
η viscosity, [Pa·s]
η? complex viscosity, [Pa·s]
|η?| absolute value of the complex viscosity, [Pa·s]
θ instantaneous orientation angle of a freely joint Kuhn segment

vector, −→l , with respect to the end-to-end vector, −→R , in polymer
chain dynamics

ν crosslink density of bulk rubber, i.e. the number of crosslinks per
volume

ρ mass density
σ shear stress, [Pa]
σ′ shear stress in phase with the shear strain
σ′′ shear stress in phase with the shear strain rate
σD standard deviation of Dres distribution
τ relaxation time in rheology; evolution time in NMR
τc correlation time
τd longest relaxation time of polymer melts
τDQ double quantum build-up evolution time intervals
τrec recovery time intervals in NMR relaxometry
tanδ mechanical loss factor
tanδ0 mechanical loss factor in LVE
φ volume fraction of the filler in rubber compounds
ω oscillatory deformation frequency in unit of [rad/s]
ω0 Lamor frequency in −→B0 field in unit of [rad/s]
ω1 the basic frequency to excite the oscillatory deformation in unit

of [rad/s]
ω1/2π the basic frequency to excite the oscillatory deformation in [Hz]
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Nomenclature

ωc/2π crossover frequency of G′ and G′′ at the longest relaxation time
τd

∆ω/2π the width of dipolar coupling frequency
ωL Lamor frequency in −→B0 field in unit of [rad/s]

Latin symbols
aT horizontal shifting factor for the frequencies to build-up master-

curve following the TTS
−→
B0 static magnetic field
−→
B1 oscillating magnetic field
C1, C2 empirical constants in the WLF equations
C(t) polymer chain orientation autocorrelation function
D diameter of the NMR glass tube, rheometer geometry, etc.
De Debroah number in rheology, dimensionless
Dstatic static limit of dipolar coupling constant
Dres residual dipolar coupling constant
Dres average Dres in the distribution curve from the regularization of

double quantum build-up curve
Dres,n number averaged Dres in the normalized ILT distribution of the

spin-spin relaxation signals in NMR
∆E splitting energy of the spins
G shear modulus, [Pa]
G′ storage/elastic modulus, [Pa]
G′0 storage/elastic modulus in LVE, [Pa]
G1, G3, G5 ... the Taylor’s expansion prefactors for a nonlinear but symmetric

stress response, with the odd subscript associated with the basic
and odd higher harmonics

gi distribution amplitude after ILT of NMR transversal relaxation
G′max the maximum elastic modulus in the plateau curing period of

rubber vulcanization, [Pa]
G′min the minimum elastic modulus in the induction period of rubber

vulcanization, [Pa]
G′′ loss/viscous modulus, [Pa]
G? complex modulus, [Pa]
|G?| absolute value of the complex modulus, [Pa]
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h Plank’s constant; distance between the moving plane to the fixed
plane for shear strain calculation

I the value of spin in quantum physics
I1, I3, I5 ... the intensities of FT spectra of a nonlinear but symmetric stress

response in FT-rheology, with the odd subscript associated with
the exited and odd higher harmonics

I3/1 relative intensity of the 3rd higher harmonic
I3/1(γ0=2.5%) I3/1 at oscillatory shear strain amplitude of 2.5%, representing

th e rheological nonlinearity of filler network of the CB filled NR
in this thesis.

I3/1(γ0=70%) I3/1 at oscillatory shear strain amplitude of 70%, representing
th e rheological nonlinearity of polymer network of the CB filled
NR in this thesis.

In/1 relative intensity of the nth higher harmonic
Idef content of network defect
IDQ double quantum build-up intensity in DQ-NMR measurement
InDQ normalized double quantum build-up intensity in DQ-NMR mea-

surement
Iref referential intensity in DQ-NMR measurement
IM intensity of the mobile chains in the normalized transversal re-

laxation
IR intensity of the rigid chains in the normalized transversal relax-

ation
kB Boltzmann’s constant
k the growth exponent of I3/1(γ0)
−→
l the vector of one freely rotating chain segment in polymer
L/D the reptation tube length to diameter ratio in Doi-Edwards model
Lnoise level of noise in FT-rheology
∆l the moved distance of the moving plane for shear strain calcula-

tion
−→
M vector of magnetization
M0 magnetization at equilibrium in filed of −→B0

Mc molecular weight between two crosslinks
Me entanglement molecular weight
mI magnetic quantum number
Mn number averaged molecular weight of polymer
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Nomenclature

Mrec recovered magnetization in NMR relaxometry
M(t) magnetization at evolution time t
Munit molecular weight of the repeating unit of polymer
Mw weight averaged molecular weight of polymer
N number of statistical chain segment (the freely jointed Kuhn

segments); the total number of available spin states
n utmost nonlinearity in the growth function of I3/1(γ0)
Nf number of cycles for failure, i.e. the failure life
nF utmost nonlinearity of filler network
nP utmost nonlinearity of polymer network
3Q0 intrinsic rheological nonlinearity extrapolated from the quadratic

relationship of I3/1 to a infinite small strain in FT-rheology
R universal gas constant
−→
R end-to-end vector of the chain segments between two fixed

crosslinks
Reff effective radius of the branches of filler aggregates or clusters
〈RG〉 radius of gyration of the polymer chain
Sb dynamic order parameter of the polymer backbone
T temperature; also Tesla, unit of magnetic flux density, = N

C·ms−1 ,
depending on the context

t time
tcuring the curing time for rubber vulcanization
T1 longitudinal relaxation time (spin-lattice relaxation)
T2 transversal relaxation time (spin-spin relaxation)
1/T2 transversal relaxation rate
T2M transversal relaxation time of relative mobile chains
T2R transverse relaxation time of relative rigid chains
t90 time length of 90◦ NMR pulse
t180 time length of 180◦ NMR pulse
Tg glass transition temperature
Tref reference temperature to build a master curve in TTS
txx4 evolution time of T2 relaxation with xx4 pulse sequence
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1. Introduction

In this chapter, the significance of the natural rubber (NR) as a widely used engineering
material and its aging behavior are going to be introduced. Conventionally, the dynamic
mechanical properties of NR during aging are characterized via linear rheology. However, in
the nonlinear viscoelastic regime of the material, the rheological nonlinearity is also worthy to
be investigated. As the state of the art, Fourier transform rheology (FT-rheology) technique
is explained in both theory and application perspectives for the nonlinearity quantification of
polymeric materials. The NR chain structures during aging can be revealed via time domain
nuclear magnetic resonance (TD-NMR) through the polymer chain dynamics at nanometer
scale. This molecular level properties later could be correlated to the rheological response on
the macroscopic scale. Compared to the traditional approach for chain structure analysis
of NR, such as swelling equilibrium test in solvent and differential scanning calorimetry,
TD-NMR is more operationally friendly and contains a wealth information of the crosslinked
chains in the vulcanizate.

1.1. Aging of Natural Rubber (NR)

1.1.1. NR and the vulcanization

In the past century, traditional materials such as metal, concrete and wood have been
increasingly replaced by polymeric materials with more tunable properties and shape, such
as plastics, fibers and rubbers. Due to the excellent elasticity, good durability and chemical
corrosion resistance, crosslinked rubbers have became an irreplaceable material nowadays in
wide range of products, ranging from bottle seals to running tires.

The term "rubber" in English originally used for the material derived from the tree Hevea
brasiliensis, which can rub off pencil marks. Nowadays, this product is specified as the
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1. Introduction

natural rubber (NR), distinguished from the man-made rubbers, e.g. synthetic polyisoprene
rubber (IR), polybutadiene rubber (BR), polystyrene butadiene rubber (SBR), etc. It
was known as "cahutchu" (Kautschuk in German) to the native Latin Americans before
the geographic discovery of Columbus. The milky sap from Havea tree was found to be
waterproof, stretchable and became elastic when it was dried. The development history of
NR can be fund in Table 1.1. In the 1830s, people formed rubber into waterproof articles
such as shoes, mailbags, etc. However, the beginning of the natural rubber industry was on
the verge of collapse due the poor properties of this material, e.g. melting in the summer
and cracking in the winter.

Table 1.1: Chronology of the important development of natural rubber material [1].

Year Usage and Development
before 1500 used by native American tribes as play balls, articles for waterproof
after 1500 native rubber articles brought to Europe, though no commercial use

1745 Charles Marie de al Condamine from France made first report about this
material

1770 Priestly, an English chemist, gave the name "rubber" since this material
can rub off pencil marks

1790–1830 patents and factories of rubber started in England and the United States
1839 Goodyear discovered the vulcanization of rubber, significant improvement

of the properties
1846 solid rubber tires for carriage by Thomas Hancock

from 1870s transplanting the rubber tree from South America to the Far East
1888 first pneumatic tire by John Dunlop in England
1912 rubber from Southeast Asia exceeded the output of Brazil for the first time

1920–1940 price of rubber underwent wide fluctuations during the World Wars as a
strategic material for tires, boots and auto parts

1942 development of synthetic rubbers (SR)
from 1964 competition between SR and NR, forced the traditional NR process to

adopt technically specified standard rubber
1979 major producing and consuming countries reached an aggreement in Geneva

to stabilize world NR market prices
2018 worldwide consumption of NR reached 13.9 million tonnes [2], almost the

total consumption of all types of SRs

The revolution of natural rubber industry started in 1840s after Charles Goodyear (1800–
1860, American) [3] coincidentally discovered the vulcanization process of NR by sulfur. The
self-taught chemist was obsessed with finding a solution to stabilize the rubber, even leaving
his family in debt to finance his experiments. Following many years of failure, Goodyear

2



1.1. Aging of Natural Rubber (NR)

accidentally combined rubber and sulfur upon a stove. Out of his expectation, the rubber
did not melt but hardened with the raised heat. This is a chemical crosslinking process of
rubber with sulfur by heating, specially termed as vulcanization.

Before dedicating into the chemical aging process of crosslinked NR, the chemical structures
of the rubber molecules and the crosslinks are introduced. The main constituent of NR [4]
is cis-1,4-polyisoprene, as shown in Figure 1.1, with a molecular weight between 100k to
1,000k daltons. Typically, a small percentage of other materials such ash proteins, fatty
acids, resins and salts are also found in NR. However, during manufacturing of NR, some
of those components could be removed or decreased. At raised heat or pressure, the sulfur
will react occasionally with the unsaturated C=C bonds in polyisoprene to build up sulfidic
bridges between the NR chains. Finally, a three-dimensional network is formed. Nowadays,
vulcanization is the generalized term for all kinds of crosslinking process for rubber products,
including the saturated rubbers crosslinked by peroxides.

Figure 1.1: Schematic vulcanization of NR at the molecular and monomer level.

The harvest of rubber latex and manufacturing process of NR can be found in Figure 1.2.

3



1. Introduction

To harvest the latex from Havea tree, a thin layer of the fresh bark is cut by a sharp hook
shaped knife. The white sap from exposed vesicles is then tapped and collected into a tapper
cup. The rubber molecules in the latex are coagulated by adding dilute acid such as formic
acid. By passing through a textured rolling mill, the water from the coagulum is squeezed
out. The ribbed rubber sheets are then drying upon smoke to produce ribbed-smoked natrual
rubber sheets (RSS). Instead of the RSS process, technically specified natural rubber (TSR)
is often produced to grade the rubber more precisely by controlling the contents of impurities
such as dirt, ash, protein and volatile matters. The coagulum is granulated into crumbs and
some impurities get removed at the same time.

Figure 1.2: Manufacturing process of natural rubber.

During fabrication, the quality of the NR is controlled and graded [5] in a quick measure by
testing the Wallace plasticity of the plasticity retention index (PRI) [6]. The unvulcanized
NR is prepared into 3.4 mm thick disks with a diameter of 13 mm and aged in oven at 140 ◦C
for 30 min. Both the original and the aged specimens are submitted to a Wallace Plastimeter
and compressed at 100 N for 15 s. The Wallace plasticity is 100 times the final thickness of
the test piece as expressed in unit of 0.01 mm. The PRI is calculated as PRI = (plasticity
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1.1. Aging of Natural Rubber (NR)

aged/plasticity original)×100. The crumbs are finally compressed into standard cubic TSR
bale of typically 35 kg and wrapped by polyethylene film for easy storage and transportation.
The top three NR producer countries are Thailand, Indonesia and Malaysia, which together
account for about 70% of the global natural rubber production.

After mixing (compounding with crosslinking agents and other additives), shaping and
vulcanization process, NR can be made into shoes, balloons, tubes, tires, etc. with good gas
permeability, hyperelasticity and long life durability. In 2018, the worldwide consumption of
NR reached 13.9 million tonnes [2], almost the same as the total consumption of all types of
synthetic rubbers. This is due to two main reasons: 1. there are some unparalleled mechanical
properties of NR comparing to SR, such as the hyperelasticity, high tear resistance; 2. the
growing concern for the consumption of fossil oil and its derivatives for SR.

Besides the crosslinking agents, NR is used either pure or blended with additives such as
softener, anti-aging agents, fillers to improve the process efficiency, mechanical properties or
to reduce the cost of the final products. Therefore, NR vulcanizates consist of many varieties,
depending on the vulcanization systems and type of fillers or other blended polymers as
matrix. However, in this thesis, NR vulcanizate related to car tires are the focus since this a
one of the main products in NR industry. Following the core of the topic, the aging properties
of NR, the anti-aging agents are going to be introduced in detail in next sections about aging
process of NR vulcanizate.

Neat NR vulcanizates only exhibit low mechanical properties that are not useful in many
applications until they are blended with high surface energy solid particles, i.e. reinforcing
fillers [7] like the carbon black (CB). By mixing those fillers into NR, the modulus of the
products can be highly improved to meet the engineering needs. Compared to the rubber
matrix, the solid particles of the fillers show several orders of magnitude higher in modulus,
stiffness, hardness. Therefore, it is reasonable to expect mixing of those fillers into rubbers
will result in composites with improved macroscopic mechanical properties of the unfilled.
Moreover, non-reinforcing fillers such as clay, organic treated montmorillonite, aluminum
trihydrate are blened into the composites to reduce the cost, improve the flame retardant
properties and etc. Regarding the NR composites for tires, fillers with their reinforcing
capabilities are of main interest. These fillers include CB and silanized silica. A precise
definition of the term "reinforcement" [8] is difficult since it depends on the experimental
conditions and the intended effects of the filler addition. However, it appears preferable
to regard reinforcement broadly as the improvement of the mechanical properties of the
composites by a filler.
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Figure 1.3: Transmission electron microscopic images of CB aggregates of different grads [9]
and silica clusters in SBR rubber matrix with different silane contents [10]. In the grade
number of CB reading as N - - -, the first digit indicates the size of the primary particle.
The second and third digits stand for the structure of the CB aggregates. The silane in
silica-containing compound is added as a coupling agent to bind the polar filler surface with
the non-polar rubber matrix so that the compatibility can be improved.

The structure of CB and silica can be found in Figure 1.3. The primary particles of CB
is between 10–90 nm and 4–20 nm that of silica. The CB are fabricated from controlled
heat decomposition of hydrocarbon products (oil or gas). During the fabrication of CB, the
primary particles in shape of sphere fuse together into three dimensional aggregates. Those
aggregates can not be separated during mixing with rubber or deformation of the composites.
The entanglement of aggregates form the agglomerates, which are finally pelletized into
millimeter size granules. The aggregates can adsorb the rubber chains with high surface
energy and high specific surface area, then the modulus of the composites increase with the
CB network. Silica are normally prepared either by pyrogenation of silica tetrachloride or
by precipitation from the solution of alkaline silicates. The polar chemical groups on silica
particles can be modified by silane to improve the compatibility with hydrophobic diene
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rubbers. When compared to CB filled rubber, silanzied silica filled rubber maintains lower
viscous dissipation and therefore lower rolling resistance (i.e. lower gasoline consumption for
the car). Therefore, the tire made from this type of rubber tread is called "green tire".

1.1.2. Chemical aging of NR

To understand the possible chemical aging process of NR vulcanizate, we need to start with the
chemical structures of the whole network, including the structure of the crosslinks. For rubber
vulcanization, there are mainly three choices of crosslinking systems: 1) peroxide vulcanization;
2) unaccelerated sulfur vulcanization and 3) sulfur vulcanization with accelerators. With
respect to peroxide crosslinking, the network is built up through carbon-carbon crosslinks.
The chemical aging process mainly occur on the unsaturated C=C bonds on the rubber
backbone, where the chemical bond energy is lower than that of saturated C-C bonds. In
this thesis, NR vulcanizates used in tires are selected as the only focus, which are accelerated
sulfur vulcanization systems. In addition, mainly the thermal induced or thermal-oxidation
induced chemical aging processes are of interest for tire related rubbers.

With respect to sulfurated NR vulcanizates, the possible crosslink features can be found
in Figure 1.1 as mono-, di- and polysulfide. Those structures in sulfur-NR or synthetic
polyisoprene systems and the quantities have been systemically elucidated in 1960s, e.g. by
the British Natural Rubber Producers’ Research Association. They studied the crosslinking
efficiency of unaccelerated sulfur-NR system [11, 12] and the vulcanization in presence of
zinc oxide [13]. Triphenylphosphine and sodium di-n-butyl phosphite was used to determine
the type of sulfur linkages [14]. Besides, the crosslinking density can be calculated from
stress-strain curves and equilibrium volume swelling measurements [15]. The types of the
crosslinks were determined by the chemical structures of the accelerators, the cure time
and temperatures [16–18], in comparison with the peroxide vulcanized system [19]. After
cleavage of disulfide crosslinks through thiol-difulfide interchange reaction [20], the structure
of accelerator residues bounded on the network [21] with radioactive 14C labels was tracked
during different curing conditions [22]. Those established methods were summarized by
Moore, Porter, Campbell and co-workers [23].

To classify the dominate population of different type of sulfidic crosslinks in sulfur-NR systems,
we need to introduce the concept of vulcanization efficiency of the sulfur atoms. This has
been widely applied in rubber industry. This efficiency parameter E [23] is defined as the
ratio between the amount of bonded sulfur and the the amount of the chemical crosslinks per
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network:

E = number of combined sulfur atoms/network
number of chemical crossliks/network (1.1)

The vulcanization of NR by sulfur alone requires E = 40–55 sulfur atoms for each crosslink.
The curing process is extremely slow, e.g. taking almost 6 hours to complete at 140 ◦C ,
which is uneconomical by view point of production. Furthermore, the final products do
not maintain adequate mechanical properties due to the poor resistance of the polysulfides
to thermal-oxidative degradation. However, this drawback has been overcame through the
invention of accelerators. The accelerators can increase the speed of vulcanization and permit
lower curing temperature with greater sulfur efficiency with E = 2–20. Normally, with
assistance of zinc oxide and stearic acid, the accelerator can be activated for the vulcanization
reaction. The chemical classification of accelerator includes, vulcanization speed from slow to
fast, aldehyde amine, guanidine, thiazole, sulfenamides, thuiram, etc.

According to the vulcanization efficiency, the accelerator-sulfur-NR systems can be categorized
as Conventional Vulcanization (CV), Semi-Efficient Vulcanization (SEV) and Efficient
Vulcanization (EV). Rubber with different vulcanization systems generate varying sulfidic
crosslink compositions during vulcanization and thus exhibit distinctively for heat aging
resistance as listed in Table 1.2.

Table 1.2: The types of the sulfidic crosslinks in NR vulcanizates from the three accelerator-
sulfur vulcanization systems and the corresponding properties [24, 25].

Vulcanization CV SEV EV
Curing agents composition
Sulfur [phr] 2.0–3.5 1.0–1.7 0.4–0.8
Accelerator/sulfur ratio 0.1–0.6 0.7–2.5 2.5–12
Sulfidic crosslinks
Poly- & disulfidic (%) 95 50 20
Monosulfidic (%) 5 50 80
Cyclic sulfide concentration high medium low
Properties
Reversion (inverse reaction of crosslinking) high medium low
Low temp. crystallization high medium low
Heat-aging resistance poor medium good

In the CV system, the accelerator/sulfur ratio is relatively low, resulting in high contents
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of polysulfide crosslinks (R-Sx-R), with R as the rubber hydrocarbon chain and Sx as the
crosslinks contains more than 2 sulfur atoms. To the contrary, the accelerator/sulfur ratio is
relatively high in EV systems, leaving a mono- and disulfide (R-S1-R and R-S2-R ) crosslinks
dominated networks. Those different type of crosslinks together with the unsaturated C=C
bonds on the network backbone do determine the heat and oxidization resistance. During
vulcanization or chemical aging, the quantities of different types of bridges can be analysed by
the selective cleavage with special chemicals, e.g. triphenylphosphine and sodium di-n-butyl
phosphite in benzene [12,14]. Using high resolution solid state 13C nuclear magnetic resonance
spectroscopy [26], the backbone structures after vulcanization or aging can be analyzed. The
density of the crosslinks can be quantified via the stress-strain curve, the freezing point
depression of solvent in the swollen network and volume of swelling in equilibrium techniques
as mentioned before.

With respect to the chemical aging of NR, it takes place in two ways, either by the cleav-
age on the unsaturated backbones, e.g. via free radical triggered oxidation, or through
modification of the sulfidic crosslinks. The chemical bond scission on the macromolecules
cause the degradation of the polymer. The initiation of the chain scission include thermal,
photochemical, radiation chemical, biological processes on the weak points of with lower
bond dissociation energy. Impurities, additives and metal ions present in the material can
react with the polymeric matrix at sufficient high temperature. Under photon radiation by
ultraviolet or visible light, polymer chains could also degrade.

Specified for NR vulcanizates in tire products, it is mainly thermal modification and thermal-
oxidation involved reactions for the chemical aging. This type of aging in lab is normally
conducted in the lab via an oven with air at elevated temperatures [27] to mimic or accelerate
the aging condition. The thermo-oxidative aging of NR and its effect on the network
structure as well as mechanical performance has been systemically studied [28]. Under heat
treatment, the -Sx- in CV vulcanizates can transfer into -S1- or -S2- crosslinks, producing
higher density network during the initial aging period. This causes an increase in the modulus
and tensile strength. On the other side, the high mole concentration of unsaturated bonds
in NR molecules makes it highly susceptible to being attacked by oxygen, resulting chain
degradation. It has been proven by the increased polar groups in FT-IR spectra and more sol
molecule contents from acetone extraction. Therefore, for a longer period of hot air aging, the
main chain scission will dominate and tensile strength decline. Compared to CV vulcanizate,
efficiently vulcanized rubber with simple -S1 or -S2- crosslinks possess better retention during
hot air aging.
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1.1.3. Physical aging of NR

The physical aging process of NR is also of paramount importance for the safety of rubber
products like tires. A failure of the over running tire very often causes fatal accidents of car
drivers. Figure 1.4 demonstrates the broken truck tire after a running test in a lab. The
separation of the tire components occurs at the edge of steel wires (belts). This is the area
where the high stress is concentrated due to very different stiffness between the steel wires
and rubber matrix [29].

In studies of failure during physical or mechanical aging, there are mainly two categories:
brittle failure and ductile failure. For rubber or elastomers, the failure takes place at large
deformation accompanied with long time fracture, which is the characteristic for a ductile
failure [30].

Figure 1.4: Cross-section view of a failure truck tire after a durability test [31].

To determine the fatigue life of rubber materials, it is commonly conducted in a dynamic
way where continuous cyclic force or deformation is loaded on the samples [32, 33]. The load
is commonly in uniaxial tension or compression mode with a fixed strain amplitude. The
appearance of cracks on the sample surface or the modulus (or the loading force at specified
strain) is tracked during the test. The criteria for failure is commonly based on the length
of the appeared cracks on the specimen in millimeter size and the cycle number is ranging
from 50 kilos to millions. To accelerate the measurement time, the specimens sometimes are
notched or cut with a fixed length in the working area as an initial artificial crack. Thereafter,
the crack direction can be more easily monitored. The growth rate of the crack and the
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corresponding dissipated energy is calculated. Those tests are of high interest and the results
normally correlate well with the practical applications.

During the physical aging process, the types of rubber and vulcanization formulations play
a crucial role during the cracks nucleation and propagation [34]. As for polymers, strain
induced crystallization of some rubber molecules, such as NR, polychloroprene rubber (CR),
can resist the crack growth. However, the strain-crystallization is not present for other
rubbers like SBR, BR and butyl rubber (IIR), which are also heavily used in tires. Therefore,
blending NR into them shows strong beneficial consequences of the fatigue performance at
high strain levels.

In rubber composites, the addition of reinforcing fillers can pronouncedly enhancing the
anti-fatigue properties. This has been attributed into many mechanisms, including the
increase of stiffness and hysteresis, crack tip branching from the non-homogeneity of the
rubber-filler interface and agglomeration of the filler particles during fatigue [35]. For a
specified volume of filler, a higher specific surface area is better and low structure fillers are
superior to high-structure ones.

For the vulcanization perspective, crosslinks via covalent bonds improve the physical properties
of the rubber. Higher number of crosslinks will generate higher stiffness to carry the loading
force but reduce the hysteresis at the same time. These are two competing effects of the
strengthening via increased crosslink density and the ability for energy dissipation through
hysteresis. Therefore, there exists an optimum density of the vulcanization recipe to make
longest fatigue life of the products. Another effect is the type of crosslinks formed through
different curing systems: C-C from peroxide, C-S-C from efficient vulcanization or C-Sx-C
from conventional vulcanization. Polysulfidic bonds are weaker and consequently can break
before the carbon-carbon bonds in the primary rubber backbone and also the mono- or
disulfide crosslinks. This will lead to the crack tip blunting and higher energy dissipation
from hysteresis [36,37]. Therefore, polysulfidic bonds are preferable to improve the fatigue
properties of the products, compared to C-S1,2-C or C-C bonds.
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1.2. Fourier-transform rheology (FT-rheology)

1.2.1. Basics of rheology

Rheology is dealing with the relationship between applied force and deformation of materials
and applied also in many aspects of the daily life. The term "rheology" is derived from
Greek with the prefix rheo- means flow and the postfix -logy stands for a scientific subject.
Therefore, rheology is the science for studying the deformation or flow of materials [38],
including liquids and solid materials, when respective stress are applied to them.

Figure 1.5: An ideal elastic spring under a strain γ with a stress of σ and an ideal viscous
dash-pot under a stress of σ to be deformed with strain rate of γ̇.

The response of materials under a strain of γ (the strain rate is γ̇ = dγ/dt) with force per
unit area of σ, it can be classified into two ideal cases as demonstrated in Figure 1.5: an ideal
elastic and an ideal viscous material. The ideal elastic material like the spring is elongated by
∆L as a linear function of the stress σ, following the Hooke’s law (Robert Hooke, 1635–1703,
British physicist) σ = Gs · γ, with Gs as the (elastic) modulus or spring constant. Most
metallic materials behave closely to this. The ideal viscous material like the dash-pot with
liquids, the stretch rate is linearly determined by the applied stress σ, following the Newton’s
law (Sir Isaac Newton, 1642–1726, English mathematician and physicist) σ = ηd · γ̇, with
the constant ηd as the viscosity of the dash-pot. Liquids like water can be approximately
considered as a Newtonian fluid. After releasing the force, the Hookean spring can fully
retreat to the original position by releasing all the applied work history so that the previously
input energy can be seen as fully stored by the spring. For the dash-pot, the deformation is
kept there since the applied work has been totally dissipated into heat by the fluid. Therefore,
the original input energy is fully lost in this process.

With respect to rubber or other polymeric materials, it is neither pure elastic nor pure
viscous. It is a combination of both, which is called viscoelastic [39,40] or elastviscous. Those
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materials can be described simply by the combination of Hookean spring and Newtonian
dash–pot [41] as shown in Figure 1.6.

Figure 1.6: The Maxwell and Kelvin-Voigt models stand for viscoelastic materials by
combining a Hookean spring and a Newtonian dash-pot in series or in parallel, respectively.
While, in practice, the rubber material could be a complex combination of both, with more
series of springs and dash–pots combination.

In the Maxwell model (James Clerk Maxwell, 1831–1879, Scottish mathematician and
physicist), the spring and dash-pot are connected in series. Let us take the dynamic shear
deformation γ(t) for explanation. The response of the spring is in phase with the shear
strain γ(t) as the elastic part of the material. The shear modulus is superscribed with a
prime as G′. Conversely, there is the response out of phase with γ(t) from the dash-pot, i.e.
in phase with the shear strain rate dγ(t)/dt = γ̇(t). This modulus is the viscous portion
and superscribed with a double–prime as G′′. The elastic modulus will store part of the
input energy and release it when the deformation is removed, while the viscous modulus
will dissipate part of the input energy into heat during deformation. Therefore, G′ and
G′′ are also called storage or loss moduli, respectively. With respect to the Kelvin-Voigt
model (William Thomson, Lord Kelvin, 1824–1907, Irish-Scottish mathematical physicist
and Woldemar Voigt, 1850–1919, German physicist), the spring and dash-pot are connected
in parallel. Different to the Maxwell material, this model can fully recover to unreformed

13



1. Introduction

position after the strain removing.

The Maxwell model can be simply used to describe the thermoplastics in melt state. After
the strain there is a plastic deformation in the material so that it is shaped after removing
the strain, i.e. processable. For natural rubber, it is the processes of mixing, extrusion,
calendering before the vulcanization. After vulcanization, the rubber chains are permanently
linked through covalent bonds and can fully recover after deformation. Therefore, vulcanizates
in many conditions can be simply expressed or modeled by the Kelvin-Voigt element with the
fully strain-recoverable spring in parallel with time delay controlled by the viscous dash-pot.
However, in reality, the rubber compounds and composites are complex combinations of the
viscous and elastic properties, which should be generalized via several Maxwell or Kelvin-Voigt
elements in the principle of Boltzmann superposition [39].

To access the viscoelastic properties of rubber or polymers, it is favorable to do dynamic
rheological (mechanical) analysis of the stress response of the material under oscillatory
deformation or vise versa. In this way, both the viscous and elastic properties of the material
can be quantified. In comparison, the flow tests such as step strain, creep, stress relaxation,
etc., instantaneous (ideally at zero time) step displacement or stress is required, which is
challenging for the instruments. Figure 1.7 demonstrates the example of the rheological test
of a viscoelastic materials under oscillatory shear on a parallel plate-plate geometry.

The sample is deformed by the motor with a sinusoidal rotation at an amplitude of γ0,

γ(t) = γ0sin(ωt) (1.2)

with
γ0 = ∆l

h
(see Figure 1.7) (1.3)

in the unit material element under shear. The torque transducer fixed on the other side
is detecting the stress (after proper calculation from the shear torque) signal. The time
dependent signals are displayed in the right-hand side. Due the viscosity from the material,
the stress response is sinusoidal but with a delayed time, σ(t) = σ0sin(ωt+δ), with δ is the
phase delay angle. Based on the character of elasticity and viscosity, the stress can be split
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Figure 1.7: The viscoelastic materials under sinusoidal shear deformation γ(t) = γ0sin(ωt)
and the response stress signal with phase lag of δ. For a simple shear, the strain amplitude
is the quotient of the deformation amplitude ∆l over the height of the specimen h. During
data analysis, the stress signal is decomposed into the in-phase signal and a 90 ◦ out-phase
signal with the corresponding amplitude.

into the contributions in-phase as the strain and out-phase (phase lag of π/2) of the strain:

σ(t) = σ0sin(ωt+ δ)

= σ′(t) + σ′′(t)

= σ′0sin(ωt) + σ′′0sin(ωt+ π

2 )

(1.4)

with σ′0 and σ′′0 are the amplitudes of the elastic and viscous stress response, respectively.
Correspondingly, the storage and loss moduli can be given as:

G′ = σ′0
γ0

(1.5)
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G′′ = σ′′0
γ0

(1.6)

The two types of moduli can be expressed by a complex number:

G∗ = G′ + iG′′ (1.7)

with the absolute value of the complex number,

|G∗| = σ0

γ0

=
√
G′2 +G′′2

(1.8)

The ratio of loss modulus over storage modulus is the mechanical loss factor

tan δ = G′′/G′ (1.9)

The rheological properties of polymeric materials are highly dependent on the temperature
and application frequency (or inversely described by time). For instance, the molecular theory
of the viscoelastic homopolymer melt with linear topology and high molecular weight can
be expressed by the reptation concept introduced by de Gennes [42] in 1971. Due to the
presence of the neighboring molecules, the polymer chains and segments are restricted from
lateral movement. As described by Doi and Edwards [43–46], it can be equivalent to put one
macromolecule in a "tube" with a length L and a diameter of D. During the reptation of the
macromolecule in the tube, the theory can predict the rapid relaxation time of the sub-chain
segments, τe. With enough long time, τd, the whole molecule will fully reptate out from
the tube, i.e. the time to relive the stress from fully disentanglement. Those characteristic
relaxation times are functions of temperature, e.g.

τd = 12Meη0

π2ρRT
(1.10)

with Me the entanglement molecular weight, η0 the zero-shear viscosity and ρ the density of
the polymer. For the polymer with a molecular weight of M , the total entanglement number
Z = M/Me is associated with the ratio of L/D in Doi-Edwards model.

To investigate the viscoelastic properties of one material covering a big range of time and
temperatures with single rheometer, it is convenient to run frequency sweep tests at different
temperatures as shown in Figure 1.8, e.g. the complex moduli as function of oscillatory
frequency, G∗(ω). The properties in frequency domain can be seen as the inverse of the time
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domain. With commercial rotational rheometers, the typical oscillatory frequency ranges
from 0.01 to 100 Hz (0.0628 to 628 rad/s). For most polymeric materials without fillers, those
G∗(ω) acquired from several temperatures can be merged together by horizontally shifting
them to one reference temperature via different shifting factors, aT . This principle is called
time-temperature superposition (TTS) [38,39].

Figure 1.8: The complex shear moduli of mono-dispersed linear polystyrene (PS) with
a molecular weight of 90,000 Da from frequency sweeps at different temperatures can be
horizontally shifted into a master curve, based on the TTS principle. The shifting factor aT
in the inset graph follows the WLF equation [39, 47] as shown by the fitting line with C1
=13.1 and C2 = 67.4 K here at the reference temperature of 383 K, close to the Tg of PS.
Frequency sweeps were conducted with ARES-G2 rheometer on D = 13 mm parallel plates
for T > 120 ◦C and width×thickness×length = 2×1×10 mm3 rectangular torsion fixture for
lower temperatures.

Afterwards, a single master curve can be built-up, covering a wide range of frequency and
the shifting factors follow the WLF(Williams–Landel–Ferry) equation [39,47],

log(aT ) = −C1(T − Tref )
C2 + (T − Tref ) (1.11)

with C1, C2 are constants and Tref is the reference temperature in Kelvin. Typically, the Tref
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is chosen between Tg–Tg+100 K, which Tg is the glass transition temperature. Obviously, the
values of C1 and C2 depend on the chosen Tref .

The TTS rule has greatly simplified the description the viscoelastic behavior of polymers
covering an extremely wide range of observation time, e.g. it is 15 decades of seconds in
Figure 1.8 from single rheometer. From high frequency response to low frequency response (or
from short observation time to long), the mechanical status of the materials can be classified
as glassy, transition from glassy to rubbery, rubbery and melt for almost all uncrosslinked
polymers with enough long chains to entangle each other. The characteristic deformation
frequencies (the reciprocal of characteristic relaxation time, τ) between those status are 1/τd,
1/τe and 1/τg, respectively, with the subscripts "d", "e" and "g" indicate the diffusion, the
entanglement and the glassy status.

For viscoelastic fluids or melts, the longest relaxation time at the reference temperature is the
reciprocal of the crossover frequency ωc in before the terminal regime (with the logarithmic
slopes of G′(ω) and G′′(ω) reach to 2 and 1, respectively, see Figure 1.8),

τd = 1
ωc

(1.12)

and the product of this relaxation time and the characteristic frequency is called the Debroah
number,

De = τdωc (1.13)

which is dimensionless. The rheological properties from different viscoelastic systems can be
plotted as a function De, so that the fundamental relationship between the fluidity of the
materials and the observation time can be compared.

For crosslinked polymers [39] like rubber vulcanizates, there is no melt status since the
polymer chains are experimentally bonded. At long relaxation time, the rubber vulcanizate
maintains the rubber plateau modulus, G0

N .

1.2.2. FT-rheology and the rheological nonlinearity

The chapter above has mainly described the viscoelastic behavior of polymeric materials
under small amplitude oscillatory strain (SAOS) situation, where the response signal is
still linear, i.e. a pure sinusoidal wave without extra waveform contributions except from
instrumental noise. In this region, the rheological properties like the modulus are independent
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of the strain amplitude. This is considered to be the linear viscoelastic regime (LVE) of the
material.

However, as the strain amplitude, γ0, increase to the large strain amplitude strain (LAOS),
the rheological properties will change as a function of γ0. Then the material falls into the
nonlinear viscoelastic regime (NVE) as indicated by the dashed lines in Figure 1.9. In NVE,
the moduli of the materials monotonically decay as a function of γ0, known as dynamic
strain-softening. For rubber filled with reinforcing fillers, this strain-softening effect is much
stronger with a shorter LVE regime [48] due to the introduction of filler-filler and filler-polymer
networks. This is called the Payne effect [49].

Figure 1.9: The strain dependence of shear modulus |G?| of unvulcanized SBR rubber
(solution polymerization, DSSK 2560 from Sibur, Russia) filled with or without silica (Ultrasil
VN3 from Evonik Industries, Germany) from SAOS to LAOS. The dash lines separate the
materials between linear and nonlinear viscoelastic regime, defined with a 8% drop of the
modulus in linear regime, |G?|0. Data were acquired from strain sweep on the Scarabaeus
SIS V50 rubber rheometer at 80 ◦C and oscillatory frequency of ω/2π = 0.2 Hz.

In the NVE regime of polymeric materials, it is commonly not only showing variation of
the stress response amplitude (here for the strain-softening behavior, the stress amplitude
is decreasing), but also changing of its waveform as shown in Figure 1.10. The material is
the 50 phr silica filled SBR in Figure 1.9. For strain amplitude in SAOS (γ0 = 2.5%), the
response signal σ(t) is still linear (or at least close to). However, at γ0 = 250% in LAOS, the
response signal has been distorted. For such case, conventional rheometers only do a linear
sinusoidal fitting of σ(t) to acquire the linear rheological parameters, such as G′ and tanδ as
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describe in last chapter. In linear rheology, only those parameters from linear fitting are used
to describe the nonlinear behavior. Substantial information captured in the stress signal is
lost, and consequently, missing the physical meaning of the material.

There are several ways to analyze the distorted stress waveform. Qualitatively, one can plot
the normalized stress signal σ(t) against the normalized strain signal γ(t) or strain rate
signal γ̇(t), i.e. the Lissajous curve (named after Jules Antoine Lissajous, 1822–1880, French
physicist). Those Lissajous curves at different strain amplitude are compared so that the
patterns of the loops [50, 51] can be identified into different complex fluid categories, such as
strain-softening, strain-hardening, strain-overshot, etc.

Figure 1.10: The raw stress signals of unvulcanized SBR filled with silica from Scarabaeus
SIS V50 rubber rheometer in Figure 1.9 at 80 ◦C and oscillatory frequency of ω1/2π = 0.2 Hz
from SAOS γ0 = 2.5% and LAOS γ0 = 250%, respectively. The conventional rheometer only
doing linear analysis (see the fitting as the dotted line in the graph) for the already distorted
waveform at γ0 = 250% to calculate the rheological parameters, e.g. the G′ and G′′, missing
some physical information from the signal. However, FT-rheology can Fourier transform the
signals into spectra in frequency domain as graph in below, with arising relative intensity of
the odd higher harmonics from the signal in LAOS.

Quantitatively, several orthogonal polynomial functions can be adapted for the stress analysis,
such as the Chebyshev polynomials of the first kind [52,53] (named after Pafnuty Lvovich
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1.2. Fourier-transform rheology (FT-rheology)

Chebyshev, 1821–1894, Russian mathematician). However, one of the most straightforward
approaches to interpret this distorted response waveform is using Fourier transformation
(FT). The theorem [54] is named after Joseph Fourier (1768–1830, French mathematician
and physicist). In general, all waveforms, regardless of how scribble they are, can be seen as
a sum of simple sinusoids with different frequencies and amplitudes. FT can decompose the
signal in the time domain, s(t), into its constituents in the frequency domain, S(ω):

F [s(t)] = S(ω) =
∫ +i∞

−i∞
s(t)e−i2πωtdt (1.14)

with the sinusoidal function in Euler’s complex form. The coefficients in a discrete S(ω) are
the Fourier series. Figure 1.10 displays the FT spectrum from the stress signal σ(t) of rubber
materials in LVE (γ0 = 2.5%) and NVE (γ0 = 250%) region. The amplitude of the Fourier
series has been normalized by the basic frequency at strain excitation. At higher harmonics,
the relative FT intensities of the distorted σ(t) are higher than that of the linear σ(t). The
Fourier series mainly appear at odd harmonics due to the high symmetry of σ(t) [55]. While
in the case of linear rheology, only linear analysis are applied on the distorted stress signal as
indicated by the red dot line, giving parameters such as G′ and tanδ at the basic frequency.

To explain the mathematical fundamentals of FT-rheology, we can start from the oscillatory
shear test as described by Equations 1.2 and 1.4. The sinusoidal shear deformation can be
denoted in Euler’s complex form to simplify the mathematical expression:

γ(t) = γ0e
iω1t (1.15)

at the angular frequency of ω1, where the subscript "1" to emphasize the basic excitation
frequency, distinguished from the higher frequencies (harmonics) in FT-rheology.

Under SAOS where the material is in LVE, the stress response is still linear with a phase lag
of δ,

σ(t) = G0γ0e
i(ω1t+δ) (1.16)

where G0 is the moduli at the basic excitation frequency.

Once the materials falls into NVE, the stress signal is still periodic but not sinusoidal anymore.
The modulus G0 in Equation 1.16 can be expanded in Taylor’s form with even exponents
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(only even components due to the symmetric stress amplitude):

σ(t) = [G1 +G3γ(t)2 +G5γ(t)4 + ...]γ0e
i(ω1t+δ)

= G1γ0e
i(ω1t+δ) +G3γ

3
0e
i(3ω1t+δ3) +G5γ

5
0e
i(5ω1t+δ5) + ...

= I1e
i(ω1t+δ) + I3e

i(3ω1t+δ3) + I5e
i(5ω1t+δ5) + ...

(with G1γ0 = I1, G3γ
3
0 = I3, G5γ

5
0 = I5 ...)

(1.17)

The parameters G1, G3, G5... and δ, δ3, δ5... are the prefactors and phase angles of the
Taylor series at the excitation frequency, 3rd higher harmonic, 5th higher harmonics (ω1, 3ω1,
5ω1, nω1 ...) and so on. Consequently, the FT spectra of the stress contains intensities at
odd higher harmonics will be I1, I3, I5, In ..., where n is an odd number.

In order to compare the output FT signals from different experiments and samples to reduce
experimental variations, it is favorable to normalize the absolute intensities of high harmonics
In by the fundamental intensity I1, giving the relative intensity In/1:

In/1 ≡
In
I1

(1.18)

Those relative intensities In/1 from FT-rheology can be seen as the direct quantitative measure
for the rheological nonlinearity. Among them, the third relative higher harmonics,

I3/1 ≡
I3

I1
= G3γ

3
0

G1γ0
(1.19)

is the highest intensity (see Figure 1.10) and thus mostly chosen for FT-rheology studies.
Other higher harmonics with lower intensities will be influenced more strongly by the noise,
which relays on the raw signals’ quality.

The idea of applying FT-rheology for LAOS measurement has been considered and trialed
since the 1970s [56,57]. However, to acquire good enough stress signal from the rheometer
for FT was always the obstacle for the development of this technique. Two decades ago,
Wilhelm and et al. [55, 57–59] started the upgrading of commercial rheometers for FT-
rheology, including the improvement of electronic cable shielding, over sampling of the torque
transducer signal, signal analysis in oscilloscope, ADC card reading signal and afterwards
home-made Labview software analysis. Since then, FT-rheology has been successfully applied
on many viscoelastic systems, including solution micelles [60] polymer melts [61], polymer
composites [62], as well as rubber materials in unvulcanized state [9, 63–65]. Nowadays, the
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1.2. Fourier-transform rheology (FT-rheology)

FT-rheology has been implemented in many high end commercial rheometers, including the
Scarabaeus SIS V50 (now RPA elite), DHR-3 and ARES-G2 from TA Instruments.

Figure 1.11 demonstrates the development of I3/1 as a function of strain amplitude from
SAOS to LAOS of the SBR materials from Figure 1.9. The data was acquired from the
embedded FT analysis of the stress signal in the rheometer. Increased rheological behavior
after filling with fillers has been shown indirectly in Figure 1.9 via G′, a linear rheological
parameter. Here, the rheological nonlinearity has been compared in a direct way via I3/1,
where I3/1(γ0) of the filled SBR has drastically increased at medium strain around γ0 = 32%.

Figure 1.11: The third relative higher harmonic I3/1 as the direct rheological nonlinearity
parameter was quantified using the example of the unvulcanized SBRs in Firgure 1.9 with
Scarabaeus SIS V50 rubber rheometer at 80 ◦C and oscillatory frequency of ω1/2π = 0.2 Hz.

Firstly, let us take the result of the unfilled SBR in Figure 1.11 to explain a typical I3/1(γ0)
graph from FT-rheology. In SAOS, when the stress response is small, the I3/1 decay as a
function of strain amplitude with a order of -1. This is because the FT results mainly from
the approximately constant noise of the raw signal. The prefactors In in Equation 1.17 at
high harmonics are dominated by the absolute noise, which should be a constant value for
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identical rheometer at the same torque level of the transducer. Therefore,

I3/1 ≡
I3

I1

∝ constant noise
G1γ0

= Lnoise
γ0

I3/1 ∝ γ−1
0 in noise region

(1.20)

with the constant Lnoise stands for the level of noise during the torque measurement.

After the noisy region of SAOS (after γ0 = 2.5% and 32% for the filled and unfilled SBR in
Figure 1.11), the nonlinearity of the materials arises and I3/1 starts to increase. According to
Equation 1.19,

I3/1 = G3γ
3
0

G1γ0
, with G3

G1
= constant

I3/1 ∝ γ2
0 in MAOS

(1.21)

leading to I3/1(γ0) growth in power order of 2. For filled systems, the I3/1(γ0) seems to
maintain two growth regions. At higher strain amplitude in LAOS where γ0 > 500%, I3/1(γ0)
reach a plateau. In FT-Rheology, the quadratic growth regime of I3/1(γ0) is usually named
as the medium strain amplitude oscillatory strain for the material (MAOS) to distinguish
from the LAOS with a plateau.

From the I3/1(γ0) in MAOS, one can extrapolate the rheological nonlinearity at infinite small
strain [66], defined as

3Q0 ≡ lim
γ0→0

I3/1

γ2
0

(1.22)

The value of 3Q0 was found in the literature to be an intrinsic rheological nonlinearity
parameter for the unfilled polymer melts since it is not effected by the polymer chemistry
but rather by the chain length, the polydispersity and topology of the macromolecules [61].
As shown in Figure 1.12, a master curve of the intrinsic nonlinearity via this parameter can
be constructed for many polymer melts, following TTS principle like the linear rheology in
last chapter. The 3Q0 of linear polymers maintain similar function against De, regardless the
chemical composition.
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1.2. Fourier-transform rheology (FT-rheology)

Figure 1.12: a) The scheme to build up the intrinsic nonlinearity master curve in five steps:
(1) acquire the nonlinear stress waveform from an oscillatory deformation experiment at
strain amplitude of γ0 and excitation frequency of ω1/2π. (2) Fourier transform the time
data into frequency spectrum with odd higher harmonics. (3) The ratio of the first and
third harmonic I3/1(γ0, ω1) is proportional to γ2

0 in MAOS. (4) Extrapolate 3Q (γ0, ω1) to
infinite small γ0 gives the intrinsic nonlinearity 3Q (ω1). (5) A nonlinear master curve can
be created by plotting several 3Q0 (ω1) from different excitation frequencies, which can be
shifted to a reference temperature, utilizing the TTS principle. Two intrinsic nonlinearity
master curves from b) mono-dispersed and c) poly-dispersed linear polymer melts are shown
as examples, including:polystyrene(PS), Polyisoprene (PI), poly(p-methylstyrene) (PpMS),
poly(methyl methacrylate) (PMMA), poly(2-vinylpyridine) (P2VP), poly(ethylene oxide)
(PEO) and high-density polyethylene (HDPE). Figures are adapted from [61] with Copyright
c© 2016 by American Chemical Society. Reprinted by permission.
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FT-rheology exhibits some advantages for studying filled rubber materials in comparison
with linear rheology. As shown in Figure 1.13, the I3/1 from FT-rheology is three times
sensitive as |G?| towards the increasing filler volume in the unvulcanized rubber compounds,
φ. For crosslinked NR materials, their nonlinearity has not commonly been investigated via
FT-rheology yet. Therefore, it would be of high interest to examine FT-rheology technique on
this material to directly quantify the rheological nonlinearity and additionally, the response
of rheological nonlinearity to the aging effect.

Figure 1.13: The third relative higher harmonic I3/1 from FT-Rheology exhibit higher
sensitivity than the modulus from linear rheology to the filling volume φ of carbon black in
SBR. Figure is redrawn according to reference [9].
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1.3. Time Domain NMR (TD-NMR)

1.3. Time Domain NMR (TD-NMR)

The self-rotation of atomic nuclei, with charge and mass, possess also an intrinsic property
called spin or angular momentum in quantum mechanics and particle physics. A spinning
charge is associated with the magnetic moment and the magnetic moment is determined by
the angular momentum of the spinning mass. Exposure to a strong constant magnetic field,
−→
B0, the spin will precess (change in the orientation of the self-rotational axis) around the
axis of −→B0 at an intrinsic frequency. The spin in the strong magnetic field can be perturbed
(the nutation during procession) by a weak oscillating magnetic radiation, −→B1. The resonance
will occur when the frequency of −→B1 matches the intrinsic frequency of the nuclei in the −→B0

field. Accordingly, this phenomena is called nuclear magnetic resonance (NMR).

Such phenomena had been examined in bulk matter for the first time in 1946 by Purcell et
al. [67] at Harvard University and Bloch et al. [68, 69] from Stanford University. Afterwards,
it attracted the attention of chemists. Nowadays, NMR is known in daily life in many
perspectives, such as the magnetic resonance imaging (MRI) in hospitals to diagnose the
body of the patients. For scientists and engineers in chemical industry, NMR spectroscopy, i.e.
NMR in the frequency domain, is widely known to reveal the detailed chemical structures of
the molecules. However, in this thesis, the NMR of the protons 1H in time domain (TD-NMR)
in relatively low −→B0 field are going to be in focus to study the molecular dynamics of NR
during vulcanization and aging.

1.3.1. Fundamentals of NMR

Regarding the fundamentals of NMR, there are several textbooks [70] as references [71–73] in
details or compacted version for the basic principles [74].

A rotating nuclei generates a magnetic field as illustrated in Figure 1.14), which the magnet
moment is associated with the rotation angular momentum. In particle physics, spin is
a fundamental property of electrical charge or mass, including the electrons, protons and
neutrons. The spin, denoted by I, comes in multiples of 1/2 and can be positive or negative
(with sign of + or -). Only the nuclei with unpaired protons or neutrons (odd number of
protons and/or odd number of neutrons) have a spin, such as the 1H with 1 proton and the
13C with 6 protons and 7 neutrons as seen in Table 1.3. Those types of nuclei are detectable
by NMR, i.e. spin-active or NMR-active. Nuclei with both an even number of protons and
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an even number of neutrons, such as the 12C, have a spin of zero.

Figure 1.14: The self-rotation of a 1H nucleus at frequency ωL with a positive charge can
generate a weak magnetic field. It is effective as a tiny magnetic metal bar thus the magnetic
field of the nuclei can be simplified as a magnetic vector.

Table 1.3: Properties of some common NMR-active nuclei [73].

Isotope Natural
abundance
[%]

Protons,
Neutrons

Spin I Magnetogyric
ratio γ

[106 rad·T−1s−1]

Relative
sensitivity

to 13C
1H 99.9844 1, 0 1/2 267.52 5878
2H(D) 0.0156 1, 1 1 41.07 0.0065

11B 81.17 5, 6 3/2 85.83 777
13C 1.108 6, 7 1/2 67.26 1.0
14N 99.635 7, 7 1 19.33 5.9
19F 100 9, 10 1/2 251.67 4890
29Si 4.7 14, 15 1/2 -53.16 2.16
31P 100 15, 16 1/2 108.29 391

According to quantum mechanics, the potential magnetic quantum numbers, mI , is given by
series of I as

mI = I, (I − 1), (I − 2) ...− I (1.23)

to describe the energy states of the spins. The total number of available spin states N is
given by

N = 2I + 1 (1.24)

from the spin value of I. For 1H, which I = 1
2 and thus there are two quantum status of the

spin with mI = +1
2 and −1

2 . In the following section, we only take 1H, the proton, as an
example to simplify the explanation.
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Without an external magnetic field, the spins of protons aligned randomly as shown in
Figure 1.15a. Once the protons are exposed to the magnetic field −→B0 with a field strength
of B0 (in unit of Tesla or T), the spins align themselves according to the direction of the
magnetic field as Figure 1.15b. Protons with mI = +1

2 spins are in the low energy level and
will align along −→B0, while the protons of −1

2 spins possessing the high energy level can align
against the field.

Figure 1.15: The a) disordered spins in the bulk sample will b) be aligned along or against
the direction of the applied magnetic filed, −→B0. Accordingly, c) the energy level of spins
I = 1

2 will be splitted into two spin states: −1
2 with high energy and +1

2 with low energy.
d) Both types of spins precess along the magnetic field with excess number of low energy
spins, leading to e) the effective overall magnetization of the spins is the vector −→M with the
direction as same as −→B0 (+z).

The splitting of the energy levels is called the Zeeman effect (Pieter Zeeman, 1865-1943,
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Dutch physicist) with a gap of ∆E, depending on the strength of the external magnetic field

∆E = hγB0

2π (1.25)

with h = 6.626× 10−34 Js is the Plank’s constant. The γ here is called gyromagnetic ratio (or
magnetogyric ratio, not to be confused with the same symbol for the shear strain in rheology)
in units of rad·T−1s−1. From Table 1.3, one can get ∆E = 2.82× 10−26 J for 1H at B0 = 1
T. In bulk, the population difference of −1

2 spins and +1
2 spins follows the relationship

N−
N+

= e−
∆E
kT ≈ 1− ∆E

kT
(1.26)

with k = 1.38× 10−23 m2kgs−1K−1 is the Boltzmann’s constant. For 1H at temperature of
298 K in B0 = 1 T, N−/N+ ≈ 0.999993, i.e. only 7 ppm excess spins are at the low energy
level.

Another character of the protons that needs to be clarified is that the individual spinning
object precess along the magnetic field lines of −→B0 as illustrated in Figure 1.15d, which is
called Larmor precession (Sir Joseph Larmor, 1857-1942, Irish physicist and mathematician).
The protons precess with the Larmor angular frequency ωL or the resonance frequency

ωL = γB0 (1.27)

Flowing the Equations 1.25 and 1.27, one can notice that for specified type of spins, stronger
the applied magnetic field will split the spins with a higher energy gap and make the spins
precess faster inside. In B0 = 1 T, the ωL/2π of 1H is 42.6 MHz.

Commonly, a Cartesian coordinate system (x, y, z) is applied to describe the spins and the
macroscopic magnetization in space with the direction of −→B0 vector defined as the z-axis. A
pair of a parallel spin and an anti-parallel spin in Figure 1.15d can cancel out each others
response, including their components in xy-plane. However, there are excess number of low
energy spins precessing along (not against) the magnetic field, leaving the net magnetization
of those spins pointing up (towards +z) as the vector −→M0 in Figure 1.15e.

To detect the precession frequency of a specified type of spins, one can radiate the precessing
spins by an electromagnetic wave, −→B1. Only when the frequency of −→B1 matches the ωL of the
spins, some low energy level spins can pick up the energy to transit into a high energy level
and start to precess downwards, i.e. resonance.
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1.3. Time Domain NMR (TD-NMR)

Figure 1.16: a) Exposing to the external strong magnetic field −→B0, the spins are splitted
into two states and there are more spins aligned with −→B0, with a macroscopic magnetization
of −→M0. Notice here the drawing of the spins is simplified since the Heinsberg uncertainty
principle would not allow to draw a single spin. b) After the irradiation of the radio frequency
electromagnetic wave, −→B1, some low energy spins will take up the energy and flip to high
energy status. Meanwhile, the spins are precessing in-phase and the resulting macroscopic
magnetization vector has been flipped towards the xy-plane. c) In −→B0, the spins will back to
the equilibrium status as a) so that the flipped magnetization vector −→M(t) will relax back to
−→
M0, which can be detected as a electromagnetic wave. d) The operation principle and basic
construction of a NMR spectrometer.

The working principle of a NMR spectrometer is illustrated in Figure 1.16. The electronic
coils can emit impulses of the electromagnetic wave (to generate −→B1) within the frequency
range of the radio waves (weak energy with a wave length of ≈ 100 m) thus named radio
frequency (RF). After a short impulse of RF in matched frequency, some low energy spins
will take the energy to point downwards. It is commonly referred as pulse in NMR while
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strictly speaking it is impulse. Another effect from the RF pulse is that the spins with same
energy levels will pointing towards the same direction as Figure 1.16b, called "in-phase" of the
spins. This will result in the macroscopic net magnetization, −→M0, decreases in longitudinal
direction and increases in transversal direction as −→M(t) in Figure 1.16c. If the time duration
of the pulse is long enough, all of the excess low energy level spins can have a chance to
take the energy and turn into high energy spins, which is in a "saturation" status. The
pulse is called 90◦ pulse since the original magnetic vector has been flipped by 90◦ from
longitudinal direction (+z) to transversal direction (xy-plane) and the duration of the pulse is
t90. Similarly, if the duration of the pulse is longer which can invert all spins, it is called 180◦

pulse with time of t180. In practical, it is cumbersome to visualize this energy exchange in the
fixed laboratory coordinate (x, y, z). Commonly, a rotating frame that precesses at ωL around
−→
B0 is adopted as (x′, y′, z) so the the −→M(t) is observed without the precessing. However, in
the following explanation we keep the coordinate labeled as (x, y, z) for simplification.

After the saturation RF pulse, the magnetization will relax back to the original position
due to the local magnetic field fluctuations in the sample. The transversal component of
−→
M(t) will constantly change along with the precessing of the spins thus induce an electric
current. The generated electric current can be detected by the coil (in many spectrometers
the RF coil and the receiver coil is the same) like an antenna. The signal will follow the
precession frequency as the spins in that field. In NMR spectroscopy study of a chemical,
varying frequencies of RF pulse will scan over the sample. For a spin in a specified chemical
environment, i.e. the shielding by nearby electrons, the coupling with other spins, etc., the
splitting energy ∆E is unique for one type of protons in a field of B0. Therefore, it only
picks up RF energy at a unique frequency. Based on the spectrum of the scanning RF, the
possible chemical structures of the spins are deduced.

For the TD-NMR approach in following section, the frequency of RF is fixed. After the NMR
pulse perturbation, the relaxation behavior of the magnetization as a function of time [75,76]
is of our interest, based on which the local chain dynamics of the polymers in the melt or
solid state can be calculated [77,78].

1.3.2. NMR relaxometry

Following the perturbation through sequences of electromagnetic pulses, the restoration of the
magnetization at thermal equilibrium status occurs in an external static magnetic field. To
understand how does the relaxation signal get detected, i.e. to receive the NMR relaxometry,
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one can refer to the 90◦x pulsed NMR experiment in Figure 1.17 for demonstration. An
magnetic field of −→B1 radiate in x direction for a time of t90 (90◦x), which is perpendicular
to the external magnetic field −→B0. This pulse can flip the net magnetization −→M0 90◦ to to
the y-direction based on the left-hand rule [72]. The spin in the molecules is not entirely
isolated but interacted with neighboring nuclei. Due to the inhomogeneities in −→B0 field and
in the sample itself, the flipped magnetization vector start fanning out in the xy-plane as the
spins precessing at unequal rates. This result in the decay of −→M(t) in xy-plane. At the same
time, the vector is forced back to the z-direction with the external magnetic field −→B0. The
relaxation function can be expressed by exponential functions as

Mz(t) = Mz∞ · [1− exp(−
t

T1
)]

= M0 · [1− exp(−
t

T1
)]

(1.28)

and
Mxy(t) = Mxy0 · exp(−

t

T2
) (1.29)

with the characteristic relaxation times, T1 and T2. The decay of the net magnetization in
xy-plane as an electromagnetic wave can be directly detected as the free induction decay or
FID, where "free" means without further RF radiation ongoing.

Figure 1.17: a-d) The magnetization in the rotation frame diagrams of the pulsed NMR
experiment as a function of time and e) the detection of FID signal.
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For the longitudinal relaxation, the magnetization process back to z-direction with the
characteristic time symbolized as T1. It is a process to transfer the energy of the spins to the
neighboring molecules, i.e. the lattice. Accordingly, this T1 process is also called spin-lattice
relaxation. For the transversal relaxation, the magnetization decay in xy-plane with the
characteristic time symbolized as T2. It is a process mainly governed by the spin-spin dipolar
(or quadrupolar) effect for the local −→B0 field. Therefore, this process is also called spin-spin
relaxation. The magnitude of the relaxation times depend on the interaction between the
spins and with the environment, as modulated by the molecular mobility. For the molecules
in motion, the average time of molecular collisions is defined as the correlation time, τc. The
T1 and T2 can be well described by BPP (Bloembergen-Purcell-Pound) [79] model

1
T1

= 3
10
γ4(h/2π)2

r6 τc(
1

1 + ω2
Lτ

2
c

+ 4
1 + 4ω2

Lτ
2
c

) (1.30)

1
T2

= 3
20
γ4(h/2π)2

r6 τc(3 + 5
1 + ω2

Lτ
2
c

+ 2
1 + 4ω2

Lτ
2
c

) (1.31)

where r is the internuclear distance under the assumption of a single correlation time with
an exponential autocorrelation function.

Determination of T1:
The longitudinal relaxation can not be studied directly along z-direction as the strong static
magnetic field −→B0 inhibits the measurement. By flipping the corresponding or equivalent
magnetization Mz into the xy-plane, the relaxation process can be detected. Since the T1

relaxation involves a variation of the total energy of the system, it implies the energy exchange
between the spins and the chemical environment. Analysis of T1 provides information about
faster segmental dynamics of the polymer network as seen in Equation 1.30. It involves the
motion of side groups or the rotations in the backbone with a typical rate associated to the
reciprocal of the Larmor frequency.

There are mainly two approaches to determine T1 as seen in Figure 1.18: inversion recovery
and saturation recovery measurements. The former fully invert the magnetization to -z-
direction by 180◦x pulse, wait for a recovery time variance τrec and rotate the magnetization
into xy-plane by 90◦y pulse for signal detection. The recovered magnetization Mrec as a
function of τrec are recorded. Before the next recovery measurement, the sample need to
be relaxed with enough long time to reach the original equilibrium status, called recycle
delay time (RD). The RD is commonly set to be longer than 5T1, which allows ≈ 99.33%
of M0 to be relaxed according to Equation 1.28. However, the value of T1 is unknown prior
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Figure 1.18: The measurement of T1 via a) inversion recovery pulse sequence or b) saturation
recovery pulse sequence.

to the first measurement. For the saturation recover test, the spins are saturated by 90◦x
pulse, wait for a recovery time variance τrec and then rotate the magnetization into by 90◦y
pulse for signal detection. Instead of one flip by 90◦x, a train of such pulses is preferred for
the saturation before the signal detection, which is to make sure most of the magnetization
is evenly destroyed for different types of spins in the inhomogeneous −→B0 field. Mrec(τrec)
is recorded accordingly. Finally, the T1 is given by fitting Mrec(τrec) with Equation 1.28.
Inversion recovery provides better quality of the fittings, but is is only suitable for liquids.
For highly coupled systems with broad spectra, e.g. the crosslinked rubbers in this thesis,
the saturation recovery is employed.

Determination of T2:
Theoretically, T2 should be acquired by flipping the magnetization on the xy-plane with a
single 90◦x and then analyzing the FID signal. However, for the low-field NMR devices with
solid polymer samples, inhomogeneities of −→B0 field cause an additional contribution to the
decoherence of the spins. This will shorten the decay time in the FID with T ∗2 < T2, which is
uncorrelated to the chain dynamics of the polymers.

To remove the effect of inhomogeneous static field, we can apply pulse sequences which can
form magnetization echos to equivalently detect the T2 relaxation signal such as the Hahn
echo in Figure 1.19a [80]. The rotation diagrams are depicted from scheme 1 to scheme 5.
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The equilibrium magnetization is firstly rotated into y-axis by a 90◦x. The spins follow a FID
decay with T ∗2 and there are two types of fanning out spins along xy-plane due to the lost
of coherence: the faster one a in counter-clock direction and the slower one b in clockwise
direction. At time τ , the fanning-out magnets are rotated by a 180◦ pulse along the y-axis so
that a and b keep the precessing with their "memorized" direction (scheme 4). After another
equivalent time duration of τ , the phase coherence of the magnetization lead to an echo of
the magnetization. The echo intensity is the equivalent magnetization at relaxation time of
τ . After RD for the system back to equilibrium, the Hahn echo can be applied again with
varying τ . Continuing those cycles, the relaxation signal M(τ) can be obtained from point to
point. Fitting M(τ) with Equation 1.29, the characteristic transversal relaxation time, T2, of
the polymers can be quantified without the influence of the −→B0 inhomogeneities.

Figure 1.19: The pulse sequences for a) Hahn echo and b) CPMG echo for the measurement
of T2 by 180◦ rotating the magnetization around the y-axis.
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One can notice that the required RDs between each M(τ) data point from the Hahn echo
leave this method very time consuming. An alternative for faster measurement is the CPMG
sequence as seen in Figure 1.19. It is named after the inventors [81,82], Carr, Purcell, Meiboom
and Gill. Following a 90◦x pulse, the fanning-out magnetization can be continuously coherent
by a train of 180◦y pulses with a spacing time of τ . In this way, the full relaxation curve can
be acquired by the echos after each 180◦y pulse in single experiment without a waiting of RD.
However, the continuous irradiation with the RF wave may substantially heat up the sample
while a strong gas flow along the NMR tube is necessary to stabilize temperature. Another
effect is the so-called spin-lock effect from a continuous −→B1 (e.g. here is the 180◦y). At short
spacing spacing time τ , there is an extra relaxation mechanism taking place in the sample,
the spin-lock 1

T1ρ
, which is determined by the wave frequency, ω1. To solve this problem,

phase recycling with 180◦ pulse in alternative directions between each other can be applied,
such as a sequence of 180◦y–180◦-y–180◦y–180◦-y and so on. Those phase recycling patterns
include xy-4, xy-8, xx-4 (MLEV-4), xy-16, etc. [83].

Concerning rubber and polymeric materials at large, the spin-spin (T2) relaxation far above
glass transition temperature (> Tg + 100 K) is of more interest, which is highly sensitive
to the slow relaxation process of chain/segmental dynamics involving large spatial scale of
molecular motions [84]. The relaxation rate, 1

T2
, of rubber has been used to study: 1. the

swelling of rubber networks [85] and its correlation to tube models; 2. the disentanglement
process [86] of long linear rubber chains in a slow diffusion process; 3. the interactions
between the rubber chains and reinforcing fillers such as silica [87] and carbon black [88, 89];
4. the crosslink density of rubber vulcanizates. Thereafter, the crosslink density derived from
T2 analysis can be correlated with the concentration of curing agents [90], the elastic modulus
from dynamic mechanical test [91], the rubber elasticity in theory [92], the crosslink density
measured from solvent swelling equilibrium [93], etc.

For rubber vulcanizates, the crosslink density ν is normally defined as

ν ≡ ρ

Mc

(1.32)

where ρ is the mass density (ρ = 0.92 g/cm3 for unfilled NR) and Mc is the molecular
weight between two crosslinks. The crosslink density can be quantitatively represented from
T2 analysis as demonstrated by Gronski and Hoffmann [92], which the values correlated
well to the results from traditional methods. Figure 1.20a shows the influence of sulfur
concentration on the transversal relaxation curves from Hahn echo experiments on a 90
MHz NMR spectrometer at 100◦C. Each experiment took about 1.5 hours. Higher sulfur
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concentration vulcanized NR exhibited faster T2 relaxation.

Figure 1.20: a) The T2
1H NMR relaxation from Hahn echo experiments of NR vulcanizates

cured with different concentration of sulfur and the corresponding analytical fitting lines. b)
The linear correlation between the crosslink densities ν quantified from T2 relaxation and
from 13C NMR spectroscopy. Figures are reprinted with permission from [92] with Copyright
c© 1992 by John Wiley & Sons, Inc.

The T2 relaxation contains information about the motional averaging of the spin-spin in-
teractions in a crosslinked rubber network. At temperatures well above Tg, the extent of
motional averaging depends on the local dynamics together with the temporary restraint from
topological entanglement and permanent constraint from the chemical crosslinks. Different
from the fast and isotropic tumbling of small molecules, the fast local motions of chain
segments (typically with correlation time of τc = 10−9 s) are inherently anisotropic due to the
restraints from the polymer chains. However, with a much slower correlation time (τcs = 10−3

s), the overall motion of inter-crosslink segment is isotropic with a small potion q (≈ 10−4) of
the second moment of the interaction, M2. The decay of the transversal magnetization is
mainly a sum of two components, the fast decay of the inter-crosslink segment, MA, and the
slow decay of the dangling chain ends, MB. The total transversal relaxation of crosslinked
rubber can be expressed as [92,94]

M(t)
M0

= MAexp
{
− t

T2A
− qM2τ

2
cs[exp(−

t

τcs
) + t

τcs
− 1]

}
+MBexp(−

t

T2B
) (1.33)

with the simplified exponential decay for fraction B. The molecular weight between the
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crosslinks, Mc, can be calculated by

Mc = 3
5√q (nMunit) (1.34)

where n is the number of the number of backbone bonds in a freely joint statistical segment
and Munit is the molar mass of the repeating unit. According to Equation 1.32, the crosslink
density of the vulcanizate can be calculated from this Mc. In a direct approach, the crosslink
density of sulfur cured NR can be quantified through 13C NMR spectroscopy by assigning
the resonances from mono- and polysulfidic linked carbons to the corresponding chemical
shifts and calculating those peak intensities in the spectra. The crosslinked density derived
from T2 measurements was almost equivalent to that from 13C NMR spectroscopy as shown
in Figure 1.20b. Comparatively, the T2 approach is more favorable in consideration of the
sample treatment and the cost of instrumentation.

The inhomogeneous magnetization decay of two (or even more for a complex rubber network)
types of segments can be seen in Figure 1.20a. To simplify the fitting process, the first term
in Equation 1.33 can be simplified into a Weibull type of exponential by applying a stretching
factor β

MA(t)
MA0

= MAexp
{
−( t
T2

)β
}

(1.35)

where β = 1–2, i.e. between a Gaussian type and a simple exponential.

Based on those decay functions for the T2 relaxation analysis of rubbers, there are even
commercial NMR analyzers designed for the crosslink density measurement, such as the
XLDS NMR crosslink density meter from IIC Dr. Kuhn GmbH [95]. With such devices,
vulcanization kinetics [96] or aging process [97] of rubber have been investigated. In addition,
NMR imaging technique with the decay function can visualize the crosslink density dispersion
in the rubber vulcanizates, which has also been used for the studies of rubber crosslinking
and aging [98,99].

1.3.3. Double quantum NMR (DQ-NMR)

With respect to the crosslink density determination of rubber vulcanizates, there are already
several established approaches such as 1. the polymer network equilibrium swelling in
solvents [100]; 2. the freezing point depression of the solvent in the swollen rubber network
[101,102]; 3. the stress-strain curve analysis of rubber under uniaxial stretching [103] based
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on Mooney-Rivlin [104,105] representation of the reduced stress; or in a direct way 4. the 13C
NMR spectroscopy [92,106]. However, these traditional methods are either experimentally
cumbersome or require a high resolution spectrometer which is not economically efficient.
Furthermore, some of those experiments work on the basis of ideal networks and require
prerequisite parameters. For instance, the equilibrium swelling test [12, 23] is based on
Flory-Rehner statistical mechanics [107] for a perfect network. It may take more than two
days to swell the rubber in a suitable solvent to reach equilibrium conditions. Afterwards,
the residual solvent on the swollen rubber surface, which might be toxic, has to be mopped
up properly so that the mass of take-up solvent can be weighted. Finally, the specified
Flory-Huggins interaction parameter, χ1, between the examined polymer and solvent must be
available in literatures for the calculation of crosslink density. In the 13C NMR spectroscopy,
the obtained concentration of crosslinks highly relays on the resolution of the spectrometer
and the selectivity of the relevant chemical bonds. All of the above mentioned methods only
provide average values of the crosslink density. This information is not enough to describe
an inhomogeneous NR network, e.g. crosslinked with different vulcanization systems or
broadened network size distribution after aging. Comparatively, the TD-NMR can quantify
the crosslink density in a nondestructive way to the rubber samples without toxic solvent
through an simple bench-top size NMR spectrometer, such as the T2 relaxation analysis as
explained in last section. The inhomogeneities of the network can be reflected by the multiple
decays embedded in the relaxation curve.

However, there are several disadvantages for T2 relaxation analysis of rubber vulcanizates.
The validity of Equations 1.33 and 1.35 on rubbers are still controversial [89,108]. Additionally,
the parameters in those equations are interdependent of each other, giving an unstable fitting
results. The criteria of how to cut the tails in the relaxation curve and the definition of the
sols, dangling ends and inter-crosslink chains are also uncertain. Thanks to the development
of the dipolar-coupling theory and measurement techniques in last decades [109], more
reliable information of the rubber network can be acquired from double-quantum NMR
(DQ-NMR). With a low field bench-top NMR analyzer and innovative NMR pulses, the
buildup intensity related to the pairwise couplings can be selectively analyzed [108,110,111].
Accordingly, the crosslink density, the mesh size distribution of the rubber network as well as
the amount of network defects (loops, dangling ends and sols) can be quantitatively described.
The experimental details can be found in the cited literatures and the explanation in later
experimental chapter.

In a crosslinked polymer, topological constraints (entanglements) and permanent crosslinks
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hinder the fast and isotropic movement of chain segments. Thus, the segmental fluctuations
are anisotropic at long times as mentioned in last section. This leads to the residual local
orderness, which will be reflected by a long-time plateau in the orientation autocorrelation
function, C(t), of the polymer chains [112] as shown in Figure 1.21a.

Figure 1.21: a) The orientation angle θ of the statistical freely joint chain segment −→l
with respect to the end-to-end vector −→R of the polymer backbone between the two fixed
crosslinks is instantaneous and can be reflected as the autocorrelation function C(t). b)
Schematic representation of C(t) for the physically entangled polymer melts with different
molecular weight (MW) and the chemically crosslinked chains far above Tg. Figure b is
adapted from [112].

The plateau value of C(t) in Figure 1.21b is governed by the segmental dynamic order
parameter of the polymer backbone, Sb, given by the average of the second order Legendre
polynomial [113],

Sb = 〈P2(cosθ)〉

= 1
2[3cos2(θ)− 1]

= 3
5

(
lR

R2
0

)2

,

with
(
R

R2
0

)2

= 1
Nl2

Sb = 3
5N ∝ ν

(1.36)

where θ denotes the instantaneous orientation of a statistical segment relative to its average
orientation. It should coincide with the end-to-end vector, −→R as depicted in Figure 1.21b.
The bracket 〈...〉 in Equation 1.36 indicates the thermal average over all conformations and
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[...] indicates the structural average over all segments in the sample [113]. Here, l is the length
of the freely jointed Kuhn segment (named after Werner Kuhn, 1899-1963, Swiss physical
chemist) [114] for statistical mechanics of chain molecules [115] and N is the number of
such segments between the two fixed ends. For a bulk polymer sample, ( R

R2
0
)2 = 1

Nl2
, leading

to the Sb proportional to the reciprocal of the average number of N between the effective
constraints. The ν here can be seen as the density of physical entanglements for polymer
melts or the effective chemical crosslink density for crosslinked networks.

In the network, the dipolar coupling is determined by this chain orientation information and
can be reflected by DQ-NMR in term of the residual dipolar coupling constant, Dres. This is
given by

Dres = Dstatic

k
Sb ∝ ν (1.37)

where Dstatic is the effective static limit of the dipolar coupling constant. It is a fixed
value for a specified polymer, and k is constant. For NR, Dstatic

k
= 2π×6.3 kHz in some

results [116]. Overall, Dres from DQ-NMR can directly represent the effective crosslink
density of a crosslinked rubber.

The exemplary DQ-NMR results of NR vulcanized with increasing amount of sulfur from
1–10 phr [116] are shown in Figure 1.22. The normalized DQ intensity, InDQ, as a function
of the DQ evolution time τDQ build up faster for the higher crosslinked samples. After the
regularization fitting for the buildup curve with a proper kernel function, the residual dipolar
coupling constant can be displayed in a distribution fashion. For evolution time τDQ in unit
of [ms] in the raw data, the outcome distribution curve is given by Dres/2π in unit of [kHz].

Combining Equation 1.37 with the Flory’s statistical mechanics [115, 117] and simulation
results [118] for cis-1,4-polyisoprene, the molar mass Mc between the two crosslinks of NR
can be calculated via Dres/2π via [116]

M (NR)
c = 617 Hz

Dres/2π
[kg/mol] (1.38)

While a narrow distribution of the Dres/2π reflect a homogeneous network and vise versa.

The Dres from DQ-NMR technique has been examined on several rubber materials to compare
with the results from solvent equilibrium swelling [119], to probe the rubber crosslinking
generation during vulcanization [120] and filler-polymer interactions in rubber composites [121],
to prove the correlation with mechanical response [122], etc. It has not been systemically
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Figure 1.22: a) The normalized DQ buildup intensity InDQ as a function of DQ evolution
time τDQ of cured NR with different amount of sulfur from DQ-NMR measurement and b)
the resulting distribution curves of Dres/2π. Figures adapted from [116]. Copyright c© 2005
by American Chemical Society. Reprinted by permission.

applied to investigate the network alternation of rubber vulcanizates during aging. In the
present thesis, we are going to employ this robust technique to unveil the aging effect on NR
networks in namometer scale, on which dimension the DQ-NMR relays from the molecular
dynamics.
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In the present thesis, several characterization techniques have been used to investigate the
crosslinks formation of NR during vulcanization, the network alternation after aging as well
as their rheological response. An overview of the sample preparation and the conducted
measurements is presented in the flow chart below:

Figure 2.1: Flow chart of the experiments for the studies of NR aging.

Unvulcanized NR compounds were cured in a hyphenated setup of rheology and NMR
relaxometry (RheoNMR) to study the crosslinks buildup kinetics for different vulcanization
systems. The NR vulcanizates in sheets were submitted for aging either chemically by hot-air
or physically by mechanical fatigue. The effect of aging was investigated by comparing the
original (unaged) and aged samples in FT-rheology, DQ-NMR and microscopy.
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2.1. Sample preparation

There were two sets of NR samples prepared as the formulations listed in Table 2.1 and 2.2.
In rubber industry, the amount of each ingredient commonly refers to one hundrud parts of
pure rubbers by weight so that the unit is "phr" in abbreviation.

Table 2.1: Group 1: unfilled NR samples with different sulfur-accelerator vulcanization
systems.

Sample NR- NR- NR- NR- NR-
CVhigh CVlow SEVmed EVhigh EVlow

vulcanization feature
Vulcanization Conventional Conventional Semi-Efficient Efficient Efficient
Crosslink density high low medium high low

Table 2.2: Group 2: NR samples with same vulcanization system (SEVmed) but different
filler volume and varying dosage of anti-oxidant, the 6PPD. Notice, the NR1 here is identical
as NR-SEVmed in Table 2.1.

Sample NR1 NRCB1 NRCB0 NRCB2
Ingredients phra phr phr phr

filler: unfilled filled filled filled
antioxidant: normal normal zero double

Natrual rubber (NR) 100.0 100.0 100.0 100.0
Carbon black N339 (CB) 0 50.0 50.0 50.0
Zinc oxide (ZnO) 3.0 3.0 3.0 3.0
Stearic acid 1.0 1.0 1.0 1.0
6PPDb 1.8 1.8 0 3.6
CBSc 1.1 1.1 1.1 1.1
Sulfur 1.1 1.1 1.1 1.1
a parts per hundred rubber by weight;
b N -(1, 3-dimethylbutyl)-N′-phenyl-p-phenylenediamine acts as the anti-oxidant,
which is also called anti-oxidant 4020;

c N -cyclohexyl-2-benzothiazole sulfenamide, rubber crosslinking accelerator, also
called accelerator CZ.

Group 1 were unfilled NR with 5 vulcanization systems and normal dosage of anti-oxidant
(1.8 phr of 6PPD with reference to the formulation of tire tread). The vulcanization systems
included conventional vulcanization with high or low crosslink density (CVhigh/low), semi-
efficient vulcanization with medium crosslink density (SEVmed) and efficient vulcanization
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with high or low crosslink density (EVhigh/low). The definition of the vulcanization systems
can be found in Chapter 1.1.1.

Group 2 were three extra NR samples filled with 50 phr carbon black (CB) and varying
amount of anti-oxidant based on SEVmed sample (NR1) in group1. Samples without and with
the CB filler were named as NR, NRCB, respectively. With normal dosage of the anti-oxidant,
the samples were labeled with 1 at the end of the name. Otherwise, they were labeled with 0
or 2, indicating the zero or double amount of anti-oxidant. All other ingredients like zinc
oxide and stearic acid were the same with each other. All the green compounds (mixed with
all ingredients but not yet vulcanized) and the vulcanizates used in this work were kindly
prepared by the cooperation partner, Continental Reifen Deutschland GmbH, Hannover,
Germany.

Mixing:
All compounds were mixed in a 2 liter internal mixer (Harburg-Freudenberger, Hamburg,
Germany) in a two-step mixing process. In the first step, all ingredients except the vul-
canization system were mixed for 6 min at a temperature of approximately 150 ◦C with a
rotor speed of 30–40 rpm (revolutions per minute). In the second step, the vulcanization
system was added and the compound was finalized by mixing for 2.5 min at 100 ◦C with a
rotor speed of 30 rpm. Green compounds (unvulcanized) of group 1 are delivered as well for
vulcanization kinetic studies, each with 100 grams.

Vulcanization:
All green compounds were vulcanized by pressing them into 1.5 mm thick flat sheets at 160
◦C within optimum curing time. The optimum curing time is determined by the maximum
torque/modulus in the rheo-curves from the curemeter, ranging from 7 to 20 minutes depends
on the curing rate of the sample.
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2.2. Vulcanization of NR on rheology–NMR combination

The study of curing is carried out on a unique RheoNMR setup constructed by Ratzsch et
al. [123] (a new version here) with the combination of a high end rheometer and a lab-made
NMR magnet in Halbach design [124] of 16 decagon magnet bars. The schematic RheoNMR
setup is shown as Figure 2.2.

Figure 2.2: Scheme of the RheoNMR setup and the mechanical drawing of the Halbach-
arrayed magnet. The photograph of the whole RheoNMR setup as well as the mechanical
drawing of the ceramic geometry can be found in Appendix A.

The 2.5 kg magnet with a cylindrical core possesses a static magnetic field of −→B0 = 0.59 T
(ωL/2π = 25 MHz as 1H NMR). The 90◦ and 180◦ pulse lengths are t90 = 2.6 µs and t180 =
4.9 µs, respectively, as seen in Figure 2.3b. Such magnet can be mounted on e.g. here the
ARES-G2 rheometer from TA Instruments. Shielding materials were covered at both ends of
the magnet to protect the metal and electronic parts of the rheometer. The temperature
was controlled with a Bruker BVT 3000 Heating Unit by blowing nitrogen gas in to core
of the magnet. The magnet is isolated from the heating coil with a glass Dewar. Ceramic
geometries with 13 mm diameter were machined and connected to the rheometer. Silver
RF coil were self-winded on a ceramic tube outside of the geometry and sample but in the
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center of the magnet. The RF coil together with lab-made probe electronics were ported to a
Bruker Minispec amplifier. Furthermore, the magnets were conditioned at 40 ◦C during the
measurement to suppress the drifting of −→B0.

Figure 2.3: a) The longitudinal relaxation time T1, b) the saturation time t90 and inversion
time t180 of NR-SEVmed (NR1) in RheoNMR at 140 ◦C to demonstrate the performance of
the setup.

With this novel setup, TD-NMR experiments can be conducted in parallel with rheological
characterization. It allows to directly correlate the polymer dynamics on the nanometer scale
with the macroscopic rheological response. Such correlations have been already performed on
the crystallization kinetics of plastics [123,125] and the hydration of cement paste [126].

RheoNMR is only examined for the green compounds (unvulcanized) of group 1 samples
without carbon black. The compounds were hot-pressed in to 1.5 mm thick sheets at 90 ◦C
for 3 min (no observable vulcanization yet) and punched out disk specimens with diameter
of 13 mm (approximately 0.3 g). The disk specimens were submitted to the ceramic D =
13 mm parallel plates in RheoNMR. Isothermal vulcanization were carried out at 140 ◦C in
nitrogen atmosphere with linear rheology and in situ NMR relaxometry measurements. For
temperatures higher than 140◦C, it is challenging to maintain the stability of the magnet
temperature thus the data quality of NMR is not guaranteed. The surface of ceramic plates
were grooved to avoid the wall-slip during rheological test, which is commonly considered
for the rheometry of rubber materials. The vulcanization process took from 3000–10000 s,
depending on the curing rate of each sample.

Dynamic time sweep experiment were performed at an oscillation strain amplitude of γ0 =
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0.5% and frequency of 1 Hz, which is in the LVE regime (see Chapter 1.2.1) of the material.
With respect to the in-situ transversal relaxation (T2) of NMR, xx4 pulse (see Chapter 1.3.2)
was applied, following a mixed magic sandwich echo (MSE) with the reference of [127]. The
MSE was applied to solve the dead time problem of the NMR as explained in Figure 2.4. Due
to the limits of receiver electronics, the beginning part of the magnetization decay can not be
acquired by the receiver in a very short period time as the dotted line in Figure 2.4a. This
is the so-called dead time, τdead (= 11 µs for current setup). However, this short period of
magnetization decay can be refocused by the MSE sequence so that an equivalent real-time
signal is reported. The samples were continuously scanned with MSE-xx4 sequence at a scan
numbers of 8. The recycle delay (RD) was set to 2.7 s, which is 5 times of T1 = 535 ms as
indicated in Figure 2.3a. It took approximately 23 s to receive one full relaxation curve via
MSE-xx4 pulse sequence.

Figure 2.4: a) The dead time problem can be solved by b) adding a MSE pulse sequence
before the xx4 sequence during the NMR relaxometry measurements. The phase cycle
variables are: φ1 = (x|-x|x|-x), φ2 = (-y|y|y|-y), φ3 = x and φ4 = (y|-y|y|-y|-y|y|-y|y). The
phase of every other pair of 180◦ pulse is inverted for the echos, i.e. a xx4 sequence. The
explanation in more detail can be found in reference [127].
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2.3. Aging of NR vulcanizates

As illustrated in Figure 2.5, the 1.5 mm thick vulcanized rubber sheets were aged either
statically at elevated temperatures in the presence of air (hot-air aging) [4] or mechanically
fatigued by cyclic stretching at ambient temperature with the reference of the standards from
American Society for Testing and Materials (ASTM) [128].

Figure 2.5: Facilities for a) hot-air aging with oven and b) mechanical aging with Fatigue
Tester of vulcanized NRs.

2.3.1. Hot-air aging

For hot-air aging, the rubber sheets were hung in Heraeus VT6025 oven (Thermo Scientific,
Langenselbold, Germany) at 70 ◦C for 7–28 days, or at 120 ◦C for 0.5–3 days in air atmosphere
with referential procedures and conditions described in ASTM-D572 [27].

2.3.2. Mechanical aging

For mechanical aging, the rubber sheets of NRCB1 vulcanizates were punched out into
dumbbell shape specimen with a sharp cutting die. The dumbbell dimension was described
in ASTM-D4482 [33] with a working area of 4 × 30 mm2. Under stretching, the force will
concentrate on the long working area of the dumbbell to avoid the geometry defects for fatigue.
For mechanical aging, the dumbbell specimens were fixed on the fatigue machine (Fatigue to
Failure Tester, Alpha Technologies, Hudson, USA) and stretched under an elongation ratio
of ε0 = 90% or 140% at frequency of 1.7 Hz (100 cycles per minute) and varying kilocycle
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numbers at ambient temperature. It was suggested to run fatigue test below 5 Hz for CB
filled rubbers to reduce the self-heating of the specimens during fatigue [129], which would
superimpose thermal-oxidation aging effect. All of the specimens were removed before failure,
i.e. before cracks were visually observable on the specimens or the initial modulus dropped
more than 50%.

2.4. Characterization of NR vulcanizates

The characterization of the vulcanized NR sheets, both before and after aging, were charac-
terized via the instruments as listed in Figure 2.6: the strain-controlled rheometer ARES-G2
(TA Instruments, New Castle, USA) for linear and FT-rheology measurements to detect the
mechanical response in millimeter scale [mm]; the 20 MHz NMR analyzer Minispec mq20
(Bruker BioSpin GmbH, Rheinstetten, Germany) for DQ-NMR measurement to study the
rubber chain dynamics in nano/sub-nanometer scale [nm]; and the light reflection microscope
VHX 900F (Keyence Corporation, Osaka, Japan) to probe the potentially generated cracks
on the surface or the cross-section of the samples with a resolution down to 1 micrometer
[µm].

Figure 2.6: a) An ARES-G2 rheometer with rectangular torsion fixture, b) a mq20 NMR
analyzer and c) a VHF 900F reflection light microscope for rheological, DQ-NMR and
morphology characterization of the NR vulcanizates with the response from different dimension
scales. Photographs of other sample preparation apparatus can be found in Appendix A.
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2.4.1. Rheology

To conduct rheological or mechanical measurements of relative solid or slippery materials,
it is of critical importance to fix or glue the specimen properly on the rheometer geometry.
This can avoid the stress contribution from wall-slip or tribological phenomena between the
sample and the fixture during deformation. For the vulcanized rubber sheets, we utilized the
rectangular torsion geometry. There are many other common dynamic mechanical geometries
or instruments that could be employed. However, for the rubber aging studies, we selected
torsion on rubber samples in thin sheet shape (1.5 mm) and an ARES-G2 rheometer based
on several considerations as below.

Compared to common dynamic mechanical analyzer (DMA) with a linear motor in vibration
mode, the ARES-G2 is a high end rheometer with rotational brushless motor and force
rebalance torque transducer. FT-rheology technique requires or at least prefers accurate
control of the sinusoidal strain as well as the precise measurement of the stress response to
suppress the spectra noise from the instruments [130]. Even on a well controlled DMA, it is
not recommended to adopt tension or double shear geometry for FT-rheology on rubber. In
a uniaxial tension geometry, the rubber undergoes dynamic stretching with a fixed static
elongation. Due to intrinsic asymmetry of the specimen under uniaxial tension (the elongation
will shrink the cross-section area), the stress signal is an engineering stress and exists higher
harmonics already. In a double shear geometry, two testing pieces are sandwiched between
three parallel plates with the middle plate osculating thus double-shearing the samples.
However, the rubber vulcanizates have to be bonded on the double shear geometry by
glue, introducing an uncertain contribution to the stress at large strain amplitude (LAOS)
conditions. In addition, the geometric symmetry of such testing assembly is difficult to
be guaranteed. Therefore, the torsion fixture is preferred here. Concerning the chemical
aging process of rubber, rubber sample in sheet is thinner than cylindrical shape with same
volume, where the later would go through an inhomogeneous aging from the surface to
inside. Additionally, the fixing mechanism of rectangle torsion geometry is more practical
and operable.

Both the original and the aged 1.5 mm thick rubber sheets were cut into 3 mm wide strips
and then fixed on ARES-G2 rectangle fixture at a gap distance of 2 mm. For the dumbbell
shape samples after mechanical aging, only their working areas were selected to cut into
rectangle strips for measurements. The specimens were strain swept from strain amplitude
γ0 = 0.01 to 200% at an oscillatory frequency of ω1/2π = 1 Hz and room temperature to
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obtain both linear rheological results and the FT-rheology parameter, I3/1, as a function of
γ0. Twenty data points per decade of the strain amplitude were measured with ten oscillation
cycles during the acquisition of each data point. It was found that the strain amplitude
density has no obvious effect to the strain sweep results between 10–20 data points per
decade (see Appendix B). At least three specimens were tested for each sample to evaluate
the reproducibility.

2.4.2. DQ-NMR

Proton double quantum NMR (1H DQ-NMR) is a versatile and robust technique to charac-
terize the structure of crosslinked rubber materials [109,131] by measuring the polymer chain
dynamics. The content of network defects, the network density and its distribution can be
quantitatively described.

The 1.5 mm thick rubber sheets were cut into 8 mm diameter disks and piled into O.D. =
10 mm NMR glass tubes. For the dumbbell shape samples after mechanical aging, only the
working areas were selected and cut into roughly 2 × 2 × 1.5 mm3 cubes before filling into
the NMR glass tubes as above. All of the pile height of the samples in the glass tubes are
lower than 8 mm for good RF homogeneity. The DQ-NMR measurements were conducted on
a Minispec mq20 by applying a Baum-Pines NMR pulse sequence [119,132] as the scheme
shown in Figure 2.7.

As indicated in the Figure 2.7, τc and nc denote the time for one cycle and the number of
cycles, respectively. The timings of the sequence are τ1 = τc/24 - t90/2 and τ2 = τc/12 -
3t90/2. Then during the measurement, τc and nc were varied for different τDQ.

To measure the residual dipolar coupling constant Dres as caused by the entanglement, it
is required to condition the materials far above the glass transition temperature [109], i.e.
at least Tmeasure > Tg + 100 ◦C. The onset Tg of unvulcanized cis-polyisoprene was -67 ◦C
according to the differential scanning calorimetry (DSC) analysis in literature [133]. The
onset Tg of the NR1 and NRCB1 was confirmed as close to -62 ◦C from the temperature ramp
data at dynamic mechanical frequency of 1 Hz (see Appendix B). The DQ-NMR experimental
temperature was selected as 60 ◦C, which is already Tmeasure > Tg + 100 ◦C of NR but below
the hot-air aging temperature (70 and 120 ◦C) to avoid extra aging effect during the 2 hours
measurement.
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Figure 2.7: Scheme of the DQ-NMR measurement with a Baum-Pines sequence [109,132]
for dipolar coupling excitation and reconversion.

The 90◦ and 180◦ 1H pulse lengths of the crosslinked NR were t90 = 2.7 µs and t180 = 4.9
µs, respectively. The conditioned sample were excited and reconverted at different evolution
time intervals, τDQ, from 0.08 to 30 ms at a scan number of 128. The corresponding reference
intensity and double quantum build-up intensity, Iref and IDQ, were acquired separately.
Each sample was measured three times to evaluate the reproducibility. The data treatment
followed the procedure described in the reference [134].

2.4.3. Microscopy

The surface and internal section of both the aged and unaged samples were investigated
under a VHX 900F (Keyence Corporation, Osaka, Japan) light reflection microscope at
magnifications of up to 1000 times. To check the internal cross-section area, the samples were
cut through with a sharp scalpel. For the mechanically fatigued samples, only the working
area of the dumbbell specimens were used for observation and analysis.
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3. Vulcanization Kinetics

During the vulcanization of NR in the presence of sulfur and accelerator, several types of
sulfidic crosslinks can be formed, depending on the sulfur/accelerator ratio as mentioned in
Chapter 1.1.1. It is of importance to understand the crosslinks formation kinetics since the
nature of those chemical bonds determines the aging properties of NR vulcanizates.

The crosslinking or vulcanization kinetics of rubber have been intensively studied with a
variety of methods, including the development (the time dependent) of moduli via rheology
or the decrease of chain mobility via NMR relaxometry. However, those experiments are
usually conducted separately so that a direct correlation between the results is questionable
since there are non-neglectable errors between the sample size and the curing environment
for such fast kinetics. It requires lots of additional efforts to ensure the identical environment
for the vulcanization process in different instruments. Here, we present the results from a
unique hyphenation of a low field NMR with a high-end rheometer (RheoNMR) as illustrated
in Chapter 2.2. It is the first time to conduct such experiment to this material class. During
vulcanization, the 1H NMR relaxometry can be carried out in parallel with the rheological
characterization. It enables the direct correlation between the macroscopic rheological
properties and the local molecular dynamics.

3.1. Rheology curve with in-situ NMR relaxometry

The NR samples of group 1 of Table 2.1 were submitted to RheoNMR for isothermal
crosslinking (curing or vulcanization) measurements. Time sweep experiments using oscillatory
shear were carried out with small strain amplitude in LVE regime. This is commonly adapted
approach in rubber industry for the determination of optimum vulcanization time and quality
control.

The raw output of sample NR-CVhigh from RheoNMR is shown in Figure 3.1 as an example.
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3. Vulcanization Kinetics

Figure 3.1: There are two groups of time dependent raw data from a RheoNMRmeasurement,
such as a) the evolution of the macroscopic properties from elastic modulus G′ in rheology
(the rheo-curve) and b) the molecular level information from the T2 relaxation curves in
NMR.

Figure 3.2: The curing degree α as a function of curing time and the typically categorized
curing periods.

The torque or moduli data plotted against the curing time is commonly called rheo-curve.
The elastic modulus increased along the vulcanization, but started to decrease at the end.
This behavior is typical for conventional vulcanized NR with high sulfur/accelerator ratio.
Normally, the degree of curing can be defined by the relative increase of the elastic moduli:

α ≡ G′max −G′(tcuring)
G′max −G′min

× 100% (3.1)
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3.1. Rheology curve with in-situ NMR relaxometry

where G′max and G′min are the minimum and maximum modulus along the course of vul-
canization. In this way, the vulcanization rates for samples with different moduli could be
directly compared. The curing course of sulfur-NR system can be separated into four periods
as indicated in Figure 3.2: I) induction, II) curing, III) plateau and IV) reversion. The drop
of the moduli at the very beginning is due to the heating up of the materials from room
temperature (RT) to 140 ◦C.

Figure 3.3: The influence of the curing chemicals on the reaction scheme of the accelerated
sulfur-NR systems in presence of zinc oxide. The scheme is modified according to [25].

There are several chemicals and mechanisms involved during the crosslinking in sulfur-
accelerator-NR formulations. The details can be referred in books and review articles [25,135].
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3. Vulcanization Kinetics

Here, only the main reactions are explained briefly. Consider the formulation of NR-SEVmed
(NR1) as an example, it can be classified into 4 chemical systems: 1) the sulfur as crosslinker
to bond two neighbor NR chains via C=C bonds, 2) CBS as accelerator to speed-up the
curing reaction, 3) retardation of the reactions at the very beginning and 4) ZnO and fatty
acid as activator to catalyze the crosslinking reaction. The chemical structure and chemical
reaction schemes can be found in Figure 3.3.

The early stage crosslinking is called scorch in the rubber industry, which should be avoided
before vulcanization to allow the processibility of rubber for mixing and calendering. The
-S-N- bonds in CBS inhibit k1 and k2 in the reaction scheme, which is the induction time
for the crosslinking. After that period, the zinc ions continuously form a ligand with the
accelerator (Ac, the -N=CR-S- in CBS) and the free sulfur. The sulfurating agent attacks the
-C=C- in NR to form the crosslink precursor with a dangling polysulfide-Ac. In the presence
of a zinc ligand complex, the precursor reacts with neighboring -C=C- bonds and links two
chains with polysulfidic bridges. This crosslinks-forming period, with constant speed, is the
curing period. The polysulfidic crosslinks are not stable due to the low bond energy. They
can be easily modified into more number of mono-/disulfidic bridges, which slows down the
crosslinks-forming as shown by the plateau period. In longer time, cyclic-sulfidic bridges
formation from the polysulfidic bonds dominates the reaction, resulting in the network scission
as reflected by the drop-down of the elastic modulus. This is called network reversion.

The rheo-curves of the five NRs containing different crosslinking agents compositions are
plotted in Figure 3.4. The evolution of other characteristic data can be found in the Appendix
B. As expected, the amplitude of optimal storage moduli, G′max, followed the order of crosslink
density as design, high>medium>low, as listed in Table 2.1 of Chapter 2.1. CV samples
exhibited strong degree of curing reversion after 1500 s while the EV samples maintained a
distinctively long plateau. The SEV sample is in between.

During the NMR relaxometry measurements as Figure 3.1b, MSE-xx4 pulse was continuously
scanned on the sample with 8 scans as in-situ to the rheology test. The data sampling
duration for NMR and rheology were about 23 and 6 seconds per data set or per data point,
respectively. The signal to noise ratio of the relaxation curves was around 120. The short
time intensity of MSE was stable during curing, as it reflects the total number of protons
within the sample. The MSE signals decayed along the evolution time tMSE−xx4, mainly
due to the inhomogeneities of the static magnetic field, −→B0. The initial intensity of xx4 part
(evolution time 0.1–0.3 ms) was also close to the stable MSE peak intensity. This implies
there is no such fast relaxation motion mode (at a temperature far above Tg) in the rubber
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3.2. Analysis of the transversal relaxation time

Figure 3.4: The rheo-curves of crosslinking NRs with different vulcanization systems. All
data were acquired from the rheological part in the RheoNMR measurements.

segments even after crosslinking. Or in other words, the chemical permanent crosslinks
would not change the sub-segmental vibrations, in comparison with the physical transient
entanglement. However, the xx4 signals shifted towards shorter relaxation time during curing.
This indicates the fluctuation of the rubber sub-chain segments are more constrained by the
crosslinks, leading to a faster T2 relaxation rate of the spins on the segments. Therefore, the
newly generated crosslinks constrain the molecular mobility in the range of chain segments
other than the sub-segmental sections as shown in Figure 1.21a.

3.2. Analysis of the transversal relaxation time

3.2.1. Fitting procedures

Regarding the raw data from the in-situ 1H NMR relaxometry as above, we have to find a
way to extract the T2 time embedded in the transversal relaxation curves, especially the xx4
part. They are related to cooperative chain dynamics and is influenced by constraints such
as crosslinked points. The net magnetization intensities were different from each experiments
since the sample quantity and the receiver gain for NMR signal were varying. Therefore,
the raw intensity in Figure 3.1 was normalized as I(t) by the initial intensity of xx4 part
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3. Vulcanization Kinetics

or the peak intensity of MSE part for analysis. For rubber materials or elastomers, it is
known that the transversal relaxation can not be simply expressed by a single exponent or
Gaussian function due to the heterogeneity of the molecular dynamics. The decay behavior
is intermediate, and should mostly be decomposed into multiple components. However,
bi-exponential function still did not fit well on the experimental data as seen in Figure 3.5.

Figure 3.5: a) The fit performance of Equation 3.2 on 100% cured SEVmed sample and b)
the shapes of the exponential decay function with same T2 but different factor of β. With 1<
β <2, the function is compressed and with 0 < β <1, the function is stretched.

As discussed in Chapter 1.3.2, one can impose a compression factor, 1< β <2, to the
exponential functions. It is found that a combination of one exponential and one compressed-
exponential (Weilbull type) can make a satisfying fit,

I(t) =Mxx4(t)
M0

= IRexp[−( t

T2R
)β] + IMexp(−

t

T2M
),

with bounderies:

IR + IM = 1, T2R < T2M , 1 < β < 2.

(3.2)

with R and M representing the relative rigid segments close to the crosslinks and the relative
mobile segments in middle of the crosslinks, respectively. This model works for samples along
the course of vulcanization from the unvulcanized to the fully vulcanized status.

In Equation 3.2, the five free parameters, IR, IM ,T2R, β and T2M , are interdependent with
each other, causing fitting instabilities for the whole set of curing data. The target is to use
one polymer dynamic parameter from above to correlate with the rheological response. Thus
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3.2. Analysis of the transversal relaxation time

it is preferable to reduce the number of fitting variables and select the most representative
one. According to the raw NMR signals evolution in Figure 3.1, the most distinctive change
after crosslinking is the relaxation time at the short txx4, i.e. the T2R. Therefore, the fitting
quality of T2R is considered as the most relevant.

Table 3.1: Fitting results with Equation 3.2 on all the NR samples at the zero(α = 0%) or
fully(α = 100%) vulcanized status.

Parameters IR IM T2R T2M β R2

samples - - [ms] [ms] -
free fitting:
CVhigh-0% 0.701 0.299 5.269 5.939 1.630 0.99874
CVlow-0% 0.821 0.179 5.014 5.802 1.579 0.99851
SEVmed-0% 0.833 0.167 4.688 5.271 1.691 0.99765
EVhigh-0% 0.883 0.117 4.967 5.483 1.638 0.99811
EVlow-0% 0.832 0.168 4.902 5.460 1.654 0.99842
CVhigh-100% 0.859 0.141 1.483 3.719 1.557 0.99734
CVlow-100% 0.803 0.197 1.782 3.737 1.599 0.99768
SEVmed-100% 0.765 0.235 1.717 3.905 1.574 0.99774
EVhigh-100% 0.737 0.263 1.545 3.605 1.615 0.99771
EVlow-100% 0.810 0.190 2.148 5.824 1.556 0.99711

average 0.804 0.196 3.351 4.875 1.609
fix T2M = 5 ms and β = 1.6:
CVhigh-0% 0.638 0.362 5.044 5 1.6 0.99592
CVlow-0% 0.784 0.216 5.025 5 1.6 0.99839
SEVmed-0% 0.893 0.107 4.689 5 1.6 0.99767
EVhigh-0% 0.936 0.064 5.020 5 1.6 0.99809
EVlow-0% 0.888 0.112 5.021 5 1.6 0.99817
CVhigh-100% 0.894 0.106 1.544 5 1.6 0.99648
CVlow-100% 0.865 0.135 1.863 5 1.6 0.99701
SEVmed-100% 0.825 0.175 1.794 5 1.6 0.99703
EVhigh-100% 0.825 0.175 1.642 5 1.6 0.99700
EVlow-100% 0.762 0.238 2.116 5 1.6 0.99697

The Equation 3.2 has been examined without extra boundaries (free fitting) on the five NRs
at both unvulcanized (α = 0%) and fully vulcanized (α = 100%) status. The results are listed
in the upper-half of Table 3.1. For all of the NRs, the most changed parameter between α =
0% and 100% was T2R. The compression parameter, β, was similar at both status around
1.6. The unvulcanized rubber shared similar value (close to 5 ms) between T2R with T2M ,
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3. Vulcanization Kinetics

which is reasonable that the "rigid" components should be similar as the "mobile" ones before
crosslinking.

To reduce the fitting variables, T2M was fixed to the averaged value, 5 ms, assuming the
dynamics of mobile segments before and after crosslinking were similar. The compression
factor β was set to the average value of 1.6. In this way, the five fitting parameters had been
reduced into three. Using the fixed T2M and β for Equation 3.2, the fit still worked well
since R2 > 0.996 as seen in the lower-half of Table 3.1. A corresponding MATLAB code
was constructed for the batch precessing of the intensive NMR raw data sets, setting T2M

= 5 ms and β = 1.6 for Equation 3.2. The most drastically changed parameter along the
vulcanization, T2R, was selected as the tracking parameter from NMR experiment during
vulcanization.

The comparison of T2R of the five types of NR samples at fully cured status is shown
in Figure 3.6. The results follows the experimental design, which high crosslink density
formulation results in more rigid segments (lower T2R) and vise versa for the same vulcanization
system. The T2R of SEVmed was in between of both types of systems. The T2R of EV samples
were higher than that of CV samples. This is attributed to the more rigid crosslinks, mono-
and di-sulfidic bonds, generated from EV vulcanization, which is going to be discussed later.

Figure 3.6: The comparison of T2R of the five fully vulcanized NRs (α = 100%), from fitting
with fixed parameters T2M = 5 ms and β = 1.6.
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3.2. Analysis of the transversal relaxation time

3.2.2. Correlation: 1/T2R vs G′

Following the above fitting procedure, the macroscopic elasticity, G′, reflected by rheology
and the nanoscale mobility of the relative rigid chain segments determined from NMR was
able to be tracked in parallel. The rigidity of the molecules was represented by the the
relaxation rate, 1/T2R, in unit of kHz for a revolution time in ms. Such comparative results
are shown in Figure 3.7 with the NR-CVhigh sample as an example. The time resolution for
the rheological data was 6 s per data point, while for the NMR data was around 23 s. It is
seen that the evolution curve of NMR, 1/T2R(t), overlays well with G′(t) in a proper scale
of the vertical axis, although the NMR data was more noisy. Data of other samples can be
found in Appendix B.

Figure 3.7: The evolution of G′ and 1/T2R of NR-CVhigh compared in parallel, which
maintains good overlay.

The parallel data, from rheology and NMR, can be compared at the same time of the
experiment to generate a correlation curve as Figure 3.8. To easy guide the eye, data only
from curing degree between α = 0% and 100% was plotted, without the heating softening
and network reversion period. It was found that the segmental rigidity built up together with
the macroscopic elasticity in a slope of 1.36 kHz/MPa as indicated in Figure 3.8.

However, the above correlation only took account of the rigid rubber segments for the NMR
data, while the assignment of 1/T2M = 5 ms for the whole vulcanization process could be
controversial. Meanwhile, other fitting parameters, IR and IM , were also interdependent to
each other as shown in Figure 3.9 with the jump in intensity after the vulcanization induction
period. Based on expectation, IR should increase during vulcanization as the population of
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3. Vulcanization Kinetics

Figure 3.8: The 1/T2R–G′ correlation curve of NR-CVhigh from RheoNMR results.

Figure 3.9: The jump of fitted IR, IM data near the induction period of vulcanization.

crosslinked segments grows, and IM should decrease. Therefore, 1/T2R is not single and only
parameter that represents the dynamic status of overall segments in the sample.
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3.3. Analysis via inverse Laplace transformation

3.3. Analysis via inverse Laplace transformation

An alternative way to analyze the transversal relaxation data from NMR is the inverse
Laplace transformation (ILT). The multiple relaxation rates in the complex network, 1/T2,
can be regularized via ILT with proper kernel function. Consequently, the distribution of
1/T2 [136] or similar form are deduced. Based on this distribution, the number averaged or
logarithmic averaged value of 1/T2 [137] can be chosen as the single parameter to represent
the molecular dynamic status of the whole rubber sample.

3.3.1. Inverse Laplace transformation

The Laplace transformation is named after Pierre-Simon Laplace (1749-1827, French scholar)
[138], which can describe the exponential functions. The intrinsically embedded exponential
functions in a decay signal can be deconvolved using the inverse Laplace transformation
[139,140]. The path integral can be evaluated for any real value re in the region of convergence,
described as

L−1[F (s)](t) = 1
2πi

∫ re+i∞

re−i∞
F (s)exp(st)ds (3.3)

However, this is an ill-proposed problem that prior assumptions are required to solve the
function. This can be realized by the regularization with numerical computing program such
as MATLAB.

The ILT approach has been successfully implemented on the strongly swollen networks such
as hydrogels [141,142] with simple exponential function as kernel,

M(t)
M0

=
∑
i

giexp(−t
1
T2,i

) (3.4)

where gi is the distribution amplitude of 1/T2,i. Consequently, the distribution of transversal
relaxation rate gi(1/T2,i) was described. However, ILT based on above kernel can not converge
properly for current NR samples, which are non-swollen and narrowly distributed networks
covering a short range of 1/T2.

In quantitative terms, the transversal relaxation rate, 1/T2, depends mainly on the dipolar
coupling strength of the surrounding spins [141]. The dipolar interaction from neighboring
spins is controlled by the molecular motions. Thereby the relaxation path of the magnetization
relays on the orientation autocorrelation function C(t), see chapter 1.3.3. The spectral density
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J(ω, τc) from the T2 relaxation curve (via Fourier transformation) can be connected to C(t).
According to the BPP model [79] described in Equation 1.30, J(ω, τc) determines the T2

relaxation via
1
T2

= 3
40
γ4(h/2π)2

r6 [3J(∆ω) + 5J(ω0) + 2J(2ω0)] (3.5)

where ∆ω is the dipolar coupling frequency width, typically 0–20 kHz.

In a crosslinked rubber network far above the glass transition temperature, the T2 relaxation
is sensitive to the slow motions of the crosslinked chain segments, i.e. the term of J(∆ω). As
observed in many spin diffusion processes, it is not necessarily a pure Gaussian distribution but
also includes both Markoffian and non-Markoffian distributions [143]. Based on the Anderson-
Weiss approximation [144], the second moment M2 in Equation 1.33 can be described by the
residual dipolar coupling constant Dres,

qM2 = 9
20D

2
res (3.6)

here Dres is in unit of rad/s and q is the residual part of the M2 of dipolar interaction.
For networks of rubber materials or elastomers, it is fund [108] that with the limit of t in
Equation 1.33, the term −t/T2A → 0. The relaxation function is reduced to

MA(t) = MA0exp(−
1
2qM2t

2) = MA0exp(−
9
40D

2
rest

2) (3.7)

That is one possible reason that why only a simple exponential kernel does not fit the data
of NR samples. Accordingly, the T2 relaxation curve can be described by this Gaussian-type
dipolar dephasing function. Thus Equation 3.4 was customized here as

M(t)
M0

=
∑
i

giexp(−
9
40D

2
rest

2) (3.8)

for the ILT. In this way, the the relaxation data I(t) of NRs will be translated into the
distribution of residual dipolar coupling gi(Dres,i), instead of the transversal relaxation rate.

3.3.2. Correlation: Dres vs G′

ILT based on Equation 3.8 was performed on the sets of NMR raw data in MATLAB code.
For the xx4 echo time from 0.06 to 21 ms, accordingly, the ILT was set to a range of Dres,i =
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0.01 to 50 krad/s in a logarithmic spacing. The results from NR-CVhigh as an example was
shown in Figure 3.10. The unit of Dres,i was transformed from [krad/s] into [Hz].

Figure 3.10: a) The raw NMR data of NR-CVhigh selected at different curing degrees and
the fitting from ILT results. b) The corresponding distribution curves of gi(Dres,i).

As expected for the shortening T2 along the curing, the Dres,i shifted towards a higher coupling
frequency. At α = 100%, there were still small portion of the sample with low Dres,i. This
might be the small molecules in the rubber sample, the left sol molecules and/or network
detects.

From the distribution curve, we need to define a single representative parameter to correlate
with the rheological properties. Saalwächter and coworkers have adapted probability functions
P (Dres,i) [145], such as a Γ distribution or a lognormal distribution function to extract the
median value. The median Dres is adapted to represent the chain dynamic of the network.
However, those functions can not fulfill the distribution shape, in particular the small peaks
or tails at high or low Dres range. In oil exploration industry, the logarithmic mean of T2

distribution curves from a low-field NMR well-logging tools, T2,log, were suggested to estimate
the oil saturation [137, 146] in the porous rock cores. The T2,log correlated well to the oil
viscosity in a defined power law relationship.

Another approach we could refer to is the number averaging in a normalized probability,
such as the molecular weight calculation of macromolecules in size exclusion chromatography
(SEC). The raw distribution curves from ILT translation, gi(Dres,i), can be normalized in an
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integral fashion by setting the area under the discrete curve as one.

gi∑
i gi ×∆logDres,i

⇒ Pi(logDres,i), so that
∑
i

Pi ×∆logDres,i = 1 (3.9)

with ∆logDres,i is the spacing of the discrete logDres,i and Pi(logDres,i) is the normalized
distribution. The Pi can be seen as the "weight" portion for the coupling constants between
logDres,i and logDres,i+1. The averaged dipolar coupling strength, e.g. the number-averaged
value Dres,n, can be received by

logDres,n =
∑
i Pi∑
i ni

=
∑
i Pi∑

i(Pi/logDres,i)
Dres,n =10logDres,n

(3.10)

with ni seen as the "number" portion between logDres,i and logDres,i+1. In this way, the
single representative parameter of network dynamic is obtained.

Figure 3.11: a) The normalized logDres,i distribution of NR-CVhigh and b) the calculated
number-averaged dipolar coupling constant Dres,n along the vulcanization process.

Figure 3.11a is the normalized distribution curves of Figure 3.10b. The Dres,n of NR-CVhigh
during curing were calculated between logDres,i = 1 to 3.5 Hz, neglecting the curve tails.
During crosslinking, theDres,n exhibited similar evolution trend asG′. TheDres,n is considered
as the overall averaged chain/segmental dipolar coupling strength of the sample. Therefore,
this parameter can solely represent the molecular dynamics at the nanometer scale and be
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used for the correlation to macroscopic properties.

Figure 3.12: Correlation plot of the nanoscale chain dynamic parameter Dres,n to the
macroscopic elasticity of the conventional and efficient vulcanization process.

The correlation features of Dres,n against G′ of different NR samples are compared in
Figure 3.12. Assuming that those rubbers were only forming ideal networks (no topological
complex), the elastic moduli in rubber plateau G′ would be proportional to the number of
crosslinks per volume (the crosslink density ν) [39]

G′ = νRT (3.11)

where R is the universal gas constant and T is the temperature. Due to the growing number
of crosslinks formed during vulcanization, G′ increased. The Dres,n reflects the level of local
chain dynamics in both transient or permanent networks. The crosslinks generated permanent
networks and induced more constraints to the segmental movement, leading to the increase
of Dres,n. Therefore, Dres,n is always positively associated with G′.

For NR with different vulcanization systems, Dres,n(G′) of EVs maintained a linear correlation,
while Dres,n(G′) of CVs was nonlinear with a increased slope towards the curing plateau
period (close to α = 100%). The formation of sulfidic crosslinks in EV and CV samples
are illustrated in Figure 3.13. As introduced in Chapter 1.1.1 for the efficiency of utilizing
sulfur to form networks, EV systems preferably generates mono-sulfidic crosslinks and in CV
formulations the polysulfidic bridges dominate [25]. Furthermore, the low energy polysulfidic
bonds tend to be modified into di-/mono-sulfidic bonds at high temperatures. A reasonable
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Figure 3.13: Schematic illustration for the build-up and modification processes of sulfidic
crosslinks in conventional or efficient vulcanization systems and their influence on the
nanometer scale polymer chain dynamics as well as on the macroscopic elasticity. This kinetic
agrees with the results from RheoNMR.
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hypothesis is that the protons from mono-sulfidic linked networks possess a higher Dres,n than
that from polysulfidic linked networks. Close to the curing plateau period, the polysulfidic
bridges in CV samples were shortened into mono-sulfidic ones. Such reaction introduced
highly rigid chain/segmental near the crosslinks rather than substantial numbers of effective
crosslinks. In other words, it resulted in a more effective increase of Dres,n than the growth of
G′. With regards to the EV samples, only one type of crosslinks was built up gradually, the
mono-sulfidic bonds. Therefore, in comparison with the development of G′, the increasing
amplitude of Dres,n in EV should be constant along the vulcanization, i.e. a linear correlation
as expected.

Additionally, with similar final crosslink density, Dres,n(G′) of EV samples were always higher
than their counterparts (NR-EVhigh vs NR-CVhigh, or NR-EVlow vs NR-CVlow). This
phenomenon supports the hypothesis above that with the same number of effective crosslinks,
mono-sulfidic bonds result in more rigid chains than the polysulfidic bonds, especially around
the bonding points as the sulfur atom is not NMR active. For EV with only mono-sulfidic
crosslinks, a high concentration of vulcanization chemicals increased the chain rigidity more
effectively with 322 Hz/MPa of NR-EVhigh. While NR-EVlow possessed a slope of 260
Hz/MPa. However, this effect was not obvious for the CV samples as seen that the Dres,n(G′)
of NR-CVhigh and NR-CVlow were similar.

The Dres,n(G′) correlation data of the reference sample in this work, NR-SEVmed, were
plotted in Figure 3.14. The evolution line of NR-SEVmed felt in between that of the NR-
EVhigh and the NR-CVhigh. Comparatively, the Dres,n(G′) of NR-SEVmed fluctuated more.
It implies that both polysulfidic and short bridges were formed in the SEV system, generating
both relative rigid and relative mobile networks along the vulcanization course.

The speculation of the buildup and modification of sulfidic crosslinks in rubber vulcanization
agrees with the results from 13C NMR spectroscopy or selective cleavage of the crosslinks by
solvent in literature [25]. In this chapter, the kinetics of the crosslinks buildup and its influence
on both nanometer scale molecular dynamics and macroscopic scale dynamic elasticity were
observed and correlated. With the correlation curves of Dres,n(G′), the differences in crosslink
structures and the evolution process in varying NR vulcanization systems were confirmed.
Those structures existing in NRs would be supportive for later aging analysis.

With respect to the analysis shown above, the combined setup RheoNMR has assured the
unique validity of correlation with the concurrent responses to rheology and NMR relaxometry
from NR crosslinking process. However, in case of the separately conducted measurements on
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Figure 3.14: Correlation plot of SEVmed in comparison with EVhigh and CVhigh.

rheometer and NMR analyzer, the plot of Dres,n as a function of G′ would be controversial
due to the nonidentical experimental conditions: 1) there would be errors for the mass and
chemical ingredients from different specimens; 2) the loading time of specimen before starting
the tests may different; 3) the environment for the crosslinking reaction varies, including the
thermocouples in the rheometer oven and in the NMR core, the air or nitrogen flow around
the specimen and heating conductivity through the specimen. With those challenges and
error sources in the separated methods, the differences between the NR samples in Figure 3.12
Figure 3.14 and might be smeared out or be arbitrary.

Moreover, the evolution time in the raw data, txx4, was in linear spacing for the ILT into
Dres,i (or T2,i) [Hz] on logarithmic scale. The instability of the first few data points at short
txx4 may cause strong calculation artifacts in the resulting distribution curve of gi(logDres,i),
such as the small peaks at high rate (see Figure 3.11a, at logarithmic 2.5–3.5 Hz). A possible
improvement is to manipulate the raw M(txx4) data into logarithmic spacing before ILT.
Firstly, fit the raw data with Equation 3.2 with a high quality (R2 > 0.997 as seen in
Table 3.1). Secondly, translate the data into logarithmic spacing for txx4 from the fitting
results. Finally, submit the manipulated data for ILT process. It is worth to compare the
gi(logDres,i) results from this way of data treatment with the the non-manipulated ones.
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In this chapter, the FT-rheology and 1H DQ-NMR as recently developed techniques were
validated on the NR vulcanizates before aging. The rheological nonlinearity of crosslinked
NR network as well as the filler network were quantified directly via FT-rheology. Using
DQ-NMR, the rubber network density, the mesh size distribution as well as the amount
of defects of the network were revealed. Thereafter, the effect of high temperature aerobic
aging on NR vulcanizates were investigated with the respects of rheological nonlinearity and
network structures.

4.1. Validation of the characterization protocol

The NR vulcanizates in unaged status were used to examine the feasibility of FT-rheology
and the DQ-NMR on crosslinked rubbers. Compared to polymer melts [57,61] and rubbers in
unvulcanized status [9, 10, 63], FT-rheology is rarely used for rubber vulcanizates so that few
referential experimental procedures and results can be found in literature. In the following
chapter, through FT-rheology of NR vulcanizate, the rheological nonlinearity characters of
rubber network as well as filler network are going to be unveiled. In Chapter 4.1.3, the data
treatment process of DQ-NMR for NR vulcanizate is going to be demonstrated. Since then,
the characterization protocol is established.

4.1.1. FT-rheology of NR vulcanizate

Strain sweep measurements were performed on the NR vulcanizates with a rectangular torsion
fixture at room temperature and ω1/2π = 1 Hz from low to high strain amplitudes. Both
linear and FT-rheological results were obtained as shown in Figure 4.1. The subscript "1" on
the frequency refers to the basic frequency for exciting the sinusoidal strain.
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4. Hot-Air Aging

For linear rheological properties, the G′ and tanδ of the unfilled NR (NR1) were independent
of the strain amplitude in a long range, i.e. a broad linear viscoelastic (LVE) regime.
Distinctively, the G′ of the 50 phr N339 filled NR (NRCB1) exhibited strong strain softening
above γ0 = 0.2%, known as the Payne effect [49,147]. This is commonly observed in reinforcing
filler filled composites. The mechanical loss factor, tanδ, was also increased by the fillers and
developed a maximum at around γ0 = 10%. The average values of the elastic moduli and
loss factor in LVE regime, G′0 and tanδ0, as indicated by the solid lines in Figure 4.1, were
selected to represent the linear rheological properties for the aging analysis of NR vulcanizates
afterwards.

Figure 4.1: The strain dependence of the linear and FT-rheological parameters of NR
vulcanizates with and without 50 phr CB (NRCB1 and NR1) obtained from ARES-G2
oscillatory torsion at frequency of ω1/2π = 1 Hz and room temperature (RT).

There are several contributions to the storage moduli at low strain amplitude, according to
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the dynamic network model for the fillers [148] or the dynamic adhesion model for the rubber
chains adsorbed on the filler surface [149]. The origins could be described in Figure 4.2 in
a semi-logarithmic plot. The strain independent components include the plateau storage
modulus of crosslinked rubber, G0

N , and the hydrodynamic reinforcement from the rigid
fillers, following the Einstein equation for a suspension system G′ = G0

N (1 + 2.5φ). The strain
softening behavior originates from the mechanically instable filler-filler interaction and the
deformation or sliding of the rubber chains on the immobilized rubber surface [7, 150,151].

Figure 4.2: The storage moduli consists the contributions [151] from the reinforcement
and crosslinking effect in filled rubber vulcanizate, according to the concept of dynamic de-
and re-agglomeration of filler networks [7, 148] and immobilized rubber layer on the filler
surface [150,152]. Some components exhibit strain softening, i.e. the Payne effect.

Conventionally, the rheological nonlinearity is quantified in an indirect way via e.g. the drop
of G′ at specified strain amplitude range. In present work, the direct quantitative parameters
from FT-rheology were employed, such as the relative intensity of third harmonics, I3/1, as
explained in Chapter 1.2.2. Following the theory of FT-rheology and the observations from
other polymeric materials, the I3/1(γ0) of NR vulcanizates also passed a noise region at small
amplitude oscillatory strain (SAOS) as indicated in Figure 4.1. The noise dominated data
dropped with a slop of -1 in the logarithmic plot. Afterwards, I3/1 increased quadratically
(I3/1(γ0) ∝ γ2

0) at the medium amplitude oscillatory strain (MAOS) until reaching a plateau
or level-off at large amplitude oscillatory strain (LAOS). Compared to the unfilled NR, the
introduction of CB network in NRCB1 increased I3/1 drastically in MAOS region. Additionally,
there were two quadratic growth regions of I3/1(γ0) in NRCB1.
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4. Hot-Air Aging

In SAOS, only the noise dominates the intensity of I3/1 with a relationship of I3/1(γ0) ∝ γ−1
0 .

Assuming the level of noise, Lnoise, is a constant for the same rheometer on similar materials,
one can deduce

I3/1(γ0) = Lnoise
γ0

in SAOS (4.1)

After the SAOS region, I3/1(γ0) grows quadratically in MAOS and levels off in LAOS. To
phenomenally describe this behavior, two types of sigmoidal functions with squared exponents
were proposed for a pure polymer network:

Type I: I3/1(γ0) = Lnoise
γ0

+ nP
(γ0/γcP )2

(1 + γ0/γcP )2 (4.2)

Type II: I3/1(γ0) = Lnoise
γ0

+ nP
(γ0/γcP )2

1 + (γ0/γcP )2 (4.3)

Figure 4.3: The fitting performance of two types of quadratic growth function for I3/1(γ0)
with limiting plateau on a) unfilled and b) CB filled NR vulcanizates.

While for NRCB1 sample, there are two types of networks, the filler network and polymer
network, with two quadratic growth regions of the I3/1(γ0). It leads to the idea that the
I3/1(γ0) of a filled system could be seen as the superposition of above functions with two
critical strain amplitudes,

Type I: I3/1(γ0) = Lnoise
γ0

+ nF
(γ0/γcF )2

(1 + γ0/γcF )2 + nP
(γ0/γcP )2

(1 + γ0/γcP )2 (4.4)
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Type II: I3/1(γ0) = Lnoise
γ0

+ nF
(γ0/γcF )2

1 + (γ0/γcF )2 + nP
(γ0/γcP )2

1 + (γ0/γcP )2 (4.5)

where the prefactor n is the limiting nonlinearity at the plateau and γc is the critical strain
amplitude to excite nonlinear response. The subscripts, "F " and "P ", stand for the filler- and
polymer-involved networks, respectively.

The fitting quality of two types of sigmoidal functions on NR1 and NRCB1 are compared in
Figure 4.3. The fit line of Type I deviated more from the experimental data thus the Type II
function was more suitable to describe I3/1(γ0). Therefore, Equations 4.3 and 4.5 (both Type
II) were selected to fit the I3/1(γ0) data of unfilled and filled NR vulcanizates.

Figure 4.4: Fitting of Equations 4.3 and 4.5 on unfilled and filled NR vulcanizates with
critical strains γcF , γcP and superposition of the limiting rheological nonlinearity ncF , ncP .

Table 4.1: FT-rheology fitting parameters for crosslinked NR network with and without
filler network in Figure 4.4.

Sample Filler network Polymer network
nF γcF nP γcP

NR1 n.a. n.a. 0.049 64%
NRCB1 0.0176 2.5% 0.065 75%

The critical strain amplitudes and the limiting rheological nonlinearity are illustrated in
Figure 4.4 with the fitting results listed in Table 4.1. The noise region has been colored in
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4. Hot-Air Aging

gray background, indicating the data from this zone is out of interest for analysis.

The fit line for NRCB1 was decomposed into two dotted lines, representing the filler network
in red and polymer network in blue, respectively. The critical strains were indicated as well
in dashed lines. Neglecting the noise contribution, at critical strain amplitude γ0 = γc, the
rheological nonlinearity is

I3/1(γc) =n (γc/γc)2

1 + (γc/γc)2

=n2

(4.6)

indicating the network has reached half its limiting nonlinearity. For the same polymer matrix,
it is found that NR1 and NRCB1 share a critical strain amplitude at γcP ≈ 70% and similar
limiting nonlinearity for the polymer term, nP . The critical strain amplitude of filler network
is much lower, at γcF ≈ 2.5%. In the following chapters within the NR aged samples, the
half-limiting rheological nonlinearities at γc, I3/1(γ0=2.5%) and I3/1(γ0=70%), were selected
to evaluate the rheological nonlinearity of filler and polymer networks, respectively.

In summary for the proposed model to describe the I3/1(γ0) of NR vulcanizates with and
without fillers:

• In small amplitude oscillatory strain (SAOS), I3/1 is dominated by noise. The I3/1(γ0)
decreases in relationship of γ−1

0 with a constant prefactor, Lnoise, which is the noise
level of the experiments (the sensitivity of the rheometer and the moduli of the sample).

• In medium amplitude oscillatory strain (MAOS), the I3/1(γ0) starts to increase quadrat-
ically. At the critical strain amplitude, γc, the growth of I3/1(γ0) start to level-off.
The γc can be seen as the characteristic strain amplitude, at which the rheological
nonlinearity of the network reaches the half of the limitation, n2 .

• In NR filled with reinforcing fillers, two critical strain amplitudes are specified for the
filler network and polymer network as γcF and γcP . Their I3/1(γ0) terms are linearly
superposed, with the γcF being smaller than γcP .

• In large amplitude oscillatory strain (LAOS), the I3/1 of the filler and polymer networks
reach their corresponding limitations as plateaus, ncF and ncP .

• With regards to the NR vulcanizates in the presented work, it is found that γcF ≈ 2.5%
and γcP ≈ 70%. For the aging results in following chapters, the I3/1 at those critical
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strain amplitudes are chosen as the direct indicators of the rheological nonlinearity of
the filler network and polymer network, respectively.

The assumption of the critical strain amplitude and the limitation of rheological nonlinearity
have been verified on other networks systemically as follows.

4.1.2. I3/1(γ0) of filled networks

Two growth regions in I3/1(γ0) of filled systems have also been observed in unvulcanized
rubbers with reinforcing fillers, such as CB or silica as shown in Figure 4.5 and Table 4.2 [9,10].
One group of SBR were filled with same type of filler, the N339 carbon black, while increasing
the filling ratio in volume, φ. Another series of SBR were filled with the same amount
of silica (50 phr) but tuned the filler-filler interaction by surface modification via silane.
The surface of silica particles are covered by numerous silanol groups, which is different
from the surface of CB. This leads to strong polar and hydrophilic characteristics. In
consequence, the interparticle interaction of silica is strong. During the mixing process, an
alkyl silane such as 3,3′-tetrathiobis(propyl-triethoxysilane) is commonly blended into the
compounds to functionalize the particle surface via a condensation reaction with the silanol
groups. This reduces the hydrogen bonding thus, the strength of inter-particles interaction of
silica [153,154].

Interestingly, the I3/1(γ0) in MAOS (near the γcF ) was sensitive to both the volume fraction
of the filler and the strength of filler-filler interaction as indicated by the arrows in Figure 4.5.
The increased filling ratio, φ, of N339 resulted in higher I3/1 at strain amplitude around γcF
= 42–91% with the increase of nF from 0.059 to 0.11. However, the limiting nonlinearity
of the rubber matrix, nP = 0.15–0.16, was stable for the same polymer matrix. The nF of
silica filled SBR in Figure 4.5b decreased as a function of silane concentration because the
filler-filler interaction had been suppressed by the silanization. The limiting nonlinearity of
the rubber network, nP , of silica filled SBR increased as the filler-polymer interaction was
enhanced through the silanization. In summary, the build-up of rheological nonlinearity in
filled rubbers occurs at two distinctive strain amplitudes, which correlates to the dimension
and strength of filler- and polymer-involved networks as the functions proposed before.

As suggested by Kraus [7, 148], the carbon black aggregates or the silica clusters in the
rubber matrix can be seen as soft spheres with the arms entangled each other. During the
dynamic deformation, the de-agglomeration and re-agglomeration reaches equilibrium thus
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Figure 4.5: I3/1(γ0) of unvulcanized SBR filled with a) increasing filler fraction in volume
(filling ratio), φ, of CB N339 from 0 to 60 phr (data from Schwab [155]) and b) fixed volume
fraction of silica, 50 phr, but decreased filler-filler interaction by silanization (the dosage of
silane was 0–3.60 phr, data from Nie [10]). The solid lines are fitting by Equations 4.3 or 4.5.

Table 4.2: The changing of FT-rheological parameters for the filler filled SBR rubbers in
Figure 4.5.

FT-rheological parameter nF γcF nP γcP

a) N339: 20→60 phr
filler network volume ↑
changing trend: 0.059→0.11 91%→42% 0.15–0.16 355%→1000%
b) silane: 0.45→3.60 phr
filler-filler interaction ↓
filler-polymer interaction ↑
changing trend: 0.077→0.018 9.7%→6.1% 0.093→0.18 230%→140%

the dynamic moduli as a function of the strain amplitude G?(γ0) can be simulated. In the
Kraus model or its modified version [156], there is also one critical strain amplitude, γc. It is
the strain amplitude at which the tear down rate and reform rate of filler networks stay in
equilibrium, i.e. similar physical meaning as the γcF in MAOS [10]. Nevertheless, in those
models, only the filler-involved network is taken into consideration, not the larger deformation
of polymer network in LAOS close to γcP . However, the polymer-involved network also exhibit
strain softening and rheological nonlinearity in LAOS. It would be reasonable to propose two
distinct strain amplitudes for the structural changes of both the filler and polymer networks
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in the composites as sketched in Figure 4.6. In the rubber matrix, the filler aggregates or
clusters can be considered as "soft spheres" with effective radius of the branches, Reff .

Figure 4.6: Proposed structural status of rubber chains and agglomerated filler aggregates
or clusters at rest, at small and large oscillatory strain deformation. The size of silica particle
and the radius of gyration, < Rg >, of SBR are from literatures [157–159].

At rest, the aggregates or clusters are in favor of agglomeration in the rubber matrix within
a distance of d < 2Reff . The interaction between the soft spheres are represented by the
overlay area in red in Figure 4.6. Once there is an external dynamic strain applied on the
material, it is the agglomerate that will firstly deform without tearing down, while the rubber
networks are still in a relaxed form. At this small strain amplitude, the deagglomeration and
reagglomeration of the filler network produces rheological nonlinearity due to the nonlinear
particle-particle interaction [160]. Under large dynamic deformation, the agglomerate will be
totally broken down when d > 2Reff . Then the entangled polymer network starts to respond
by changing the chain orientation and conformation. In this region, the polymer-involved
network superpose the filler network to generate rheological nonlinearity.

Equations 4.3 and 4.5 are also applicable for other model networks as shown in Figure 4.7,
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including the physically bonded transient networks or the chemically linked permanent
networks. For the polydispersed SBR, the function was fitted by order of k < 2 instead of
quadratic, which is going to be discussed later. Evidently, for materials possessing different
grades of networks, the critical strain amplitudes to build up the I3/1 vary. This might be
relevant to the size and the deformability of the network.

Figure 4.7: The comparison of I3/1(γ0) for materials possessing different types of networks.
This includes the transient networks: micelles [60], polyisoprene melts (PI) [61] and unvul-
canized SBR rubber without/with filler [155]; permanent networks: vulcanized SBR with
filler or NR1 in this work. The solid lines are fitting from Equations 4.3 and 4.5 without the
term for noise.

The structure of a 3D network can be simplified as a square mesh with four fixed joints as
seen in Figure 4.8a. The elements on the four joints are considered to be nondeformable with
a radius of r. The four elements are interacted or bonded by a maximum contour length of
L as the red links of the square mesh. Beyond the distance of L, there is no or neglectable
interactions between the two elements. Therefore, the mesh would be a square in a side
length of 2r + L. The r can be seen, for example, as the radius of an aggregate of CB, the
radius of the nondeformable filler particles, the radius of the micelles, the entangled section
of the polymer melts or the crosslinks in the rubber vulcanizates.

During the fabrication of CB [35], the primary particles fused together as an aggregate. As
proposed in Figure 4.6, the aggregate can not be broken down during deformation with the
rubber matrix, which may be seen as nondeformable or close to. While many aggregates
entangled to each other to form a network mesh as an agglomerate, with an effective radius

82



4.1. Validation of the characterization protocol

Reff ≈ r. The maximum distance of effective interaction L between the aggregates in one
agglomerate mesh is the maximum width of the red area in Figure 4.6. Similar concept could
be employed to the micelles in the emulsion. During equilibrium of a specified emulsion, the
size of micelles and the maximum effective interaction distance is almost fixed.

For a crosslinked rubber network, the status in Figure 4.8a can be seen as the fully expansion
of the rubber network before deformation. It is hard to define the radius of the nondeformable
elements r in the mesh, however, the mesh side length 2r + L can be seen as the contour
length of the rubber chain segments between the crosslinks, which the molecular weight is
Mc.

Figure 4.8: a) A simplified model square mesh in a 3D network with nondeformable elements,
in radius of r, at four joints. The elements are bonded with an interaction contour length of
L. b) The position of the four elements at maximum strain amplitude γmax of the bonded
network (before the break of the effective interactions with maximum length of L).

Taking the whole mesh as a unit body, the maximum deformation before breaking down the
bonds would be the scenario depicted in Figure 4.8a. The mesh is deformed into a diamond
shape, with two of the unlinked elements touching each other. The maximum strain can be
derived as

γmax = ∆L
h

= tanθ (4.7)

To calculate the angle of θ, one can relay on the acute angle of the diamond, 2α, since

2α + θ = 90◦ (4.8)

and
sinα = r

2r + L
α = arcsin

(
r

2r + L

)
(4.9)

83



4. Hot-Air Aging

Therefore,

γmax = tanθ

= tan(90◦ − 2α)

= tan
[
90◦ − 2arcsin

(
r

2r + L

)] (4.10)

When r � L,
r

2r + L
= 1

2 (4.11)

leading to α = 30◦

γmax = tanθ = tan(90◦ − 2α) = tan30◦ = 57% (4.12)

Assuming that the carbon black agglomerates are in the case as above, i.e. r � L and γmax,F
=57%, from the γcF = 2.5% of NRCB1 one can deduce the maximum strain amplitude to
break down the filler network of CB as

γmax,F ≈ 20γcF (4.13)

When r � L,
γmax →∞ (4.14)

When r = L,
r

2r + L
= 1

3 (4.15)

leading to α = arcsin(1/3) = 19.47◦, and

γmax = tan2.83◦ = 283% (4.16)

If the relationship in Equation 4.13 is applicable to the mesh grid of crosslinked NRs, with
γcP = 70% one can get the maximum strain amplitude of the crosslinked polymer network in
NRCB1

γmax,P = 20× 70% = 1400% (4.17)
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giving
tanθ = 14, θ = 85.914◦, α = 2.043◦ (4.18)

r

2r + L
= sin2.043◦ = 0.03556 (4.19)

This yields
L ≈ 26r (4.20)

for the crosslinked NR networks.

The above discussion for the growth function of I3/1(γ0) in Equations 4.3 or 4.5 is based on
the assumption that each elements or particles in the mesh is linked to others by effective
interactions. However, for fillers with little interparticle interaction, such network mesh does
not exist or at least is not obvious. Those fillers are non-reinforcing fillers and can only
expand the volume of the polymer matrix. The I3/1(γ0) of polymer matrix with such fillers
would behave differently from reinforcing fillers as proven by the results in Figure 4.9.

The mono-dispersed PS melts with a molecular weight Mn = 90 kg/mol (PS90k) were filled
with crosslinked polystyrene (PS) beads (in spherical shape) in a diameter of 50–100 µm.
The PS beads were lab-synthesized by Räntszch and Klein [161] via emulsion polymerization
in a double-walled cylindrical glass reactor (Rettberg GmbH, Göttingen, Germany). Distilled
styrene, divinylbenzene and azobisisobutyronitrile (AIBN) were added consecutively to the
aqueous phase with hydroxypropyl cellulose. The mixture was stirred at 300 rpm to form an
emulsion, and polymerized for 3 h at 70 ◦C under reflux. The product was sonicated in a
beaker for 30 min, decanted, washed several times with deionized water to remove all the
stabilizer, then dried at 80 ◦C under vacuum overnight. The micro-particles in powder form
were sieved into several grades with different particle size. The D = 50–100 µm grade PS
beads were utilized to blend with PS90k in solvent of tetrahydrofuran (THF) and dried under
rotary evaporation. In this mixture, the specific filler-filler interaction can be neglected for
the PS beads in µm size and the adhesion between PS beads and melts is rather small in
comparison with the melt-melt entanglement.
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Figure 4.9: a) The 50–100 µm spherical crosslinked PS beads as volume filler in b) PS
matrix under polarized light transmission microscopy and c) the I3/1(γ0) development of
PS melts from FT-rheology (at De = 1 of the pure melt, 155 ◦C and 0.145 Hz). As the
chemical structure of the bead filler and the matrix are same so that the interfacial interaction
between filler-matrix could be identical as that within the matrix. The fitting lines and
parameters, k and γc, are obeying Equations 4.21. Rheological measurements were performed
on SCARABAEUS SIS V50 rheometer with sealed geometry and grooved surface to suppress
the wall-slip.

As shown in Figure 4.9, the increase of I3/1(γ0) in those composites were not quadratic
anymore but rather grew with a smaller growth power order, k < 2. In analogy, Equation 4.5
was modified into

I3/1(γ0) = Lnoise
γ0

+ nF−P
(γ0/γcF−P )k

1 + (γ0/γcF−P )k

and 1 < k < 2
(4.21)

with only one growth term at γcF−P , as the shared critical strain amplitude for both the filler
and the polymer matrix. The γcF−P shifted to the lower range with higher PS beads loading
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(see the plot of γcF−P in Figure 4.9c, for PS melts filled with beads 0 vol% → 60 vol%, the
γcF−P moved from 392% → 48%). It implies that under shear, the mobility of the polymer
melts was hindered by the filler obstacles and the rheological nonlinearity started to build up
at lower strain amplitudes.

4.1.3. DQ-NMR of NR vulcanizate

As explained in Chapter 1.3.3, the topological constraints like entanglements and the per-
manent crosslinks in the polymer network prevent the free movement of chain segments.
This will leave the segmental fluctuations anisotropic at long observation time thus, the
local residual orientation persists. It is reflected by the long-time plateau in the orientation
autocorrelation function of the polymer chains [162], C(t) (see Figure 1.21). The value of
this plateau is governed by the dynamic order parameter of the polymer backbone, Sb, which
is proportional to the crosslink density, ν, according to statistical mechanics. In DQ-NMR,
the residual dipolar coupling (RDC) of the protons on the chain segments is also determined
by the chain orientation. For the networks far above the glass transition temperature, the
residual dipolar coupling constant, Dres, is proportional to the dynamic order parameter thus
the crosslink density, Dres ∝ Sb ∝ ν (see Equation 1.37). Therefore, the Dres from DQ-NMR,
measured at a temperature far above the glass transition (T > Tg + 100 K) of rubber, is
considered to be a quantitative parameter of the effective crosslink density.

The Dres is not directly obtained from the DQ-NMR measurements, but requires a procedure
of the data treatment of the raw NMR signals in several steps. Figure 4.10 illustrates
the data treatment process for the raw data of NR1 sample acquired from the Bruker
mq20 NMR analyzer at T = 60 ◦C with Baum-Pines sequence, following the procedure in
literature [109,134].

The raw DQ-NMR results in step 1 consists of two sets of data, the reference intensity, Iref ,
and the excited double quantum filtered intensity, IDQ, measured at different evolution time
of τDQ. The raw data was normalized into nIref and nIDQ as step 2 by the full magnetization
of the sample after the 90◦ pulse, i.e. Iref at τDQ = 0 from the extrapolation of Iref(τDQ).
In the nIDQ(τDQ), there are interferential contributions from the network defects, such as
the small molecules, uncrosslinked sols, dangling ends and crosslinked loops. If there are no
network defects, in the long evolution time range, the referential signal and DQ signal should
be equal. Subtracting nIDQ from nIref , the contribution from network defects appears in the
long evolution time, more distinctively in a semi-logarithmic scale as shown in step 3. The
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jump-up tail in nIref (τDQ)− nIDQ(τDQ) can be fitted by a single exponential decay function

the tail in nIref (τDQ)− nIDQ(τDQ) = Idefexp
(
−2τDQ

T2

)
(4.22)

with the intensity from network defect, Idef , at an apparent transversal relaxation time, T2.
The value Idef in this normalized intensity curve can be seen as the fraction of the network
defects in percentage (Idef × 100%).

Figure 4.10: The exemplary DQ-NMR raw data treatment of NR vulcanizate (sample
NR1) in six steps to receive the portion of network defects, Idef , the residual dipolar coupling
constants, Dres, and the standard deviation of the distribution, σD, as the quantitative
parameters to describe the structure of a rubber network.

The nIDQ collects the signal from dipolar coupled segments (strictly speaking, it is multiple
quantum since it also includes signal from 4n+2 quantum orders [116]). The nIref contains
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the contributions of all double quantum magnetization plus all that from the uncoupled
protons in the isotropically mobile chain segments. Therefore, the sum intensity in the
corrected version is nIref + nIDQ − Idef . The normalized DQ buildup data reads

InDQ(τDQ) = InDQ(τDQ)
nIref (τDQ) + nIDQ(τDQ)− Idefexp

(
−2τDQ

T2

) (4.23)

At long τDQ, the reference term and DQ term should be equal, leading to InDQ(τDQ) = 0.5.
This normalized DQ intensity, InDQ(τDQ), is temperature independent at T > Tg + 100 K,
as proven by Figure 4.11. In the following rubber aging studies, DQ-NMR measurements
were conducted at 60 ◦C, which is far above Tg but lower than the lowest aging temperature
(70 ◦C).

Figure 4.11: The InDQ(τDQ) build-up curves of NR1, measured on mq20 NMR analyzer at
different temperatures above T > Tg + 100K, are almost identical. Other test conditions are
same.

For a homogeneous network, such as the sulfur-accelerator vulcanized NR as above, the
InDQ(τDQ) curve presents not only a typical buildup behavior to a plateau of 0.5, but also
a local maximum, as seen Figure 4.10-4 at around τDQ = 2.8 ms. This maximum results
from the growing importance of four-quantum coherences during the primary DQ buildup.
To fulfill this maximum in the InDQ(τDQ), Chassé et al. [134] proposed a model for the
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homogeneous network,

InDQ(τDQ, Dres) = 1
2

{
1− exp

[
−(DresτDQ)1.5

] }
× cos(0.583DresτDQ) (4.24)

where Dres determines the DQ buildup rate. Networks with dense mesh grids will exhibit a
steep slope before the maximum in the InDQ(τDQ) curve.

In an inhomogeneous network, the DQ intensity of the mesh grids at different density will
linearly superpose on the DQ curves with their intrinsic buildup slope. Compared to the
homogeneous network with a maximum, the InDQ(τDQ) of a broadly distributed mesh size
would not show the typical maximum as in Figure 4.10-4. Generally, one can fit this type of
data by multiple linear superpositions of Equation 4.24. However, this is an ill-posed problem.
Therefore, Saalwächter and Weese [109,163] developed a program for regression analysis with
a Tikhonov regularization algorithm. With Equation 4.24 as kernel function, the distribution
of Dres, as shown in Figure 4.10 step 6, can be deduced properly at the transition point
of the regression error, εc. This protocol has been verified on rubber materials with model
networks [134].The average value of the RDC constant, Dres, and its standard deviation, σD,
are obtained from the distribution curve as well.
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4.2. Hot-air aging of unfilled NR

The characterization tools, FT-rheology and DQ-NMR, have been successfully validated
on the NR vulcanizates in an unaged status to analyze the linear, nonlinear rheological
properties and the rubber network structure. In the following, the effect of aerobic aging
at elevated temperature (hot-air aging) on NR vulcanizates is discussed based on the two
methods. For linear rheological properties, the elastic moduli and the mechanical loss factor
in LVE regime, G′0 and tanδ0, are compared after aging. From FT-rheology, the I3/1 at the
critical strain amplitudes, I3/1(γ0 = 70%) and I3/1(γ0 = 2.5%), are used to represent the
rheological nonlinearity of the polymer and filler network, receptively. The alternation of
rubber networks are uncovered through the DQ-NMR measurement.

Here the aging effect was firstly investigated on the unfilled NR samples, without concerning
the influence of the fillers on the rheological data as well as the effect of aging. The unfilled
NRs only possess one critical strain amplitude for the development I3/1 at around γ0 = 70%.

4.2.1. Influence of aging temperature

The NR from the controlled vulcanization formulations (the SEVmed) without filler, NR1,
are selected to investigate the influence of hot-air temperature. In the hot-air aging process,
the NR1 vulcanizates in sheets were hang in the oven at 70◦C for several weeks, or at 120 ◦C
for several days. The rheological data of NR1 after two typical aging conditions, 70 ◦C for 14
days (sample named as NR1-70C14d) and 120 ◦C for 3 days (sample named as NR1-120C3d),
are compared with the unaged sample (the original) in Figure 4.12.

After the hot-air aging at a moderate temperature, 70 ◦C, for 14 days, NR1 turned into a
more elastic material (G′ increased 42%) with lower mechanical loss factor tanδ (lower than
the half of the original). After exposing in the 120 ◦C hot-air for 3 days, the mechanical loss
factor tanδ strongly increased (more than doubled), i.e. it turned into high relative viscous
material. The rheological nonlinearity of NR1-70C14d was lower than the unaged with lower
I3/1 after non-noise region.
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4. Hot-Air Aging

Figure 4.12: The linear and nonlinear rheological properties of NR1 before and hot-air
aging at 70 ◦C for two weeks and 120 ◦C for 3 days. The measurements were conducted
on ARES-G2 oscillatory torsion at frequency of ω1/2π = 1 Hz and RT. The fitting line for
I3/1(γ0) is based on Equation 4.3.

As proposed in Chapter 4.1.1, the representative rheological parameters, G′0, tanδ0 and I3/1(γ0

= 70%) were selected to track the linear and nonlinear properties of the polymer network.
Their evolution during hot-air aging at two temperatures are drawn in Figure 4.13. Under
70 ◦C hot-air aging conditions for 28 days, G′0 of NR1 increased along the aging time before
14 days and then levels off, accompanying the decline of tanδ0 accordingly. This indicates
that new crosslinks formation reactions dominate in NR1 during the hot-air aging at 70 ◦C
since G′0 ∝ ν. The I3/1(γ0 = 70%) decreased so the rheological nonlinearity was lower for the
aged networks.

With respect to the hot-air aging process of NR1 at 120 ◦C for 3 days, there likely exists a
time point for the transition of rheological properties at around 0.5–1 days. In the early aging
period, the developments of both linear and nonlinear rheological parameters were similar as
the 70 ◦C aging process for 28 days. The tanδ0 and I3/1(γ0 = 70%) reached a minimum at
0.5 days. Afterwards, the elasticity of the network, G′0, started to drop down, accompanied
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by the rising of the loss factor tanδ0 and nonlinearity I3/1(γ0 = 70%). This implies that for
NR1 in the 120 ◦C hot-air, the generation of new networks occurred at the beginning and
then the chain scission reactions might prevail.

Figure 4.13: The development of linear- and FT-rheological properties of NR1 during
aerobic aging at a) 70 ◦C and b) 120 ◦C, respectively. The rheological parameters are acquired
from oscillatory torion at room temperature. The solid lines are manually drawn just to
guide the eyes.

The crosslink density of the polymer network as well as the network defects were monitored
by DQ-NMR. In Figure 4.14, the DQ buildup curve of NR1 are compared after two aging
processes. At 70 ◦C aging, the DQ buildup displays a high rate, implying that the network
became more and more dense. At 120 ◦C aging, the DQ buildup turned over from the faster
rate at the beginning but slowed down after 0.5–1 day.
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Figure 4.14: The DQ buildup, InDQ(τDQ), of the original and the hot-air aged NR1 at a)
70 ◦C and b) 120 ◦C, respectively. The DQ-NMR results were obtained from a mq20 NMR
analyzer at 60 ◦C.

Table 4.3: Network density, distribution broadness and defects of hot-air aged NR1 at 70 ◦C
and 120 ◦C according to the DQ-NMR results.

Sample Dres σD Idef
[Hz] [Hz] - [%]

Original 218 24.6 5.11
70 ◦C-7d 236 30.4 4.70

-14d 240 31.0 4.65
-28d 251 35.9 4.48

120 ◦C-0.5d 236 32.3 5.66
-1d 241 37.6 5.87
-2d 230 65.8 7.91
-3d 203 91.3 11.26

The Dres distribution from the Tikhnov regularization and the contents of network defects
are shown in Figure 4.15 and summarized in Table 4.3. Along the hot-air aging time at
70 ◦C, the Dres shifted to higher coupling rates as seen from the distribution curves. The
average RDC constants Dres increased from 218 Hz to 251 Hz. This indicates that in average
high dipolar-coupled chain segments, consequently less mobile, were produced. Meanwhile,
the deviation in the distribution curves, σD maintained the similar level at 24.6–35.9 Hz.
The network defects, Idef , reduced slightly from 5.11% to 4.48%. It proved that in 70 ◦C
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4.2. Hot-air aging of unfilled NR

hot-air, the rubber network of NR1 became more and more dense without generating network
defects. This is reflected in the increased elasticity and decreased rheological nonlinearity of
the network as discussed above.

Figure 4.15: The evolution of Dres distribution and the network defects Idef (see Equation
4.22 and 4.24) of NR1 under hot-air aging at two temperatures, 70 ◦C and 120 ◦C. The
distribution curves were acquired from the Tikhnov regularization of the data in Figure 4.14.

For hot-air aging at 120 ◦C, there also existed a transition time for the network structures. At
0.5 days, the Dres reached a maximum value at the similar level as the NR1-70C14d sample
did. Afterwards, Dres declined with a broadening of the distributions from σD = 24.6 to
91.3 Hz. Furthermore, the network defects soared up after 1 day. The Idef of NR1-120C3d
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was more than doubled than that of the original. The broadening of mesh size distribution
and the raise of network defects are responsible to the increase of tanδ0 and rheological
nonlinearity.

In summary, a denser network with less defects responses rheologically with higher elasticity,
lower loss factor and less rheological nonlinearity in term of I3/1(γ0 = 70%). On the contrary,
a loose network leads to low elasticity. The broadening mesh size distribution and the
increasing fraction of defects results in high loss factor and strong rheological nonlinearity of
the network.

With regards to the tested sample above, NR1 was vulcanized with SEV system, which
would partially generate polysulfidic crosslinks during the vulcanization [24,25]. As suggested
in the literatures [28, 164], the polysulfides in the starting material can transfer into more
crosslinks with shorter linkages as mono- or disulfidic bonds under long term heating process.
Correspondingly, there are more rubber chains/segments with high Dres appeared in the
distribution curves of Figure 4.15 after hot-air aging. In addition, a small portion of the
polysulfidic bridges can transfer into cyclic sulfides [165], which is probably the reason for the
appearance of very high Dres rubber segments after aging (Dres/2π > 0.35 kHz in Figure 4.15,
especially in sample NR1-120C3d). Another common chemical reaction in NR vulcanizate
under hot-air aging process is the thermal-oxidation of the unsaturated backbones (C=C
bonds), resulting in network scission [166,167] with alcohol and carbonyl groups at the broken
chain ends as confirmed from FTIR spectroscopy [168–170]. It is also found the chain scission
also take place on the sulfidic linkages [165,166].

Figure 4.16: Schematic illustration for the evolution of network structures in NR vulcanizates
under progressive aerobic aging at elevated temperatures.

Based on the rheological and DQ-NMR results, the evolution scheme of NR1 networks under
hot-air aging at two examined temperatures can be depicted as Figure 4.16. At relative
low temperature like 70 ◦C for 14 days or high temperature but short period of time like
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120 ◦C for 0.5 days, the polysulfidic crosslinks transform mainly into more linkages in type of
mono- or disulfidic bonds without network defects. This sample exhibits higher elasticity
and lower rheological nonlinearity than the original. However, for high temperature and
long time hot-air aging like at 120 ◦C for 3 days, the network scission reactions on the
unsaturated backbones and the sulfidic bonds dominate. This results in the loss of effective
elasticity of the sample. The produced dangling ends behave as network defects, leading to a
higher mechanical dissipation (tanδ) and stronger rheological nonlinearity of the network.
Additionally, a small portion of polysulfidic bonds transfer into cyclic sulfides on the neighbor
chain segments or crosslinks. This generates highly dipolar-coupled chain segments but not
effective crosslinks for the macroscopic elasticity.

4.2.2. Influence of vulcanization system

The hot-air aging effect was also tested on the five unfilled NRs vulcanized with different
vulcanization systems (see Table 2.1) to see the influence of the type of crosslinks. The
samples were the referential sample NR1 with semi-efficient vulcanization and medium
dosage of agents (named SEVmed here, identical as sample NR1), conventional/efficient
vulcanization with varying dosage of agents (CVhigh, CVlow, EVhigh, and EVlow). Two
aging conditions, relative low temperature aged 70 ◦C for 14 days (termed as 70C14d) and
relative high temperature aged 120 ◦C for 3 days (termed as 120C3d), were selected to study.

In Figure 4.17, the relative rheological properties of the five NRs after hot-air aging at the
two selected conditions are compared. All of the linear rheological parameters, G′0 and tanδ0,
and nonlinear rheological parameter, I3/1(γ0 = 70%), of the aged samples were normalized
by the values from the unaged counterparts (the original), symbolized as nG′0, ntanδ0 and
nI3/1(γ0 = 70%), respectively. In this way, the rheological properties can be compared in a
relative fashion to eliminate the differences between the starting materials. The retention of
those parameters were considered as the criteria to evaluate their resistance to hot-air aging.

With respect to the chemical structures of the crosslinks and their contents in those vulcanized
samples, please refer to Table 1.2. After vulcanization at optimal curing time (e.g. at the
time of curing degree α = 97%), there would be mainly polysulfidic crosslinks (90%) in CV
samples, mono-/disulfides (95%) in EV samples and half of both types in SEV systems [25].
The expected compositions of those crosslinks had been further supported by the Dres

distribution curves of the original samples (black solid lines) in Figure 4.18 from the DQ-
NMR measurements. In the original samples, the distribution of Dres from broad to narrow
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Figure 4.17: The hot-air aging effect on the normalized rheological parameters, a) nG′0 (nG′0
= G′0 of the aged/G′0 of the original, b) ntanδ0 and c) nI3/1(γ0 = 70%) of the five unfilled
NRs vulcanized with different systems. Notice the SEVmed here is identical as the NR1 in
Chapter 4.2.1.

generally followed the order of CV > SEV > EV. In CV samples, particularly the CVhigh, the
polysulfidic crosslinks could range from long to short bridges (-Sx-, x = 3–8). Additionally,
there were portions of mono-/disulfidic bonds or complex cyclic sulfides, resulting in a high
dipolar-coupled chain segments. Thus, their network mesh size was rather broadly distributed.
On the contrary, there would be only one type of links (short mono- or disulfidic) formation
in EV samples, leaving their Dres distributions very narrow. The SEVmed sample possessed a
medium distribution. Those crosslinks with different levels of chemical bond energy determine
the resistance of NR vulcanizates to thermal-oxidative reactions, i.e. hot-air aging.

For the retention of the three rheological properties against hot-air aging in Figure 4.17,
overall they follow in the order of, from good to bad, EVhigh > EVlow > SEVmed > CVlow
> CVhigh. This is consistent with the results from other studies [28, 165]. This order is also
reflected by the DQ-NMR results in Figure 4.18, in particular, if one compares the change of
Dres distribution broadness of the 120C3d aged samples. High amount of long polysulfidic
bridges in CVhigh possessing low bond energy is easily modified into more crosslinked or
rigid networks after hot-air treatment, resulting in the increase of elasticity after aging. On
the other hand, the severely inhomogeneous networks in CVhigh-120C3d with high amount
of network defects lead to a strong rheological nonlinearity of the material and also a drastic
increase of the loss factor. The EV samples exhibit better hot-air aging resistance than
the CV samples, owing to the high energy of the mono- or disulfidic bonds. Additionally,
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the EVhigh shows better retention than EVlow in term of the three rheological parameters.
One possible explanation is that for EV systems, high crosslink density can slow down the

Figure 4.18: The hot-air aging effect on the Dres distribution and network defects Idef of
the five unfilled NRs vulcanized with different systems: CVhigh, CVlow, SEVmed, EVhigh
and EVlow.
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diffusion of oxygen thus reduced the opportunities for thermal-oxidation on the unsaturated
rubber backbones.

Within the examined samples and conditions in Figure 4.17, tanδ0 exhibits the maximum
relative change (relative value = 8.2) in the case of 120C3d aged CVhigh, followed by I3/1(γ0

= 70%) (relative value = 3.9).

4.3. Hot-air aging of filled NR

In the following, the hot-air aging on NR filled with 50 phr N339 carbon black (CB), is going
to be investigated. It should be emphasized again that the CB filled polymers exhibited
another I3/1 quadratic growth region at γcF due to the filler-involved network, based on the
study in Chapter 4.1.2. In the case of NRCB1, we can use I3/1(γ0 = 2.5%) and I3/1(γ0 =
70%) to present the rheological nonlinearity of the filler- and polymer-involved networks,
respectively.

4.3.1. Influence of carbon black

The strain sweep data comparison of NRCB1 (NR1 filled with 50 phr N339) before and after
two typical hot-air aging conditions, 70 ◦C for 14 days (termed as 70C14d) and 120 ◦C for
3 days (termed as 120C3d), are shown in Figure 4.19. The corresponding crosslink density
distribution and network defects are displayed in Figure 4.20.

The alteration of rheological properties and network structures after aging were similar to
the unfilled NR as seen in Figure 4.12 and Figure 4.15. After 70C14d aging, the sample
became more elastic with higher G′0 and smaller tanδ0, due to the increased crosslink density.
The rheological nonlinearity of the polymer-involved network, the I3/1 at high strain (γ0

= 70%), dropped to a lower level. After 120C3d aging, as the crosslink density became
broadly distributed with doubled amount of defects, tanδ0 had distinctively increased. The
rheological nonlinearity I3/1 at high strain amplitude was elevated for this inhomogenious
polymer network with high amount of defects. However, for the filler-involved network, the
rheological nonlinearity I3/1(γ0 = 2.5%) always declined, as indicated by the arrows in the
graph.
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Figure 4.19: The linear and nonlin-
ear rheological properties of NRCB1
before and hot-air aging at 70 ◦C for 14
days and 120 ◦C for 3 days. The solid
lines are the fittings for I3/1(γ0), based
on Equation 4.5.

Figure 4.20: The alternation of the
Dres distribution and the network de-
fects, Idef , of NRCB1 under hot-air
aging at two conditions, 70 ◦C for 14
days and 120 ◦C for 3 days. Data were
derived from DQ-NMR measurements
on a mq20 NMR analyzer at 60 ◦C.

The evolution of the characteristic rheological parameters in progressive hot-air aging of
NRCB1 is shown in Figure 4.21. The trend is similar at unfilled system, the sample of NR1.
At 120 ◦C aging, both NR1 and NRCB1 exhibit a turn over of the rheological properties.
However, the turn-over of tanδ0 and I3/1(γ0 = 70%) for NRCB1 occurred close to 1 day, as
indicated by the dash lines. This turn over time is half days postponed in comparison with
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NR1 as in Figure 4.13b. The filler, carbon black, may act as a free radical acceptor, which can
absorb the resulting free radicals at high temperatures in air atmosphere. This reduces the
chance of the unsaturated C=C bonds get attached thus, slows down the thermal-oxidation
process of the polymer chains. Furthermore, some studies [171] has suggested that the good
filler-polymer interaction could enhance the thermal conductivity as well as the thermal
stability, owing to the high surface energy of the small CB particles.

Figure 4.21: The development of linear- and FT-rheological properties of NRCB1 during
aerobic aging at a) 70 ◦C and b) 120 ◦C, respectively. The rheological parameters are acquired
from oscillatory torion at room temperature. The solid lines are manually drawn just to
guide the eyes.

In addition, the I3/1 of filler-involved network at γ0 = 2.5% always declined after aging,
particularly in the aging process at 120 ◦C. As mentioned before, the CB particles with high
surface energy absorb the rubber chains during mixing, leaving the polymer networks partially
entrapped in the filler aggregates as bound rubber. The bound rubber moves together with
the filler agglomerates under deformation. The layer of polymer chains on the filler surface is
considered as "glassy" and is not as mobile as the chains in the polymer matrix [7,149]. These
external linkages between the filler aggregates or agglomerates through the rubber chains
could contribute an extra rheological nonlinearity. After heat treatment of the composites,
part of the bounded polymer chains may desorb from the filler surface [172–174], i.e. the
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bound rubber is partially reversible. The thermal desorption of rubber chains leads to a
disconnection between the big filler aggregates and the polymer network thus, the I3/1(γ0 =
2.5%) declines.

4.3.2. Influence of anti-oxidant

In order to protect the rubber products from thermal oxidation and degradation, particularly
for the unsaturated diene rubbers like NR, a small amount (1–2 phr) of anti-aging chemicals
is commonly added into the materials. Those chemicals work either in a physical way to
insulate the rubber from oxygen, e.g. through a layer of wax immigrated to the product
surface, or in a chemical approach by reacting with the free radicals more actively during
thermal-oxidation. The chemical in latter case is called anti-oxidant.

Figure 4.22: The chemical structure of 6PPD (N -(1, 3-dimethylbutyl)-N′-phenyl-p-
phenylenediamine), used as the anti-oxidant in present work. The functioning groups
are highlighted in blue.

To mimic the tire tread formulation, a normal dosage of anti-oxidant (1.8 phr N -(1, 3-
dimethylbutyl)-N′-phenyl-p-phenylenediamine, namely 6PPD in rubber industry) had been
blended into NR1 and NRCB1. Based on NRCB1, two extra samples, NRCB0 without 6PPD
and NRCB2 with double amount of 6PPD, were prepared to study the influence of anti-
oxidant amount on hot-air aging. The chemical structure of 6PPD is depicted in Figure 4.22.
It is widely used in tire industry with the good anti-ozonants and anti-fatigue effects. In the
hot-air aging process, the concentration of the oxygen centered free radicals, such as ROO·
and RO·, determines the rate of oxidation process. Prior to the oxidation on the -C=C- bonds
on the rubber backbone, the free radicals react with the hydrogen on the phenylenediamine
–NH– of 6PPD, forming benzoquinonediimine and nitroxide radicals [175–177].

The crosslink density and amount of network defects of NRCB1, NRCB0 and NRCB2 after
hot-air aging at 70 ◦C for 14 days (70C14d) and 120 ◦C for 3 days (120C3d) are shown in
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Figure 4.23. With similar Dres distributions and defects of the starting materials, the 70C14d
aged samples were still alike each other. At the relatively low temperature aging conditions
(70 ◦C) for 14 days, the dosage of anti-oxidant does not show obvious impact on the chemical
structure retention of the vulcanizates. After 120C3d aging, the crosslink density of NRCB0
dropped distinctively in comparison with the rest, including a higher amount of defects.
According to the DQ-NMR results, doubling the dosage of 6PPD does not further improve
the hot-air aging resistance even after 3 days at 120 ◦C.

Figure 4.23: The alternation of a) Dres distribution and b) network defects Idef of NRCBs
with different dosage of anti-oxidant after hot-air aging at two conditions, 70 ◦C for 14 days
and 120 ◦C for 3 days. Data were derived from DQ-NMR measurements on mq20 NMR
analyzer at 60 ◦C.

Since there were no obvious differences for all the 70C14d aged samples in the DQ-NMR
results, hereby only the rheological results from the 120 ◦C hot-air aging were compared in
Figure 4.24. The linear and nonlinear rheological parameters of NRCB1, NRCB0 and NRCB2
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were normalized by their unaged status (aging time for 0 day in the plots) for comparison to
eliminate the differences between the starting materials.

Figure 4.24: The hot-air aging effect on the normalized rheological parameters, a) nG′0
(nG′0 = G′0 of the aged/G′0 of the original, so as other parameters), b) ntanδ0, c) nI3/1(γ0 =
2.5%) and d) nI3/1(γ0 = 70%) of the NRCBs added with different dosage of the anti-oxidant,
6PPD. All rheological data were acquired from ARES-G2 oscillatory torsion experiments at
RT and 1 Hz.

For most rheological parameters, NRCB0 exhibited faster aging process from 0.5 to 3 days
than other two samples. The elasticity G′0 of NRCB0 did not show a increase at the early
aging period, indicating there was no increase of the crosslink density along the 120 ◦C aging.
In absence of anti-oxidant, the new crosslinks formation reaction is not competitive as the
chain scission reaction. There were also no turn over points of the tanδ0 and the I3/1(γ0

= 70%) of NRCB0 around 0.5–1 days like the NRCB1 and NRCB2. This implies NRCB0
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degrades into more inhomogeneous network with more defects. The nonlinearity of filler
networks of NRCB0 did not decline as much as the rest samples. The bound rubber in
NRCB0 might under more severe aging effect other than the thermal desorption from the
filler surface. The filler network of NRCB0 maintains a high level of rheological nonlinearity.
In summary, at 120 ◦C hot-air aging, the anti-oxidant 6PPD takes affect already at early
period based on the comparison of the rheological properties between NRCB0 and NRCB1.

Although there is no obvious improvement by the double-loading of 6PPD, according to
the DQ-NMR results as shown in Figure 4.23, some differences between the aged NRCB1
and NRCB2 in term of the rheological properties can be found. NRCB2 maintained better
retention of G′0 in long period of aging (after 2 days). Additionally, the I3/1(γ0 = 70%) of
NRCB2 reduced to a lower level at 120 ◦C for 1 day, implying a more homogeneous rubber
network than the aged NRCB1 at the same condition. The decreasing behavior of I3/1(γ0

= 70%) in the early aging period may be enhanced by the extra amount of 6PPD so that
NRCB2 had suppressed more of the thermal-oxidation than NRCB1. After 1 day aging, the
rise of I3/1(γ0 = 70%) of NRCB2 was not as severe as that of NRCB1. To conclude, doubling
the dosage of 6PPD is helpful for 120 ◦C hot-air aging after 1 day.

Under the examined samples and aging conditions, the most drastic relative changes (both
decrease and increase behaviors) of the linear and nonlinear rheological properties are indicated
with the values in Figure 4.24. The parameter of polymer network nonlinearity obtained
from FT-rheology, I3/1(γ0 = 70%), presents the most relative changes, by 93% in the case of
the 120C3d aged NRCB0. This is followed by the linear parameter tanδ0 by a relative change
of 63% also occurred on the case of 120C3d aged NRCB0.
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Apart from the static aging process like the hot-air aging experiments in Chapter 4, NR
vulcanizates used in engineering products also widely endure large deformation or dynamic
loading of stress such as the running tires, the conveying belts, etc. The mechanical aging or
fatigue of the materials deteriorates the dynamic mechanical properties of the products and
finally into mechanical failure. Therefore the mechanical aging (fatigue) properties of NR
vulcanizates are also of critical importance. In this chapter, the mechanical aging behavior
of reinforced NR vulcanizates are analyzed through their linear and nonlinear macroscopic
rheological properties as well as their micro-/nano-scopic structures of the composites.

Commonly, rubber materials used in engineering products are not used solely but rather filled
with reinforcing fillers to improve the moduli and dynamic mechanical properties. For this
reason, on the CB filled NR vulcanizate (NRCB1) was submitted to mechanical aging in this
work. Carbon black filled rubber materials are known to have a short shelf life. Therefore, a
new batch of NRCB1 were prepared for mechanical aging studies (the same formulation as
the NRCB1 used for hot-air aging). To reduce the influence of sample fabrication errors, the
corresponding experiments only conducted and compared within the new batch. Otherwise,
the reused hot-air aging results will be indicated in the following figures or texts.

Mostly, the mechanical aging mechanism of rubber materials is studied by tracking the crack
initiation and propagation during fatigue [178,179]. Sometime, the specimen is even initially
cut with a sharp blade tip thus it is easy to track the location of an artificial crack [180,181].
In this study, the intention is to study the mechanical aging of NRCB1 in an earlier fatigue
period, i.e. before the appearance of visually observable cracks on the specimen’s surface or
a plunge of the modulus (50% drop of the initial G′). The response of linear and nonlinear
rheological properties of the unaged and the fatigued samples are compared. On one hand,
we can evaluate the sensitivity of the FT-rheological parameters in comparison with the
linear rheological counterparts towards the mechanical aging effect. Meanwhile, it delivers
the information regarding the relationship between the fatigue process and the rheological
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nonlinearity.

5.1. Aged at different fatigue cycles

The punched out dumbbell shape specimens from NRCB1 vulcanizate sheets were stretched
on the Fatigue Tester at stretch ratio of ε0 ≡ (l − l0)/l0 = 90% at frequency of 1.7 Hz (100
cycles per minute) and varying kilocycles (kc), at ambient temperature. When the samples
got ruptured or the initial stress amplitude loaded at the first cycle had decreased 50%, it
was defined as a failure.

Figure 5.1: The fatigued sample in a dumbbell shape and the selective images of the side
surface in the middle working area of NRCB1-90%30kc and NRCB1-90%60kc at magnifications
of 20 and 200 times via the VHX 900F microscope. There were no observable cracks on the
examined surface.

The averaged cycle numbers of failure for NRCB1 is Nf = 120 kc at such aging condition.
However, the fatigue tests were interrupted at 30 kc or 60 kc before failure, i.e. aged at one
quarter or half of the failure life, 0.25Nf = 30 kc or 0.50Nf = 60 kc. The specimens were
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collected for the aging studies and there were no observable cracks on the surface of those
specimens. They were labeled with the stretch ratio and fatigue cycles as NRCB1-90%30kc
and NRCB1-90%60kc, respectively.

The representative images of the surfaces of the aged specimens under a light microscope
are shown in Figure 5.1. The side surfaces were checked along the dumbbell die-cutting side
as indicated by the blue lines in the picture. The leftover surface from the cutting die was
relatively smoother than the front surface with many rough marks, which were resulted from
the demoulding films during vulcanization in the hot-pressed mold. There were no defects
and cracks found from the surface of NRCB1-90%30kc and NRCB1-90%60kc even at large
magnification, excluding the cutting striations from the blade of the cutting die.

Figure 5.2: The strain dependence of the linear and FT-rheological parameters of NRCB1
before and after mechanical aging at same stretching ratio but different fatigue life. Data
was acquired from oscillatory torsion on ARES-G2 at ω1/2π = 1 Hz and room temperature.

For the mechanically aged specimens, the working area in the middle was cut into rectangular
specimens and submitted to oscillatory torsion on ARES-G2 for FT-rheology characterization
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the say way as before. The strain sweep results of the unaged NRCB1 (original), NRCB1-
90%30kc and NRCB1-90%60kc are compared in Figure 5.2.

In the LVE regime, the G′ only slightly declined after fatigue and the tanδ increased with
minor magnitude after the fatigue for 30 kc. At longer fatigue cycles, there were no obvious
deferences between the 90%30kc and the 90%60kc fatigued samples in term of the linear
rheological parameters, G′ and tanδ. This drop of moduli between the original NRCB1 and
the stretched samples may result from the irrecoverable structures in filler-filler and filler-
polymer connections after the large deformation of ε0 = 90%. Such networks, in reinforced
rubbers, are thioxtropic thus can be broken at the first few cycles of stretching. This is known
as the Mullins effect [182]. The Mullins effect claims that during the first cycle of uniaxial
stretching, ruptures of the filler agglomerates occur and the polymer chains retract [183].
There were also network rearrangement and some other composite micro-structure formation.
A fraction of the formation can only be healed when the materials are exposed to high
temperatures in vacuo or to solvent swelling.

On the contrary to the weak response of the linear rheological properties, the nonlinear
rheology parameter I3/1 decreased pronouncedly at large strain amplitude (around γ0 = 70%)
as indicated by the arrows in Figure 5.2b. In addition, more fatigue cycles resulted in a
stronger decline of I3/1 at large strain amplitude. As explained in the last chapter, the I3/1

at around γ0 = 70% is considered to be the rheological nonlinearity of the polymer network.
The decrease of I3/1 of a polymer as a function of the fatigue cycles has also been observed
in thermoplastics below Tg, before failure [184]. The polystyrene (PS) was continuously aged
in oscillatory torsion at room temperature (80 K below the Tg). The I3/1 of PS decreased
steadily to a minimum (see Figure 6, 7 and 8 in [184]) during the micro-cracks initiation
and propagation period. In comparison with the NRCB1 composites in black color, the
micro-cracks on PS are more visually observable, owing to the high transparency of PS and
the the whitening around the cracks during mechanical aging.

The rheological nonlinearity of the filler-involved network in NRCB1, the I3/1 at around γ0

= 2.5% also declined after mechanical aging. However, there is no influence of the number
of fatigue cycles. This implies that the change of filler involved networks followed the
Mullins effect as discussed above. During the fatigue at the first few cycles, the polymer
chains adsorbed by the filler retract from the particle surface of the filler. Additionally, the
entangled filler agglomerates/clusters may rapture into a smaller size under stretch. All of the
above effects result in the disconnection between filler-filler, leading to a reduced rheological
nonlinearity.
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5.1. Aged at different fatigue cycles

The relative changes of the rheological parameters after mechanical aging at ε0 = 90% are
compared in Figure 5.3. The parameters were normalized by the values of the starting
materials (the original). The change amplitudes of long term fatigued sample (NRCB1-
90%60kc) are indicated by the arrows with the labeled values in the graph. It is found that
the I3/1(γ0 = 70%) from FT-Rheology is the most sensitive parameter with a relative change
of 50%. While the relative changes of linear rheological parameters are much lower with a
decrease of G′0 by 15% and a increase of tanδ0 by 7%.

Figure 5.3: The normalized values of linear and nonlinear rheological parameters, a) nG′0,
b) ntanδ0, c) nI3/1(γ0 = 2.5%) and d) nI3/1(γ0 = 70%) of NRCB1 after mechanical aging at
ε0 = 90% and different fatigue cycles. Data were acquired from Figure 5.2. The arrows and
labeled data indicate the highest relative changes for each parameter.
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The polymer network structure of the fatigued samples was characterized via the DQ-NMR
technique as the results shown in Figure 5.4. Compared to NRCB1-original, the DQ buildup
rate in InDQ(τDQ) of NRCB1-90%30kc and NRCB1-90%60kc only slightly slowed down.
Meanwhile, the amount of network defects, Idef , were almost stable. After the Tikhonov
regularization [134], the distribution of the residual dipolar coupling constant, Dres, only
slightly shifted to the lower frequency range (less than 3% of the Dres), without changing
the broadness of the distributions. However, there was a distinguishable change in the
FT-Rheological parameter nI3/1(γ0 = 70%).

Figure 5.4: a) The normalized DQ build-up curves and b) the distribution of Dres of original
NRCB1 and its mechanically aged counterparts after ε0 = 90% stretching at 30 kc or 60 kc,
where no major change could be detected. The DQ-NMR raw data were acquired from mq20
NMR analyzer at 60◦C.
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5.1. Aged at different fatigue cycles

Since there were no observable cracks or defects on the surface of the ε0 = 90% fatigued
samples even under microscope (see Figure 5.1), the internal section of the fatigued specimens
were checked. The middle working area of NRCB1-90%30kc and NRCB1-90%60kc were cut
through with a sharp blade and the cut-off cross sectional surfaces were observed under a
VHX 900F microscope. There were micro-cracks (< 40 µm) discovered inside of the long
fatigue cycle aged sample, NRCB1-90%60kc, as shown in Figure 5.5. Those micro-cracks
could be responsible for the decrease of nI3/1(γ0 = 70%).

Figure 5.5: The representative cross section images of NRCB1-90%30kc or NRCB1-90%60kc
at magnifications of 1000 times on VHX 900F microscope. There were ca.30 micrometer long
cracks observed from NRCB1-90%60k samples. The striations perpendicular with respect to
the blade were also magnified to 1000 times as reference.
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5.2. Aged at larger stretching ratio

The NRCB1 sample was also mechanically aged under larger stretching ratio ε0 = 140% with
a fatigue life of Nf = 40 kc. For aging studies, the dumbbell specimens were removed from the
Fatigue Tester at 20 kc = 0.5Nf (named as NRCB1-140%20kc), i.e. at half fatigue life same as
NRCB1-90%60kc. In the following, NRCB1-140%20kc are compared with NRCB1-90%60kc
to check the influence of the stretching ratio.

Figure 5.6: The fatigued samples in dumbbell shape and the selective images with micro-
cracks on the side surface in the middle working area of NRCB1-140%20kc at magnifications
of 20, 200 and 1000 times under VHX 900F microscope.

Visually, there were no cracks on the surface of the specimens until they were submitted
to microscope at large magnification as shown in Figure 5.6. At low magnification of the
microscope below 200, there were still no easily recognized cracks on the side surface with
the interference of many leftover striations from the dumbbell cutting die. At a magnification
of 1000, there were some ca. 100 µm long cracks found. In addition, the cracks were
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5.2. Aged at larger stretching ratio

perpendicular towards the stretching direction during fatigue test as indicated by the yellow
double arrows in the pictures.

In general, the total life of rubber parts subjected to fatigue consists of two stages: the
crack initiation and crack propagation [179]. The morphology of the cracks at initiation
and during propagation have been examined in literature with scanning electron microscopy
(SEM), offline [185,186] and in-situ [129,187], or with X-ray micro-computed tomography
(XmCT) [188–190] in literatures.

Huneau and coworkers [191,192] proposed the crack initiation and propagation mechanism
of CB filled NR by using statistics with 1260 pieces of SEM micrographs from fatigued
samples. The size of the open cavities (cracks) as well as the size of solid particles on the
crack edge were measured from the micrographs systemically. The 43 phr CB N550 (in
present work, N339 was used) filled NR vulcanizates were fatigued at different strain levels,
ε0 = 60%/100%/200%, and interrupted before failure at 0.2/0.4/0.6Nf , respectively. Then
the fatigued samples were stretched to ε0 = 10% to open the cracks and the cylindrical
surfaces were observed thoroughly by rotating the specimen for every 90◦. It was found that
mostly the cracks were initiated on the big solid inclusions in the rubber matrix, e.g. the CB
agglomerates in size of 5–40 µm, the large zinc oxide (ZnO) particles in diameter of ca. 5–10
µm and other oxides from impurities. The chemical origin of those inclusions were identified
by the energy dispersive spectrometer of X-rays (EDSX) facilitated in the SEM microscope.
For the fatigue driven at low strain level (ε0 = 60% and 100%), no inclusions dominate the
number of cracks. Instead, at high strain level (ε0 = 200%), the CB agglomerates dominate
the number of cracks. Accordingly, the fatigue mechanism initiated from CB agglomerates
was proposed [192] with three stages:

• stage 1: debonding at the pole of CB agglomerate sphere, following the stretch direction
of the fatigue test

• stage 2: open from the sides perpendicular with respect to the stretch direction

• stage 3: the open cavitation grow at the surface and in the volume, still can be
considered as the early stages of crack propagation

The typical micrographs of the cracks with CB agglomerates at the three stages are displayed
in Figure 5.7 with the corresponding schematic illustration.

Stage 1 and 2 are associated with the initiation of the crack. There were no broken CB
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agglomerates were observed on the cracks but only the debonding between the agglomerates
and the matrix. This indicates that the filler-filler cohesion in the spherical agglomerates
is stronger than the adhesion of agglomerate-rubber matrix. During the mixing of NR
compounds, the CB in pellets were broken into small fractions and some could be eroded
into spherical shape. Such CB spheres on the crack edges were even collected by Huneau et
al. [192] to check the brittleness. Such CB sphere could be easily broken by glass slides with
few occluded rubber in it. Without a layer of adsorbed rubber chains on the surface of such
CB agglomerates, it is reasonable to claim that it is a debonding mechanism between the CB
and rubber matrix other than a cavitation in the matrix for the crack initiation.

Figure 5.7: Representative SEM micrographs of the CB agglomerates initiated cracks and
the schematic illustration of the crack initiation mechanism at three stages according to
Huneau et al. Figures are adapted from [191] with Copyright c© 2015 by Taylor & Francis
Group. Reprinted by permission.

The length of cracks was were compared with the sized of the inclusions (see Figure 8 in
reference [192]). Interestingly, when there were big CB agglomerates on the crack, the length
of the crack was much larger than the CB agglomerates. When there were only inclusions
like ZnO or other oxides on the crack, the crack length was almost the size of the oxides.
This implies the cracks that originated from CB agglomerates lead to a propagation while
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5.2. Aged at larger stretching ratio

the oxides only open a cavity without propagation, unless coalesce with neighboring cracks.
However, there were also cavities without any oxides at the edge, which the inclusions may
fall out from the cavity during the fatigue test or the handling of the specimen. In addition,
the average size of the CB agglomerates on the cracks determines the life to failure, Nf (see
Figure 13 in reference [192]). The samples with shorter Nf were frequently accompanied with
larger CB agglomerate sizes on the cavities.

Above discussion unveiled the reason for the crack initiation. One of the remaining question
is what is the mechanism of the crack propagation as the stage 3 in Figure 5.7. Furthermore,
in Figure 5.7 one can observe some ligaments on the tip of the cracks as indicated by the
white lines. Similar ligament strings were also observed from other studies [129,185,187].

A convincing explanation for the propagation mechanism was proposed by Le Cam et al. [129],
using an in-situ SEM observation on the cracks tips during propagation. The cylindrical
dumbbell sample were firstly fatigued to generate cracks on the surface. Then the specimen
were fixed on the frame and elongated at slightly higher stretching ratio as the previous
fatigue. The opened crack captivity were submitted for SEM. During SEM observation,
the crack tip vicinity were in-situ "micro-cut" by focusing high energy electron beam on
the interested area. In this way, the underlying cavities or flaws of the crack vicinity were
revealed progressively. The in-situ micrographs are shown in Figure 5.8.

The micro-cracks were concentrated in the tip of the whole crack, pointing to the direction
perpendicular to the stretch axis. Those micro-cracks were embedded in a smooth area in
elliptical shape, laying beside the stretched ligaments. The broken ligaments shrank at the
two ends of this area. In the relief part of the smooth elliptical area, there were spherical
particle aggregates in diameter of hundred nanometer to 5 µm. According to EDSX analysis
of the elements, the particle was mostly ZnO. After micro-cutting of this smooth area in the
crack tip, the artificial micro-crack generated from the electron beam slowly expanded and
stopped at adjacent ligaments. During the progressive expansion of the micro-cut cracks, the
undying cavities were revealed. Interestingly, most of the underlying cavities contained oxides.
Afterwards, the neighboring micro-cracks coalesced as bigger cracks during this propagation.
However, the applied electron energy were maintained in low level that could not break
the ligaments. Therefore, the revealing and coalescence of the cavities are driven by the
decohesion between the oxides and rubber matrix. The low cohesion interaction between those
oxides with rubber matrix can be considered as the activated micro-voids in the bulk sample.
The density of those voids (numbers of voids per volume) linearly decreases the fatigue life of
rubber as proven via NMR imaging with a resolution down to sub-millimeter [193]. Therefore,
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the crack propagation during fatigue is a process to open the oxides-containing cavities, which
underlies the tip of the crack.

Figure 5.8: The representative SEM micrographs and schematic illustration of the crack
propagation (stage 3 of Figure 5.7) from side view at of a crack tip according to Le Cam et
al. Adapted from [129] with Copyright c© 2004, American Chemical Society. Reprinted by
permission.

The fatigued sample at large stretch ratio, NRCB1-140%20kc, was cut out from the working
area to observe the internal section under light microscope as shown in Figure 5.9. Cracks with
length ca. 100 µm were found inside of NRCB1-140%20kc. There are also in ellipsoidal (string,
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see #1) or spherical shapes (see #2). Comparing Figure 5.9 with Figure 5.5, one can find that
the cracks’ size of NRCB1-140%20kc is distinctively bigger than that of NRCB1-90%60kc,
although both of them are aged at the same fatigue life, 0.5Nf (at ε0 = 90%, 0.5Nf = 60 kc;
at ε0 = 140%, 0.5Nf = 20 kc). It suggests that, at the same fatigue life, a larger stretch ratio
ε0 during fatigue induces bigger size of the cracks in the rubber composites. This finding
is consistent with the results from the statistical studies via SEM in literatures [192, 194]
(at 0.6Nf , the population of cracks of the fatigued rubber increased 6 times from ε0 =
100% to ε0 = 200%). Based on XmCT technique, it was also found that under larger
stretching ratio during fatigue, both the population density and the maximum size of the
cracks increased [190].

Figure 5.9: The selective cross-sectional images with micro-cracks in the middle working
area of NRCB1-140%20kc at magnifications of 1000 times under VHX 900F microscope.

In summary for the fatigue process in CB filled NR, the big CB agglomerates spheres (average
diameter of 9–17 µm [192]) with less occluded rubber are responsible for the initiation of the
cracks by debonding from the rubber matrix. During the crack propagation, the pre-existing
active voids, such as the oxides with low adhesion interaction and internal cohesion force,
will open the cavities progressively at the tip of the crack under stretch [129]. Following this,
the ligaments besides the cavities will only be broken mechano-chemically at large enough
stretch energy, leading to the coalescence of neighboring cavities. At the same fatigue life, a
larger stretch ratio produces more cracks with bigger size.
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With regards to the rheological response of NRCB1-140%20kc, its linear and FT-rheological
parameters are compared with the original sample and NRCB1-90%60kc as shown in Fig-
ure 5.10.

Figure 5.10: The strain dependence of the linear and FT-rheological parameters of NRCB1
before and after mechanical aging at same fatigue life but different stretching ratio. The large
error bars of the I3/1 at strain amplitudes around γ0 = 45% of NRCB1-140%20kc indicated
the low repeatability properties between the specimens. Data were acquired from oscillatory
torsion on ARES-G2 at ω1/2π = 1 Hz and room temperature.

Similar to NRCB1-90%60kc, the linear rheological parameters of NRCB1-140%20kc, G′ and
tanδ, only changed slightly. The nonlinearity of the filler network in NRCB1-140%20kc,
I3/1(γ0 = 2.5%), decreased slightly to a similar amplitude as NRCB1-90%60kc. This implies
that for the same batch of NR composites, the amount of reversible rubber chains retracted
from CB filler surface are similar. As suggest in reference [192], the debonded CB agglomerates
from the rubber matrix (see the CB aggregates on the edge of micro-cracks in Figure 5.7)
were very brittle thus few rubber chains adhered on them. While there are also CB aggregates
consist of occluded rubber with a layer of the rubber chains absorbed on the filler surface.
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This forms gel-like agglomerates [7, 35], which should not be brittle. During the fatigue of
NRCB1, it is possible that mainly the brittle CB agglomerates have been debonded instead of
the gel-like ones. Consequently, there was only a minor change of the filler-matrix interaction,
compared to the starting material. This could explain why the rheological nonlinearity of the
filler network in NRCB1 only decreased slightly after mechanical aging.

However, compared to NRCB1-90%60kc, the I3/1 of NRCB1-140%20kc dropped more drasti-
cally from the original sample at a large strain amplitude around γ0 = 40%, as indicated by
the dashed line in Figure 5.10. This strain amplitude fell in between the two characteristic
strain amplitudes, the γcF = 2.5% of the filler network and the γcP = 70% of the polymer
network. The I3/1 of NRCB1-140%20kc even decreased after γcF = 2.5%, without a limiting
plateau of I3/1(γ0) as commonly observed as before. As a consequence, the Equation 4.5 of
I3/1(γ0) is not applicable for NRCB1-140%20kc. This I3/1(γ0) behavior could be the related to
the strong disconnection between the filler network and the polymer network at the cracks (in
size of 100 µm or even bigger). Those open cavities results in a macroscopic non-continuous
body. Under deformation, the movement of the network at the cavity point does not follow
the same amplitude as the rubber networks. Thus it presents a "disconnection" between the
region of the filler network induced I3/1 (near γcF ) and that of the polymer network induced
(near γcP ).

Moreover, in the disconnection region around γ0 = 40%, the I3/1 of NRCB1-140%20kc strongly
fluctuated with a standard deviation of ±34%, as labeled in Figure 5.10. The deviation is
much stronger than that of NRCB1-90%60kc in the same region (±3%). According to the
statistics of the cracks size in Figure 8 of reference [192], at the same fatigue life, the size of
the resulting cracks scatters more severely for the lager stretch ratio aged samples (ε0 from
60% to 200%). Results from XmCT [190] (Figure 9) also reveals that the rubber composite
fatigued at larger stretch ratio contains a broader distribution of the volumetric densities of
the cavities with bigger size. Compared to NRCB1-90%60kc, the cracks in NRCB1-140%20kc
may also have a broader distribution with bigger size. During the rheological characterization
on the ARES-G2, the working zone of the rectangular specimens between the torsion clamps
was very small (3×1.5×1 cm3, see Chapter 2). The size and density of the cracks in each
specimen of NRCB1-140%20kc could have a large variation, resulting in the strong fluctuation
of I3/1 at γ0 = 40%.

To further prove the influence of those cracks on I3/1, non-reinforcing fillers as artificial cracks
can be intentionally blended into the NRCB1. The size and shape of the filler should be similar
as the cracks in NRCB1-140%20kc. The candidates includes the montmorillonite clay or
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other silicate flakes [195,196] with a diameter of 100 µm. Without organic chemical treatment
of the surface of those inorganic fillers, the filler-polymer incorporation is neglectable in
comparison with the reinforcing filler such as the CB in this work. In this way, the pre-existing
"disconnection" zone at the artificial cracks may lead to the similar behavior of I3/1 at large
strain amplitude.

With respect to the structures of the rubber network in molecular level, the DQ-NMR results
of the mechanically aged samples are compared to the original NRCB1 in Figure 5.11. Similar
to NRCB1-90%60kc, the DQ buildup curve of NRCB1-140%20kc was also close to the original
NRCB1. The crosslink density and network defects, in terms of Dres and Idef , did not change
after fatigue at both conditions. This suggests that, even fatigued at the large stretch ratio
of ε0 = 140%, the chemical structures of the rubber network in NRCB1 still do not change
drastically. However, NRCB1-140%20kc does consist of 100 µm cracks. In other words, the
overall mechano-chemical breakage of the NR chains during the crack propagation is still
trivial in comparison with the whole chemically crosslinked matrix. This is not the case for
the pure chemical scission of NR chains under hot-air aging as found in Chapter 4. After
hot-air aging at 120◦C for 3 days, the mesh size distribution of NRCB1 increases from σD =
32.7 to 90.4 Hz and the amount of network defects is doubled.

Figure 5.11: a) The normalized DQ buildup curves and b) the distribution of Dres of
original NRCB1 and two mechanically aged counterparts at 0.5Nf and two stretching levels,
NRCB1-90%60kc and NRCB1-140%20kc. There were no major change could be detected
between the fatigued samples. The DQ-NMR raw data were acquired from mq20 NMR
analyzer at 60◦C.

In summary, although at the same fatigue life of NRCB1 (0.5Nf ), there are more resulting
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cracks with bigger size in the samples fatigued at a larger stretching ratio of ε0 = 140% in
comparison with that at ε0 = 90%. According to DQ-NMR, there are no obvious structural
changes of the crosslinked rubber matrix at molecular level for both fatigued samples. This
indicates that during the crack initiation and propagation, the mechano-chemical breaking
of the rubber chains are trivial for the whole crosslinked network. The linear rheological
properties of the two mechanically aged samples are similar. However, compared to NRCB1-
90%60kc, NRCB1-140%20kc exhibits a stronger decline of I3/1 at large strain amplitude with
a disconnection zone between γcF and γcP .
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5.3. Structural changes at the nano- and the micrometer
scales

To understand the structural changes of NR during aging, the 1H DQ-NMR technique was
employed to characterize the averaged molecular level structures (at the nanometer scale) of
the rubber network in a bulk sample. With the aid of microscopy, the surface or internal
section of NR samples was observed at as low as micrometer scale. Based on DQ-NMR,
the residual dipolar coupling constant, Dres, is directly proportional to the crosslink density.
After regularization algorithm of the DQ buildup curve, a distribution curve of Dres can
be deduced to describe the mean value of crosslink density as well as the broadness of the
mesh grids. The tail intensity from the defects, Idef , can describe the percentage of network
defects such as the broken chain ends, sols, etc. To investigate the potential micro-cracks
under a light microscope, the surface of the substrate should be smooth with a good color
contrast between the cracks and the matrix. A rough surface is commonly given via the
marked patterns of the vulcanization mold or the leftover striations from the cutting blade.
In addition, if the internal section is of interest, one has to destructively cut through the
specimen at an arbitrary point. However, with proper preparation of the specimen, the
micro-cracks in mechanical aged samples in this work has been characterized qualitatively.
Correspondingly, the linear and FT-Rheological responses are acquired using specimens with
millimeter size.

As has been reported for the mechanical aging of NRCB1 as above, the long term cyclic
stretch on the materials before failure mainly produces cracks in the micrometer range other
than the alternation of the chemical structures of the rubber matrix in nanometer range.
Therefore, we claim that the micro-cracks are mainly responsible for the change of the
rheological properties after fatigue. In contrast, during the static aging of NRCB1 in hot-air
as shown in Chapter 4, the crosslink density or network defects or both of the rubber matrix
changes through thermal-oxidation. Yet there was no micro-crack discovered in the hot-air
aged samples as shown in Figure 5.12 below.

Therefore, one can summarize the structural changes of this NR composite under the two
aging processes (hot-air and mechanical) as illustrated in Figure 5.12, based on the observation
through DQ-NMR and light microscope. In the original composites, the rubber chains (the
blue curly lines) are crosslinked by the sulfidic bridges (the red dots) with assistant of zinc
oxides as activator (the yellow ellipsoids) and oxides from other additives. The matrix
is reinforced by blending in CB fillers (the averaged diameter of CB grade N339 is 103
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Figure 5.12: Schematic illustration of the network changes of NRCB1 composites in two
types of aging process and the feedback from DQ-NMR and microscopy. The curly lines in
blue are the rubber chains, which are chemically crosslinked by sulfidic bonds depicted as the
red dots. The DQ-NMR only detect the structural changes of rubber chains at nanometer
scale. One should notice that the DQ-NMR results are the averaged characters of all the
rubber networks in the whole measured sample, but not just one spot of the black ellipse in
the figure. Through the light microscope, only the cracks larger than micrometer size can be
recognized under the microscope, which is just a small area of the fatigued sample.
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nm in rubber matrix [35]), where some CB aggregates entangled with each other forming
agglomerates with a diameter of 5-30 µm [192]. Under static hot-air aging, e.g. at 120 ◦C
for 3 days, some polysulfidic links transform into mono-sulfidic bonds thus dense meshes.
Meanwhile, there is thermal-oxidation induced chain scission. Eventually, the resulting rubber
matrix is a polymer network with broadly distributed mesh size and high amount of defects.
Those changes can be successfully detected by 1H DQ-NMR in terms of Dres and Idef , as
marked by a tick "X" in Figure 5.12. However, the nanometer scale differences between the
original and the hot-air aged can not be observed via light microscope, marked by a cross
"×" in the figure. Under mechanical fatigue by cyclic stretching, micro-cracks initiates near
a big CB agglomerate, which has less absorbed rubber chains on it. The crack propagate
perpendicularly towards the stretching direction and break mainly along the area with oxides
in the matrix. The cracks with length of more than 10 µm can be revealed via light microscope.
However, there are no changes in the DQ-NMR results, since the mechano-chemical breakage
of the rubber chains along the crack propagation is trivial in comparison with the whole
crosslinks in the rubber matrix.

Figure 5.13: The response of linear and FT-rheological properties of NRCB1 to different
aging processes: a) hot-air aging and b) mechanical aging. Notice, the original batch for
hot-air aging and mechanical fatigue experiments were prepared separately and the properties
are only compared with their original bathes, respectively.

126



5.3. Structural changes at the nano- and the micrometer scales

With respect to the rheological response from the specimens at the millimeter size, the results
of NRCB1 are shown in Figure 5.13 for the hot-air aged and the mechanical aged, respectively.
After hot-air aging at 120 ◦C for 3 days (120C3d), only tanδ in linear rheological parameters of
NRCB1 shows a distinctive change (the tanδ0 increased by 47%). The rheological nonlinearity
of the material increases at large strain amplitude in the FT-Rheological term, I3/1 (the I3/1

at γ0 = 70% increased by 37%) for the inhomogeneous rubber network with more defects.
After fatigue at ε0 = 90% for 60 kc (90%60kc), only minor changes of G′ and tanδ have been
detected (less than 15%). The I3/1 declines distinctively at large strain amplitude (the I3/1

at γ0 = 70% increased by 47%) for the fatigued sample with micro-cracks.

Table 5.1: Summary of the response from four methodologies (DQ-NMR, light microscopy,
linear rheology and FT-rheology) to the two aging process of NRCB1. The up arrow and
down arrow indicate the increase and the decrease of the parameters after aging, respectively,
compared to the value of the original. The relative sensitive changes (> 30%) and the
detectable changes with a light microscope are highlighted in blue.

NRCB1 Hot-air aged Mechanically aged
120 ◦C 3 days ε0 =90% 60 kc (0.5Nf )

DQ-NMR:
Dres ↑4% ↓0.6%
σD ↑177% ↓9%
Idef ↑131% ↑2%
Microscopy:
micro-cracks on surface no no
micro-cracks inside no yes
Linear rheology:
G′0 ↑0.5% ↓16%
tanδ0 ↑36% ↑7%
FT-rheology:
I3/1(γ0 = 2.5%) ↓22% ↓21%
I3/1(γ0 = 70%) ↑36% ↓47%
nP ↑186% ↑27%
3Q0P ↓8% ↓78%

The response to the two types of aging effect from the four characterization methods, DQ-
NMR, light microscopy, linear rheology and FT-rheology, are summarized in Table 5.1. The
relative changes higher than 30% and the effective response (detectable micro-cracks in
light microscope) are highlighted in blue color. The limiting nonlinearity and the intrinsic
nonlinearity of the polymer network, ncP and 3Q0P , have also been listed here.

127



5. Mechanical Aging

Based on the definition of the intrinsic nonlinearity from FT-rheology (Equation 1.22) and
the fitting function of I3/1(γ0) (Equation 4.5), one can describe the intrinsic nonlinearity of
the polymer networks as

3Q0P ≡ lim
γ0→0

I3/1(γ0)
γ2

0

= lim
γ0→0

nP
(γ0/γcP )2

(1+γ0/γcP )2

γ2
0

=
nP

(γ0/γcP )2

(1+0)2

γ2
0

= nP
γ2
cP

(5.1)

Thus 3Q0P can be calculated from ncP and the critical strain of polymer network, γcP from
the fitting of I3/1(γ0) by Equation 4.5. The parameter ncP was almost tripled (increased
186%) after the 120C3d hot-air aging, which was the highest changes. The 3Q0P of the
90%60kc fatigued NRCB1 declined more than 3 times (decreased 78%) than the original
sample, stronger than other other parameters during mechanical aging.

Considering the summary in Table 5.1, the selection of detecting tools for two types of aging
of NR could be explained as following. For NR undergoing chemical aging such as in hot-air,
the structural changes occur on the rubber matrix at nanometer scale. The changes can be
unveiled through 1H DQ-NMR. For NR undergoing mechanical aging at early stage before
failure, the structural changes occur in the composites near to the pre-existing flaws such as
big filler agglomerates. Light microscope can be employed to reveal the changes until the
cracks grow up to micrometer size from the flaws. However, this is a qualitative manner with
arbitrary selection of the sample surface. Compared to the linear rheological response, the
FT-rheological parameter at large strain amplitude could be taken as reference to detect the
structural changes at nano-/micro-meter scales. Moreover, I3/1 at large strain amplitude
exhibits higher sensitivity, particularly, for the early stage mechanically aged NR composites.
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Due to its excellent elasticity and durability, natural rubber (NR) is an irreplaceable material
in industry. The global consumption of NR is 13.9 million tonnes per year [2], which is the
sum quantity of all other types of synthetic rubbers. In their service life, NR products are
typically aged by thermal-oxidation or fatigued by long-term large deformation. Hence the
aging mechanism of NR and the development of corresponding characterization methods are
of great interest to improve the long time performance of the products. As typical viscoelastic
materials, rubbers are commonly studied using dynamic mechanical analysis. Conventionally,
the dynamic mechanical properties of NR are evaluated through linear rheological parameters
such as the elastic modulus, G′, and the mechanical loss factor, tanδ. However, this analysis
is only adequate in the linear viscoelastic regime (LVE) at small strain amplitude, where the
stress response is still linear for the excited sinusoidal strain. In the nonlinear viscoelastic
regime (NVE) at large strain amplitude, the stress waveform is distorted, i.e. nonlinear. The
G′ and tanδ are acquired from a linear quantification of the nonlinear waveform, missing
substantial information veiled in it. So the question then arises as to what would be the
quantity and physical meaning of the nonlinear portion of the waveform in NVE as well
as its response to the aging effect? To answer this question, the rheological nonlinearity
of NR before and after aging were quantitatively examined by using a recently develop
method, the Fourier-transform rheology (FT-rheology) [57,59]in this work. In FT-rheology,
the stress signal in NVE is Fourier transformed into the frequency domain and the relative
intensity of the 3rd harmonic in the spectra, I3/1, can be used as the direct quantity of
the rheological nonlinearity. The FT-rheology technique has been examined successfully on
polymer melts [61], colloids [60], plastics below the glass transition temperature [184] and
rubbers in unvulcanized state [9, 10, 63]. To the best of our knowledge, it is the first time
that this technique was used on vulcanized rubber.

The investigated samples are crosslinked NR that have been vulcanized in presence of sulfur
and accelerators, filled with or without carbon black (CB). FT-rheology of the NR vulcanizates
was implemented with an oscillatory torsion fixture on a strain controlled rheometer for the

129



6. Conclusion and Outlook

strain sweep test at room temperature (RT) and an excitation frequency of ω1/2π = 1 Hz.
The 1.5 mm thick rectangular samples were fixed sturdily on the torsion clamps so that the
materials could be strain-swept from LVE to NVE regime, up to a oscillatory strain amplitude
of γ0 = 200%. The behaviors of G′, tanδ and I3/1 as a function of γ0 were acquired for the
unaged (original) and differently aged NR vulcanizates. Using linear rheology, it is known
that the introduction of filler networks into the matrix leads to a strain softening of the G′

at small strain amplitude [48], known as the Payne effect [49]. Thus, the averaged value of
the linear rheological parameters in LVE, G′0 and tanδ0, are selected as the representative
of linear rheological properties. With respect to FT-rheology of NR vulcanizates, I3/1(γ0)
firstly pass a region where the noise dominates with a slope of -1 in the double logarithmic
plot. Afterwards, the I3/1(γ0) increase quadratically, until reaching a plateau after a critical
strain amplitude. Such phenomena are consistent with other materials in literature from
both experimental [9,61] and simulation results [60]. The CB filled sample possesses an extra
quadratic growth region of I3/1(γ0) at a smaller critical strain amplitude. Accordingly, an
empirical model was proposed as

I3/1(γ0) = nF
(γ0/γcF )2

1 + (γ0/γcF )2 + nP
(γ0/γcP )2

1 + (γ0/γcP )2 (6.1)

for the growth of I3/1 at the critical strain amplitudes for the filler network and polymer
network, γcF and γcP , with the limiting nonlinearity, ncF and ncP , respectively [197]. The
model is in well agreement with the experimental data, providing the γcF = 2.5% and the
γcP = 70%. The I3/1 at the critical strain amplitudes, I3/1(γ0 = 2.5%) and I3/1(γ0 = 70%),
can represent the rheological nonlinearity of the filler and polymer networks. Those two
parameters were also used for the NR aging analysis.

To reveal the molecular level network structures of the NR vulcanizates, nuclear magnetic
resonance (NMR) in time domain, such as 1H double quantum NMR (DQ-NMR) [109], can be
applied to gain the information about the polymer chain dynamics at a nanometer scale. The
polymer chains in NR vulcanizate do not fluctuate isotropically like the dissolved molecules
in dilute solutions due to the topological constrains from the crosslinks. At long time, the
anisotropic fluctuation of polymer segments between the fix crosslinks leads to a residual
local orderliness, which can be reflected by the residual dipolar coupling constants from
DQ-NMR, Dres. For a crosslinked network well above the glass transition temperature, the
Dres is independent of the temperature and proportional to the crosslink density (number of
crosslinks per volume) thus can be directly used to quantify the mesh size of NR network.
The DQ-NMR of NR vulcanizates were conducted using a low-field NMR analyzer with a
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Baum-Pines NMR pulse sequence [132] at 60 ◦C, which is higher than 100 K + Tg of NR.
Based on an established procedure from literature [134], the distribution of crosslink density
was obtained in term of Dres. The portion of the defects in the network, such as dangling
ends, sols and broken segments after aging, was quantified by the intensity of the defects,
Idef . Compared to the rather complex high-field NMR spectrometers, the low-filed NMR
analyzer in a bench-top size is more efficient to conduct the DQ-NMR experiments, providing
sufficient information about the network structures. Additionally, the DQ-NMR approach is
more environmentally friendly in comparison to traditional characterization methods for the
crosslink density, e.g. the swelling equilibrium test of crosslinked rubber in solvents such as
toluene.

With the additional aid of a light reflection microscope, the surface or the internal section of
the samples were checked for generated cracks larger than micrometer size, particularly, in
some mechanically aged samples.

Vulcanization kinetics of NR:
Depending on the vulcanization chemicals in sulfur-accelerator-NR system, the types of sulfidic
links and their compositions in NR vulcanizates are different. It is of essential importance
to clarify them since the chemical nature of the crosslinks determines the resistance of
the vulcanizates against aging. According to the efficiency of the sulfur usage to generate
crosslinks, the vulcanization systems can be categorized into three types with the sulfur to
accelerator ratio from high to low: the conventional vulcanization (CV), the semi-efficient
vulcanization (SEV) and the efficient vulcanization (EV). Five NR samples with those
vulcanization systems at high, medium or low concentrations of the chemicals were prepared
for this study, namely CVhigh, CVlow, SEVmed, EVhigh and EVlow.

The vulcanization kinetics of rubber have been studied in a variety of approaches, e.g. using
rheology to check the macroscopic elasticity development as a function of the curing time,
G′(tcuring), or conducting NMR relaxometry experiments to investigate the molecular level
dynamics in term of the transversal relaxation time during curing, T2(tcuring). However, it
is not possible to directly correlate G′ with T2 as the results are acquired from separated
experiments. In this work, the rheological experiment and the NMR relaxometry of NR were
conducted in parallel on a unique combination of a 25 MHz lab-made NMR with a rheometer,
RheoNMR [123], at 140 ◦C. For rheological characterization, the samples were sheared on
grooved ceramic parallel-plates at a frequency of 1 Hz and γ0 = 0.5% in the LVE regime of
NR. The in-situ NMR transversal relaxation experiments were conducted with a NMR pulse
sequence of magic sandwich echo, followed by a train of 180◦ pulses along -x and +x axis
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with phase cycling (MSE-xx4) [127]. This allows a direct correlation between the macroscopic
elasticity from rheology and the molecular dynamics from NMR.

During vulcanization of NR, the initial intensity of NMR magnetization was stable while
the relaxation curves distinctively shifted to short relaxation time. There are mainly two
types of polymer segments in NR. One is the mobile segments far away from the crosslinks
with a long relaxation time, T2M = ca. 5 ms, and the other is the rigid segments close to the
crosslinks, T2R. The relaxation curves were analyzed through the combination of a compressed
exponential function, exp[−( t

T2R
)β], on the rigid segments with the compression factor β =

1.6 and a single exponential term on the mobile counterparts. The main evolution occurred
on the rigid segments, T2R(tcuring), which the trend was similar to G′(tcuring). However, due
to the interdependence of T2R with other NMR parameters during fitting, it is not suitable
to describe the chain dynamic of the whole sample singly by the T2R. Therefore, it may be
misleading to correlate only the T2R with G′.

To derive a single representative parameter from the NMR, an averaged chain dynamic value
was calculated via the inverse Laplace transformation (ILT). The relaxation curves were
firstly transformed into the distribution of Dres, which is related to the relaxation rate 1/T2,
via ILT with a Gaussian-type kernel. Then the number averaged value from the distribution,
Dres,n, was used to correlate with G′.

The macroscopic elasticity, G′, of the bulk sample is proportional to the crosslink density
ν since G′ ∝ νRT with R the universal gas constant and T the temperature. The number-
averaged residual dipolar coupling constant, Dres,n, is the representative parameter for local
(nanometer scale) rigidity of the rubber chain segments. The chain segments bonded by long
polysulfidic links (–Sx–) should be more mobile than those bonded by short mono-/disulfidic
bridges (–S1,2–). In EV samples, the evolution of Dres,n as a function of G′ is linear, indicating
only one type of crosslinks generated in EV. However, Dres,n(G′) of CV samples is developed
nonlinearly and accelerated at the end of the vulcanization period. During the middle period,
the Dres,n of EV samples were higher than their CV counterparts at the same G′. This
implies that at the same crosslink density, the polymer segments in EV are more rigid. This is
attributed to the –S1,2– bridges in EV, while the segments of CV in this period are crosslinked
by –Sx–. At the end period of CV vulcanization, the acceleration of Dres,n(G′) suggests that
the enhancement of local chain rigidity is stronger than the production of new crosslinks. This
is because the polysulfidic bonds in CV samples transform into mono-/disulfidic bonds. The
different build-up kinetics of sulfidic crosslinks between EV and CV samples are summarized
in Figure 6.1. The Dres,n(G′) correlation curve of SEVmed fluctuates in between that of
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EVhigh and CVhigh. This suggests that both mono-, di- and polysulfidic links are produced
along the vulcanization course of SEVmed. Consequently, the varying crosslink types for NR
with different vulcanization systems are deduced with this unique setup on an unperceived
level and the interpretation agrees with the findings in literature [24].

Figure 6.1: With a) the worldwide unique hyphenation of rheology and NMR, one can
correlate the local molecular rigidity Dres,n to the macroscopic elasticity G′ of NRs during
vulcanization. In efficient vulcanization system (EV), the Dres,n(G′) is linear. While in
conventional vulcanization system (CV), the Dres,n(G′) speeds up at the end period. This is
originated from c) the different build-up kinetics of sulfidic links in the two systems.
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Hot-air aging of NR:
The vulcanized NR sheets were aged in a heating oven in air atmosphere (hot-air aging) at
70 ◦C or 120 ◦C for different duration. Both the original and the hot-air treated samples
were submitted to rheology and DQ-NMR characterization to gain knowledge about the
macroscopic and molecular changes.

During the hot-air aging at 70 ◦C aged for 28 days of the unfilled sample, NR1, the network
became denser without generating more network defects. At this relatively low temperature
aerobic aging, the polysulfidic links in the starting materials mainly transform into more
crosslinks in the form of mono-/disulfidic bonds [28,164]. This increased crosslink density is
responsible to the monotonic increase of the elasticity, G′0, and the decrease of the loss factor,
tanδ0. Those aged materials exhibit a lower rheological nonlinearity of the polymer network,
I3/1(γ0 = 70%). For the hot-air aging of NR1 at 120 ◦C, the aging trend in the early stage was
similar as the 70 ◦C aging but then inverted after 0.5 days. At 120 ◦C for 3 days, the network
became inhomogeneous with a doubled amount of network defects. This originates from the
chain scission reactions via thermal-oxidation on the unsaturated diene rubber chains [28].
In response, tanδ0 increases with a high rheological nonlinearity. The retention ability of
NR towards hot-air aging was also compared for the samples with different vulcanization
systems. The crosslink density as well as the rheological properties of the CV samples change
most drastically since the polysulfidic links in CV are not stable [24]. The EV samples with
mono-/disulfides linked networks show the best resistance to the aerobatic aging, followed by
the SEVmed sample.

With respect to the 50 phr CB (grade N339) filled NR sample with normal dosage of anti-
oxidant, NRCB1, the evolution of the rheological properties under progressive aerobatic aging
at 120 ◦C was delayed by 0.5 days with respect to NR1. This is attributed to the filler CB,
which can attract the free radicals thus slow down the thermal-oxidation of the rubber chains.
The rheological nonlinearity of the filler involved network, I3/1(γ0 = 2.5%), always decreased
after hot-air aging. One possible explanation is that the polymer chains desorb from the filler
surface after heat treatment, reducing the nonlinearity of the filler network.

Doubling the amount of anti-oxidant in NRCB1 will take affect after 1 days for hot-air aging
at 120 ◦C, according to the evolution of I3/1(γ0 = 70%). Within the compared samples,
the FT-rheological parameter I3/1(γ0 = 70%) shows a highest relative sensitivity towards
hot-air aging effect (maximum change by 90%) than the linear rheological parameters, the
G′0 (maximum change by 18%) and the tanδ0 (maximum change by 63%).
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Mechanical aging of NR:
The mechanical aging was examined only on the 50 phr CB reinforced NR sample, NRCB1,
which is more relevant. The dumbbell specimens were mechanically aged/fatigued under
cyclic stretching at ε0 = 90% / 140% for kilo cycles (kc) before the cycle number of failure,
Nf , i.e. without visually observable cracks on the surface or a drastic drop of the modulus.
NRCB1 were either fatigued at the same stretch ratio of ε0 = 90% but different life (at 30kc
= 0.25Nf and at 60 kc = 0.5Nf ) or at the same life but a larger stretch ratio of ε0 = 140%
(at 20kc = 0.5Nf ). The fatigued samples were named as NRCB1-90%30kc, NRCB1-90%60kc
and NRCB1-140%20kc, correspondingly.

After aging at ε0 = 90%, only minor changes of the linear rheological parameters were observed
with a maximum decrease of the storage moduli in LVE regime, G′0, by 15%. The number
of fatigue cycles has no obvious influence on the linear rheological properties. However, the
rheological nonlinearity at large strain amplitude, I3/1(γ0 = 70%), dropped distinctively as a
function of the fatigue cycle, with a maximum change by 50% for the NRCB1-90%60kc. This
can be attributed to the micro-cracks (< 40µm) inside of the NRCB1-90%60kc as discovered
under a microscope.

The NRCB1-140%20kc was the sample fatigued at a large stretch ratio but the same life
as NRCB1-90%60kc (both were 0.5Nf). There were more micro-cracks found in NRCB1-
140%20kc in size of 100 µm. As suggested in literature [129,192], at the initiation stage, the
cracks are generated from the debonding between the big CB agglomerates (> 10 µm) and
the rubber matrix. Such CB agglomerates are brittle with few adsorbed rubber chains on the
surface. At the crack propagation stage, the active flaw in the rubber matrix with oxides
progressively open and then tear up the surrounding rubber ligaments. The linear rheological
properties of NRCB1-140%20kc and NRCB1-90%60kc are similar. However, in comparison
with NRCB1-90%60kc, the I3/1 of NRCB1-140%20kc dropped more drastically at large strain
amplitude from the original, with a disconnection of I3/1(γ0) between the region of the filler
network and the polymer network.

Based on the DQ-NMR results, there were no distinctive structural changes of the rubber
matrix after mechanical aging on a nanometer scale in average since this method measures
the averaged local molecular dynamics of the whole sample. It indicates that the mechano-
chemical breakage of the polymer chains is neglectable on this volume average of the whole
crosslinked rubber matrix. Therefore, the resulting micro-cracks from fatigue are responsible
for the changes of rheological properties. To detect the effect of mechanical aging at early
stage, I3/1 at large strain amplitude exhibits higher sensitivity than the linear rheological
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parameters.

In conclusion:
By using the unique combination of a rheometer and a NMR, the macroscopic rheological
properties of NRs during vulcanization has been successfully correlated for the first time
with their local chain dynamics. The correlation between the local residual dipolar coupling,
Dres,n, and the mechanical property G′ are different among the vulcanization systems, due
to the varying build-up kinetics of sulfidic crosslinks. In efficient vulcanization system,
the correlation curve is linear since only mono-/disulfidic crosslinks are generated along
the vulcanization. In conventional vulcanization system, the rubber segments with mono-
/disulfidic crosslinks at the end period of vulcanization is more locally rigid (Dres,n) than
the polysulfidic linked segments at the beginning, while the macroscopic elasticity (G′) only
depends on the total number of the effective crosslinks.

Figure 6.2: Both the hot-air aging and the mechanical aging of NR vulcanizates can
be detected via FT-rheology for a sample on the millimeter size. After hot-air aging, the
structural change of the NR matrix at nanometer scale can be revealed by using DQ-NMR.
While the generated cracks in micrometer size after mechanical aging can be examined under
a light microscope.

FT-rheology is a powerful tool to detect both the effect of hot-air aging and mechanical aging
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on NR vulcanizates by providing the information of rheological nonlinearity, I3/1, which is
more sensitive than the parameters from linear rheology. With the aid of the rather simple
DQ-NMR and optical microscope, one can deduce the origin of the structural changes in NR
or its composites during aging at nanometer scales for the polymer matrix and at micrometer
scales for the generated cracks as depicted in Figure 6.2.

Outlook of FT-rheology on the aging of rubber materials:
With the results and conclusions so far, further efforts to do on the FT-rheology of aged
rubber materials can be proposed in several aspects as below.

To fully understand the nonlinear rheological response of the crosslinked rubber network,
the experimental results from FT-rheology could be verified by simulation through proper
constitutive models. For example, the Kelvin-Voigt model in Chapter 1.2.1 can be adapted
with a Hookean spring and a non-Newtonian dash-pot to represent the crosslinked rubber
network [39]. It is expected that a uniform network with a high crosslink density will response
with a low rheological nonlinearity. Instead, for the inhomogeneous rubber network after
hot-air aging, extra elements with different parameters for the springs and dash-pots should
be generalized.

The I3/1 from FT-rheology already exhibits higher sensitivity than the linear rheological
parameters to the aging effect. However, the relative level of standard deviation for each
method should also be taken into consideration. Statistic studies could be designed with
enough number of specimens (e.g. more than ten). The detection reliability of one rheological
parameter towards the aging effect of rubber can be defined as its sensitivity over its standard
deviation in analogy to the concept of signal to noise ratio. Except the I3/1 at the critical
strain amplitudes, other parameters from FT-rheology, such as the limiting nonlinearity
(ncF , ncP ) and the intrinsic nonlinearity 3Q0 (=n/γ2

c ), are worth being extracted as well for
analysis.

In this work, the micro-cracks are only qualitatively investigated by cutting through the
samples randomly and checking the surface. Quantitative manners such as the X-ray micro-
computed-tomography (XmCT) [188] can be used to calculate the total volume of the
cavities in a nondestructive way of the samples. The total volume could be correlated to
the rheological nonlinearity at large strain amplitude, I3/1(γ0 = 70%), as suggested from the
current results. An alternative approach to investigate the influence of the micro-cracks is by
blending non-reinforcing fillers into NRCB1. Such fillers can be clay flakes of micrometer size
as artificial cracks [195], supposed to be the similar effect as the micro-cracks in the fatigued
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samples. In this way, one can deduce the influence of the volume of flaws/cracks on I3/1.

The FT-rheology technique has been employed on the aging detection of rubber-based
materials. However, some engineering products also contain skeleton components [198,199]such
as carbon fibers and steels, where the rubber is bonded to them as shown in Figure 6.3.
During usage, mechanical aging commonly occurs between the rigid skeleton and the soft
rubber [200–202]. The application of FT-rheological methodology could be expanded to an
assembly of the two components, e.g. by sinusoidally deforming the steel cord and Fourier
transforming the stress response of the rubber side. In comparison with linear rheology, it is
expected that the FT-rheology can characterize the mechanical aging of those products at an
earlier stage.

Figure 6.3: Many rubber-containing products consist of not only rubbers but also high
modulus materials as the skeleton components, such as a) the belt and bead with steel cords
in a tire, and b) the rubber bearing with steel plates under a bridge. Mechanical aging
normally occurs at the interface between the steel and the rubber materials, which could
be more effectively investigated via the FT-rheology technique. The structure the rubber
network at molecular level can be revealed through the DQ-NMR technique. Before the
DQ-NMR measurement, the rubber should be splitted from the metal skeleton, e.g. with
a sharp blade, to make sure that there is no interference from the electronic conductive
materials.
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A. Photographs and Mechanical Drawing

A.1. Photographs of the sample preparation apparatus and
the RheoNMR setup

Figure A.1: Photographs of a) the hot-press, b) the hot-pressed NR compound for vulcan-
ization studies, c) the vulcanized NR for aging studies and d) the cutter used to cut out
strips for rectangle torsion in rheology.
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A.1. Photographs of the sample preparation apparatus and the RheoNMR setup
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A. Photographs and Mechanical Drawing

A.2. Mechanical drawing of the grooved ceramic plates

Figure A.3: Mechanical drawing of the grooved ceramic plates, unit in mm.
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B. Supplementary Data
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B. Supplementary Data

B.1. Supplementary rheological data

B.1.1. Strain sweep of NRCB1 with different data density

Figure B.1: To examine the influence of the strain amplitude density on the strain sweep
results, the NRCB1 were strain-swept on ARES-G2 oscillatory torsion at ω1/2π = 1 Hz and
room temperature, with 10/15/20 points per decade. At least three specimens were used for
reproducibility. The a) linear rheological data and b) the I3/1 from FT-rheology were almost
identical, indicating that the data density have no influence on the strain sweep results.
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B.1. Supplementary rheological data

B.1.2. Temperature ramp of NR vulcanizates

Figure B.2: Temperature ramp of NR vulcanizates on oscillatory torsion fixture of ARES-G2
from -100–120 ◦C at 2 ◦C/min and an oscillatory frequency of ω/2π = 1 Hz. The corresponding
glass transition temperatures, Tg, were extrapolated and labeled in the figure. To achieve
good data quality with the limitation torque of ARES-G2 (0.2 N·m), the specimens were
swept at the auto-adjustment mode for the strain amplitude and the torque. For NR1, testing
parameters were set as γ0 = 0.005–3%, torque = 0.5–20 ×10−3N·m. For NRCB1, testing
parameters were set as γ0 = 0.001–1%, torque = 3–20 ×10−3N·m. All conditions were still in
the LVE regime of the materials.
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B. Supplementary Data

B.2. RheoNMR data of all tested NRs

The development of the shear moduli G?, the transversal relaxation rate of rigid chain seg-
ments 1/T2R, the normalized distribution of the residual dipolar coupling constants Pi(Dresi)
and the number averaged values Dresn during isothermal vulcanization on RheoNMR are
displayed as following. The vulcanization experiments on RheoNMR were carried out at 140
◦C (γ0 = 0.5% and 1Hz for rheology, 8 scans with MSE-xx4 pulses for the transversal re-
laxation of NMR). The samples are five NRs with different vulcanization systems in Chapter 3.

Figure B.3: RheoNMR data of SEVmed (NR1).
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B.2. RheoNMR data of all tested NRs

Figure B.4: RheoNMR data of CVhigh and CVlow.
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B. Supplementary Data

Figure B.5: RheoNMR data of EVhigh and EVlow.
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Epilogue

Raised up in the rural day by day, the teacher’s boy took books on the way,
from harsh winter to blooming May, from a spoiled homebody to breakaway.

What is rubber? Here comes bachelor. What is tire? Here comes engineer.
What is research? Graduate studies to search.

Hack into the snowy north, rheology is really worth.
What is nonlinear on earth? Karlsruhe master tells the course.

Paired birds been separating, fly to Europe for reuniting.
Self cooking for mom missing, leaving the elderly for grandson’s visiting.

Future is under over-mulling, both sides are hard for balancing.
Wish the time is prolonging, with patience we are chasing.

–Shouliang Nie, April 2020, Karlsruhe.

一席布衣身，出入书门第。学堂多寒暑，少小奔波里。

初识高分子，学士文之立。徒业材料术，橡胶与炭黑。

增年实验工，研而为之趣。雪国取经路，流变诚为艺。

劳燕多纷飞，欧罗巴相聚。物者非线性，卡鲁师长技。

慈母遥遥念，异域陌陌炊。花翁垂垂老，游子迟迟归。

探前路漫漫，难全长依依。但愿人长久，来者之可追。

–二零二零年 四月 聂守亮 于 德国·卡尔斯鲁厄
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